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Abstract

Nano-based technologies are highly desired for the unique properties achieved through size
restrictions. Nanoparticles (NPs) achieve a higher surface-to-volume ratio during synthesis. As
a result there is a greater rate of interaction between the nanostructure, its surrounding
environment, and the biological system it is present within. Research into nanomaterial effects
on biological systems are imperative to control the functioning of these materials. A way of
overcoming limitations and to meet end point goals within biological systems is the altering of
nanomaterial surfaces for greater tolerance by cells.

The addition of functional groups to NP surfaces may serve to alter the charge of the NP or
provide the foundation upon which a secondary molecule is attached. Surface functionalization
and charge are important parameters for the practical implementation of NP-based medical
solutions. Amine and carboxyl functional groups are chemical groups typically manipulated
for NP surface alteration. These functional groups are often paired where one may functionalize
NP surfaces and the other may reside on the desired molecule. The extent to which NPs induce
alterations within the immune system, particularly those induced by amine and carboxyl

surface functionalization, must be clearly understood for any implementation to occur.

The murine macrophage cell line, RAW 264.7, was used as a model representative to determine
the effect of surface functionalization on the immune response. Cells were subject to either
stimulation for an immune response using lipopolysaccharide (LPS) or were left unstimulated.
The effects of amine functionalized polystyrene NPs (APNPs) and carboxyl functionalized
polystyrene NPs (CPNPs) had on the cells of the immune system were compared to unmodified
NPs (PPNPs) of the same type. This was done by determining the cytotoxicity of these NPs
and their effects on interleukin-6 (IL-6) production, which was followed by a proteome profile

analysis.

Positively charged APNPs were the only group of the tested NPs seen to induce reductions in
RAW cell viability, regardless of whether cells were stimulated by LPS for an immune
response or not. Functionalized APNPs and CPNPs upregulated nitric oxide (NO) production
in unstimulated cells at the highest concentration, 500 pg/mL, while unmodified PPNPs did so
at concentrations > 125 pg/mL. This indicates that both forms of functionalization decreased
the modulatory activity of PNPs on NO production in unstimulated cells. APNPs
downregulated NO production when stimulated cells were exposed to all concentrations, where

the effect by PPNPs and CPNPs remained unremarkable. The secretion of IL-6 by stimulated



RAW cells was downregulated during exposure to all PNPs, apart from upregulation at the
lowest APNP concentration. APNPs therefore possessed the greatest immunomodulatory
activity due to the extent and consistency at which the alteration of the inflammatory
biomarkers, NO and IL-6, occurred.

Proteome profile analysis revealed APNPs cause the greatest alteration in cytokine and
chemokine production under LPS stimulated and unstimulated conditions. Under unstimulated
conditions, APNPs downregulate MIP-1p and upregulate 1L-16 and MIP-2. Under stimulated
conditions, APNPs downregulate IL-1ra, SICAM-1 and MCP-1 and upregulate IL-16.
Therefore, of the tested NPs, APNPs were seen to have the greatest immunomodulatory activity

on RAW cell secretory molecules.



Acknowledgements:

| would like to express my gratitude to my supervisors; Dr. F. Rahiman, for her support,
patience, and guidance during the completion of my thesis; Prof. E.J. Pool, for his
encouragement to pursue my Masters in Nanoscience, his guidance during the completion of
my experiments, and to his belief in my abilities; and Dr. K.L. Lategan, for her guidance and
training during my experiments, assistance in my writing, and words of encouragement when
needed. It is truly thanks to the combined efforts of these three individuals that this project was
completed.

| thank my fellow postgraduate students in the Medical Bioscience department for the
encouragement. Particularly, | thank the students of the Skin Research Lab for their support as

fellow postgraduates and as my friends.

| express my appreciation to my grandmother and siblings for the love and support during
completion of my studies. To my partner, Rizwaana Suleman, thank you for your support and

encouragement.

| am grateful to the National Nanoscience Postgraduate Teaching and Training Platform for the
opportunity to pursue my Masters and their financial support throughout.

Lastly and most importantly, I would like to thank Allah (SWT), for it is only through the
blessings of Allah that | had reached this point.



List of acronyms and abbreviations

pm
Ag
Ag-NPs
ANOVA
APNPs
Au

Au-NPs

C1
Clq
Cir
Cils
C2
C2a
C2b
C3
C3a
C3b
C4
Cda
C4b
C5

Cha

micrometre
Silver
Silver-NPs

analysis of variance

amine functionalized polystyrene nanoparticles

gold

gold-nanoparticles
complement component
complement component 1
complement component 1q
complement component 1r
complement component 1s
complement component 2
complement component 2a
complement component 2b
complement component 3
complement component 3a
complement component 3b
complement component 4
complement component 4a
complement component 4b
complement component 5

complement component 5a



C5b
C6

C7

Cs8

C9
CCL5
Cd

CD
CLRs
CPNPs
CQDs
d.nm
DAMPs

DAS-ELISA

DLS
DMEM
DPBS
FBS
G-CSF
HAP
HRP
ICs0

ICAM-1

complement component 5b
complement component 6
complement component 7
complement component 8
complement component 9

chemokine ligand 5

cadmium

cluster of differentiation

C-type lectin receptors

carboxylate functionalized polystyrene nanoparticles
carbon quantum dots

diameter in nanometres

damage associated molecular patterns
Double Antibody Sandwich-Enzyme
Linked Immunosorbent Assay
dynamic light scattering

Dulbecco’s Modified Eagle’s Medium
Dulbecco’s phosphate buffered saline
fetal bovine serum

granulocyte colony-stimulating factor
hydroxyapatite

horse radish peroxidase

half maximal inhibitory concentration

intercellular adhesion molecule-1

Vi



IL-12
IL-13
IL-15
IL-16
IL-2
IL-4
IL-5
IL-6
IL-8
IL-27
INF-y
iNOS
IP-10
LFA-1
LPS
MAC

MASPs

immunoglobulin
immunoglobulin D
immunoglobulin M
interleukin

interleukin-1 beta
interleukin-1 receptor agonist
interleukin-10

interleukin-12

interleukin-13

interleukin-15

interleukin-16

interleukin-2

interleukin-4

interleukin-5

interleukin-6

interleukin-8

interleukin-27
interferon-gamma

inducible nitric oxide synthase
interferon gamma-induced protein-10
lymphocyte function-associated antigen-1
lipopolysaccharide

membrane attack complex

mannose binding lectin-associated serine proteases

vii



MBL
MCP-1
MIP-1a
MIP-1pB
MIP-2
mm
MRNA
NK
NLRs
nm

NO
NPs
PAMPs
Pdi
PEG
pH
PNPs
PPNPs
PRRs
QD
RLRs
ROS
SEM

SICAM-1

mannose binding lectin

monocyte chemoattractant protein-1

macrophage inflammatory protein-1 alpha

macrophage inflammatory protein-1 beta

macrophage inflammatory protein-2
millimetre

messenger ribonucleic acid

natural killer

Nod-like receptors

nanometre

nitric oxide

Nanoparticles

pathogen-associated molecular patterns
polydispersity index

poly(ethylene glycol)

potential hydrogen

polystyrene nanoparticles

pristine polystyrene nanoparticles
pattern recognition receptors
guantum dot

RIG-I-like receptors

reactive oxygen species

standard error of the mean

soluble intercellular adhesion molecule-1

viii



Th

Thl

Th17

Th2

TLRs

TMB

TNF-a

WST-1

T helper

T helper-1

T helper-17

T helper-2

Toll-like receptors

3,3’,5,5’-Tetramethylbenzidine

tumour necrosis factor-alpha
4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]

1,3-benzene disulfonate



Table of Contents

ADSEFACT. ... bbbt I
ACKNOWIBAGEMENTS: ...ttt e bt esteeaesneesneenne s \Y
List of acronyms and abbreViations ..o vV
TabIE OF CONTENTS ...t bbbt X
I TS Ao o [N TSRS xiii
LISE OF TADIES ...t XVi
(@4 0= T o (- e U SRPRSPPSURSRS 1
Introduction, Objectives, Aims and HYPOtRESIS ..o 1
1.1.  Introduction to NanOPartiCIES............ccciieiieieni i 1
1.2. Polystyrene particles as a carbon-based nanoparticle model............c..cccceeveennen. 2
1.3. Safety and environmental release of NPS...........c.cccooi i, 3
1.4.  Surface functionalization and ItS USAGE ...........coiiiruiiirieieieee st 5
1.5. Surface functionalization related tOXICITY .......cccocoriiiiiiiiiiie e, 6
1.6. Nanoparticle modulation of immune response and related immunotoxicity.......7
1.7, PrOJECT ODJECLIVES ....ociiiiititeiiriinte et it st sbe sttt s b sbe st £r e be ek bbbt 8
1.8, RESEAICH AIMIS ..ottt b e bbbttt 9
1.9, HYPOTNESIS ... bbbttt bbbt 9
(@1 gT=1 0] (=] PSSR 10
LITEIrature REVIEBW ...ttt bbb 10
2.1, The IMMUNE SYSTEML......ciiiiiie ittt be et re e 10
2.1.1. Divisions of the IMMUNE SYSTEM .......ccviiiiiiic e 10
2.1.1.1. Innate IMMUNE SYSTEIM ...coviiiiiiie e 10
2.1.1.2. Adaptive IMmuUNE SYSTEM .....ccoiiiiiiiice et 14
N V- Tod o] o] g F= Vo T PRSPPI 16
0 00 T L g o 1 o SRS SS 16



2.1.2.2. Role in the adaptive and innate immune SYStem .........c.ccccovcveveveerecieeseennn, 17

2.2. Alterations in the IMMUNE SYSTEM........ccciiieii e 18
G B \F- T o] o =L £ (o [T ([ | 2SS 19
2.3.1. Influence of Material TYPE .......cccveveiieiiee e 21
2.3.2. INTIUBNCE OF SIZE.....oeiiee e 21
2.3.3. INFIUENCE OF CRAIJE ... 22

2.4, Surface FUNCEIONAHZATION..........cccoiiiiiiiiiee e 23
2.5. Carbon-based Nanoparticle TOXICITY ........ccooerereierinisieie e 24
(04 F:T 0] (=T giC TOPRTRRRRRRRTI (| S S 7 = =< | U 26
Materials and METNOUS. ..ottt b ettt 26
3.1. Characterization of Polystyrene Nanoparticles.............c.ccccooevvieviiieiieeve e, 26
3.2. Preparation of Polystyrene NanopartiCles .........cccccciviveiiiveiie i, 26
3.3. RAW 264.7 Cells and TreatMeNnt.........ccccoiiiiiiiiiiieieiie e 27
3.3.1. CYLOLOXICITY ASSAY ..tierrrirreirriiasiaeiseastassiaseessesssestaeiaesssesseesessesssesssessssssesssessesssenns 28
3.3.2. NILFIC OXIOE ASSAY .....iiveiiieiiiiiiiitiesieeiieiieias e sste e e esseseesteesesseesseasesseesreensesreenseans 28

3.3.3. Interleukin-6 Double Antibody Sandwich (DAS) Enzyme Linked

Immunosorbent Assay (ELISA) ... et 29
3.3.4. Proteome Profile ANAIYSIS.........cooiiiiiiiiieiee e 29

3.4, STAtiSTICAl ANATYSIS ...iiu ittt e bbb 30
CRAPTET 4 ...t bbbttt bbbt 31
oI | SR 31
4.1. Characterization of PNPs in water and biological media............ccccccceviiiviiiieennnnn 31
4.1.1. NP characterization within distilled Water.............cccccooeiiiiiiiice, 31
4.1.2. NP characterization within 5 % serum containing culture media................... 31

4.2. The effects of PNPs on LPS- RAW 264.7 cell immune reSponse .........cccovvvevveeinnenn 33
4.2.1. Cytotoxicity induced by PNPs in LPS- RAW 264.7 cells.........cccccovivveviecnnnne, 33

4.2.2. The effects of PNPs on the NO biomarker production in LPS- RAW 264.7 cells



4.2.2.1. APNP effect on NO production in LPS- RAW 264.7 cells .........ccceene.. 34

4.2.2.2. PPNP effect on NO production in LPS- RAW 264.7 cells..........c.ccccue...... 35
4.2.2.3. CPNP effect on NO production in LPS- RAW264,7 cells ..........c.cccceueen..n. 36

4.3. The effects of PNPs on LPS+ RAW 264.7 cell immune response ...........cccceevvennenn. 38
4.3.1. Cytotoxicity induced by PNPs in LPS+ RAW 264.7 cells ..........ccccovvvviviieiennn. 38

4.3.2. The effects of PNPs on the NO biomarker production in LPS+ RAW 264.7 cells

.......................................................................................................................................... 40

4.4. The effects of PNPs on the IL-6 biomarker production in RAW 264.7 cells.......... 42
4.4.1. APNP effect on IL-6 production in LPS+ RAW 264.7 cells .........ccccovevveeneennen, 42
4.4.2. PPNP effect on IL-6 production in LPS+ RAW 264.7 cells..........c.ccoevvrnenenn. 43
4.4.3. CPNP effect on IL-6 production in LPS+ RAW 264.7 cells .........ccccoveveiveennenn. 45

4.5. Proteome Profiles of RAW 264.7 cells exposed t0 PNPS...........ccccceveiievvcvesienean, 47
4.5.1. Proteome Profiles of LPS- RAW 264.7 cells exposed to PNPs ............ccccuee...... 47
4.5.2. Proteome Profiles of LPS+ RAW 264.7 cells exposed to PNPS ...........ccccuc....... 49
Chapter 5. ASE S prrrrrra e e 51
DiscusSion and CONCIUSION ........cuiiiiiiiiiiieii e 51
5.1. Characterization Of PNPS ... .. i e it 51
5.2. Cytotoxicity of differently functionalized PNPS ...........cccoiiiiiiiniiie e, 53
5.3. RAW 264. 7 NO production under PNP eXPOSUFE...........cceveieierueiaiensienieeeeeeeen, 54
5.4. RAW 264.7 1L-6 production under PNP eXPOSUIe ..........cceviiiiereneniseseeeeeeeen, 56
5.5. Proteome profiles of RAW 264.7 under PNP eXPOSUIE .........cocoiererereneniseeieenen, 58
5.6, CONCIUSION ...t 62
5.7. Future perspectives and recommendations ...........cccocvveiiiiiie e 63
RETEIEINCES ...t b bbbt 65

xii



List of Figures

Figure 2.1: A figure depicting the three pathways for complement activation. Adapted from
the work of Nauta et al. (2004), Wallis (2007), Qu et al. (2009) and Sarma and Ward (2011)...14

Figure 2.2. A figure depicting the top-down and bottom-up approaches to the synthesis of

NANOMIATEIIAIS. . ettt 20

Figure 4.1: Cell viability of RAW 264.7 monocyte cells after exposure to PNPs, in the absence
of LPS stimulation. The data is represented as the average percentage =+ SEM where n = 9.
Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. == - values are significantly different (P<0.01) from the Opug/mL control; sxx

- values are significantly different (P<0.001) from the Opg/mL control........................ ... 33

Figure 4.2: Calculation of the APNP ICsqo value for cell viability in the absence of LPS,
represented as a percentage of the control (0 ug/mL APNP)..............ooi 34

Figure 4.3: NO production by RAW 264.7 monocyte cells after exposure to APNPs, in the
absence of LPS stimulation. The data is represented as the average percentage + SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. sxx - values are significantly different (P<0.001) from the 0 pg/mL

[o0] 11110 PR 35

Figure 4.4: NO production by RAW 264.7 monocyte cells after exposure to PPNPs, in the
absence of LPS stimulation. The data is represented as the average percentage + SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. %% - values are significantly different (P<0.01) from the 0 pg/mL control;

x#*x* - values are significantly different (P<0.001) from the O pg/mL control...................... 36

Figure 4.5: NO production by RAW 264.7 monocyte cells after exposure to CPNPs, in the
absence of LPS stimulation. The data is represented as the average percentage £ SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. =xx - values are significantly different (P<0.001) from the 0 pg/mL

(0] 111 (0] PRI 37

Figure 4.6: Cell viability of RAW 264.7 monocyte cells after exposure to PNPs, in the
presence of LPS stimulation. The data is represented as the average percentage + SEM where

Xiii



n = 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. xsx - values are significantly different (P<0.001) from the 0 pg/mL

(0] 111 (0] PRI 38

Figure 4.7: Calculation of the APNP ICso value for cell viability in the presence of LPS,
represented as a percentage of the control (0 pg/mL APNP)..........cooiiiiiiiiiiiiie, 39

Figure 4.8: NO production by RAW 264.7 monocyte cells after exposure to APNPs, in the
absence of LPS stimulation. The data is represented as the average percentage £ SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. =x - values are significantly different (P<0.01) from the 0 pg/mL control;

x#x - values are significantly different (P<0.001) from the O pg/mL control...................... 40

Figure 4.9: Calculation of the APNP ICso value for NO production in the presence of LPS,
represented as a percentage of the control (0 pg/mL APNP)..........ooiiiiiiiiiiiii. . 41

Figure 4.10: NO production by RAW 264.7 monocyte cells after exposure to PPNPs and
CPNPs, in the presence of LPS stimulation. The data is represented as the average percentage
+ SEM where n = 9. Concentrations which are significantly different (P<0.01) to the control
are noted by the presence of stars. = - values are significantly different (P<0.05) from the O

IE/ML CONEIOL. ...t i e e e e e et et et e et e e e e e e eeenanns 41

Figure 4.11: IL-6 production by RAW 264.7 monocyte cells after exposure to APNPs, in the
presence of LPS stimulation. The data is represented as the average percentage £ SEM where
n = 9. Concentrations which are significantly different (P<0.05) to the control are noted by the
presence of stars. = - values are significantly different (P<0.05) from the 0 pg/mL control; s

- values are significantly different (P<0.001) from the 0 pg/mL control........................... 42

Figure 4.12: Calculation of the APNP ICsg value for IL-6 production in the presence of LPS,
represented as a percentage of the control (0 ug/mL APNP).........oooiiiiiiiiiiiii, 43

Figure 4.13: IL-6 production by RAW 264.7 monocyte cells after exposure to PPNPs, in the
presence of LPS stimulation. The data is represented as the average percentage £ SEM where
n = 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. %% - values are significantly different (P<0.01) from the 0 pg/mL control;

s - values are significantly different (P<0.001) from the 0 pg/mL control...................... 44

Xiv



Figure 4.14: Calculation of the PPNP ICso value for IL-6 production in the presence of LPS,
represented as a percentage of the control (0 ug/mLPPNP)............oooiiiiiiii, 44

Figure 4.15: IL-6 production by RAW 264.7 monocyte cells after exposure to CPNPs, in the
presence of LPS stimulation. The data is represented as the average percentage + SEM where
n = 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. s - values are significantly different (P<0.01) from the 0 pg/mL control;

xs%x - values are significantly different (P<0.001) from the 0 pg/mL control...................... 45

Figure 4.16: Calculation of the CPNP ICsp value for IL-6 production in the presence of LPS,
represented as a percentage of the control (0 ug/mL CPNP).........coooviiiiiiiiiiiiiiin. 46

Figure 4.17: The effect of PNPs exposure on RAW 264.7 cells in the absence of LPS
stimulation. Exposure occurred wherein cells were i) treated solely with media, ii) treated with
15 pg/mL APNP, iii) treated with 15 pg/mL PPNP, and iv) treated with 15 pug/mL CPNP.
Profiles were obtained using the procedures described in the methodology section. Numbering
system: 1,3 and 15 are reference spots used to assist identification of substances; 5- TNF-a; 7-
MCP-1/CCLZ2; 8- SICAM-1/CD54; 9- MIP-1a; 10- IL-16; 11- MIP-1B; and 12- MIP-2........ 48

Figure 4.18: The effect of PNPs exposure on RAW 264.7 cells in the presence of LPS
stimulation. Exposure occurred wherein cells were i) treated solely with media, ii) treated with
15 pg/mL APNP, iii) treated with 15 pg/mL PPNP, and iv) treated with 15 pg/mL CPNP.
Profiles were obtained using the procedures described in the methodology section. Numbering
system: 1,3 and 15 are reference spots used to assist identification of substances; 2- IP-10; 4-
G-CSF; 5- TNF-a; 6- IL-6; 7- MCP-1/CCLZ2; 8- sSICAM-1/CD54; 9- MIP-1a; 10- I1L-16; 11-
MIP-1B; 12- MIP-2; 13- IL-1ra, 14- CCL5/RANTES; and 16- IL-27................cooevinnnne 50

XV



List of Tables

Table 1.1: A brief description of the nomenclature used to categorize degraded plastics.........5

Table 4.1: Hydrodynamic diameter and zeta potential of PNPs within distilled water. The data
is represented as the average t SEMWhere n=3..... ..., 31

Table 4.2: Hydrodynamic diameter and zeta potential of PNPs within 5 %serum containing

culture media. The data is represented as the average + SEM wheren=3........................ 32

XVi



Chapter 1

Introduction, Objectives, Aims and Hypothesis

1.1. Introduction to Nanoparticles

All matter is composed of atoms that can react with each other under specific conditions to
form molecules. These molecules interact with each other to form large complex
macrostructures, such as living organisms. The ability of biological organisms to control the
arrangement of atoms has resulted in the development of various evolutionary adaptations,
such as the ability to climb up walls and the production of fibres stronger than steel (Kumar
and Kumbhat, 2016). Throughout the course of ancient technological advancement, humans
have also made use of the manipulation of materials at a small scale. Examples of such
instances include the Ancient Mayan paint, which has stood the test of time for centuries, and
the infamous Lycurgus cup, capable of changing colours (Sanchez et al., 2005; Freestone et
al., 2007). It was due to a 1959 presentation by Richard Feynman that a rapid development
begun towards the manipulation of atoms and molecules for use in new technologies (Feynman,
1959). This presentation would result in the formation of a new field of study concerned with

the assembly of atoms and molecules at the nanometre scale, termed ‘“Nanoscience”.

Materials with physical dimensions limited to the nanometre scale have become referred to as
“nanomaterials” or “nanoparticles” (NPs). These materials can be further classified based on
which of their three dimensions are limited to less than 100 nm in length after synthesis. The
four classes formed based on dimensionality are; O-dimensional (spheres or clusters), 1-
dimensional (thin films or surface coatings), 2-dimensional (nanorods or nanotubes) and 3-

dimensional nanomaterials (nanocrystallites) (Kumar and Kumbhat, 2016).

Due to the size reduction, the total number of atoms on the materials surface increases which
in turn increases the total surface energy. Materials which contain a high surface energy tend
to be unstable. For these materials to become stable, the atoms must take up configurations that
are not typically seen in bulk counterparts. As a result of these new configurations and higher
total surface energy, the atoms interact differently within the material (Gogotsi, 2006). These
interactions allow the resulting nanomaterial to adopt new and useful physiochemical
properties, which are uncharacteristic of the material used for synthesis. An example of how
these size reductions alter material properties can be seen in carbon-based nanomaterials. By

limiting the overall size of carbon quantum dots (CQDs) the electrons become restricted to the



smaller dimensions. This results in an increase of the exciton transition energy, altering the
absorption-emission spectra of the CQD. These alterations result in CQDs, which consist
entirely of carbon atoms, having tuneable luminescent properties dependant on parameters of
synthesis (Yoffe, 2002; Bera et al., 2010).

1.2. Polystyrene particles as a carbon-based nanoparticle model

Carbon is an element frequently used as the base material in the synthesis of nanomaterials. A
subcategory of engineered nanomaterials has thus been recognized in which the members are
characterized as being nanoscaled carbon allotropes (Kumar and Kumbhat, 2016). By
extension, this subcategory may also incorporate certain polymeric NPs in which carbon is the
predominant element. It should be noted that polymeric NPs form a category of their own,
whereby their mesh like arrangement is exploited. In this instance, it is the morphology by
which these NPs are classified (Zielinska et al., 2020). Classification of polymeric NPs based
on their elemental composition would thus place them within different categories. Polystyrene
is one such polymeric NP in which there is an abundance of carbon. The work of Renddn-
Patifio et al. (2019) shows that polystyrene may even be used as a carbon source for the
formation of graphene. Classification of polystyrene NPs (PNPs) based on their elemental

composition would therefore allow it to be considered a nanoscaled carbon allotrope.

The aromatic hydrocarbon polymer, polystyrene, is produced through the polymerization of
styrene monomers. This plastic is widely used in the production of toys, pens, cups, packing
materials and medical supplies (Scheirs and Priddy, 2003). Polystyrene is known to be
biocompatible and is routinely used for the production of laboratory equipment, particularly
those used in cell-based experiments (Van Midwoud et al., 2012). The nanoscaled PNPs have
also been shown to have a broad range of uses within photonics, biosensors, and cellular
imaging (Liu et al., 2008; Huang et al., 2018; Kamimura et al., 2019). The commercial
availability of PNPs and their easy synthesis over a broad size range, provides a readily
available model for studies wishing to assess the effects surface alterations have on biological
systems (Chen et al., 2011a; Loos et al., 2014a).



1.3. Safety and environmental release of NPs

The proliferation of nanotechnology in medical advancements and industry would lead to an
increased presence within the environment. Once in the environment, the properties of these
particles could be further altered when encountering other natural substances. The concerns
related to silver-NP (Ag-NP) usage illustrates the potential for environmental release. Ag is
considered relatively harmless to humans and hosts antibacterial properties (Silver et al., 2006).
This has led to the development of new health supplements, antibacterial soaps, detergents,
lotions, cosmetics, water purifying agents, and odour-resistant articles of clothing such as socks
(Fabrega et al., 2011; Yu et al., 2013). However, the release of Ag-NPs into the environment
can occur through actions as simple as washing of the item containing the NPs, where the Ag
ions then enter the environment (Benn and Westerhoff, 2008). Additionally, the release of Ag
could occur during the production and manufacturing stages of the Ag-NP containing products.
Modelling data suggests that the increased release of Ag-NPs from production to usage may
lead to increased prevalence in soil, landfills, surface and ground water, and the atmosphere
(Gottschalk et al., 2009). Nanostructures thus represent a potential new class of toxic particles

if they were to enter the environment.

While the PNP model is useful for determining effects of NP surface alteration, it must be noted
that the plastic from which these NPs are derived persist in the environment. It was reported
that in 2015 more plastics, such as polystyrene, were being produced than in the previous
decade. The global annual estimation at that time had shown there was approximately 320
million tonnes of plastic being produced (Plasticseurope, 2016). The environmental impact of
this had become increasingly evident when investigations begun to show that increased
production was met with an exponential increase in plastic pollution (Lebreton et al., 2018).
Since then, great effort has been made by some nations to reduce the environmental burden of
plastic waste, through the implementation of recycling practices. Despite these efforts, the
global annual estimate of 2019 had shown that plastic production had reached 368 million
tonnes. Thus, after a four-year period there had been a 48 million tonne increase in the volume
of plastics produced. Many nations have yet to implement measures to reduce the growth rate
of plastic production, with much of their produced plastic being released into the environment
(i.e., landfills) (Plasticseurope, 2020). It should be noted that the growth rate of plastic
production during the 2020 period had been considerably reduced due to the Covid-19

pandemic.



The environmental burden of plastic can be attributed to the mismanagement of plastic waste
as global plastic production escalates. Plastic may enter the environment in several ways.
Examples include littering, illegal dumping, landfills, accidental release, ineffective plastic
treatment, and human coastal activity. Most of the plastic released from land-based sources due
to mismanagement is thought to enter the oceans (Jambeck et al., 2015). Plastic may also be
directly released into the environment through its intended application. Such areas of
application include hand cleansers and air-blasting technology (Cole et al., 2011). The released
plastic is then susceptible to various biological, chemical, and physical factors. Certain
degradation mechanisms occur upon exposure to these factors, in which the plastic is
fragmented into dispersed smaller constituents. These smaller constituents may be
characterized by the extent of this fragmentation. However, it has been reported that the
nomenclature used for this characterization are at times inconsistent. Table 1.1 provides a brief
description of the nomenclature used to describe the degraded plastics (Singh and Sharma,
2008; O’brine and Thompson, 2010; Andrady, 2011; Cole et al., 2011; Alimba and Faggio,
2019). These reductions in size allow plastics to be ingested or taken in by organisms which
would not otherwise do so. The accumulation of degraded plastics then induce serious health
implications within these organisms and, to a greater extent, negatively affect the ecosystems

these organisms contribute to (Alimba and Faggio, 2019).

Studies have demonstrated that objects made from polystyrene, subjected to environmental
conditions, undergo degradation to form micro- and nanoplastics of various shapes (Lambert
and Wagner, 2016; Efimova et al., 2018). These findings show that PNPs are among those NPs
considered as a hazardous material already present in the environment. While the intended use
for the PNP model is aimed at the assessment of surface alterations and its accompanied effects,
literature suggests this model may also be used for the preliminary assessment of polystyrene

nanoplastic ecotoxicity.



Table 1.1: A brief description of the nomenclature used to categorize degraded plastics as
mentioned in the works of Singh and Sharma (2008), O’brine and Thompson (2010), Andrady
(2011), Cole et al. (2011), and Alimba and Faggio (2019).

Nomenclature Description Diameter
>25 mm
Macroplastic (Easily identified by the naked
Plastic directly released into the eye)
environment 5 _ 25 mm
Mesop|astic (Barely identifiable by the
naked eye)
) _ _ Produced for use in industry and
Primary Microplastic released upon use
20 pm —5 mm

Secondary Microplastic

Primary Nanoplastic

Secondary Nanoplastic

Produced through degradation of

plastic into smaller constituents

Produced for use in industry and

released upon use

Produced through degradation of
plastic into smaller constituents

(Visible through microscopy)

1 nm-20 um
(Visible through microscopy)

1.4. Surface functionalization and its usage

Nano-based technologies are highly desired for the unique properties achieved through size

restrictions. Nanostructures achieve a higher surface-to-volume ratio during synthesis,

resulting in a greater rate of interaction between the nanostructure and cellular components

(Shang et al., 2014; Singh et al., 2018). This would pose some issue if the NPs used are also

involved in reactions with biomolecules other than the target to induce unwanted effects.

Therefore, the same desirable commodity is the factor limiting their implementation within a

biological environment. A repercussion of this greater interaction is the occurrence of



undesired secondary effects. For new nano-based therapeutic and diagnostic technologies to be
successfully implemented, a means of limiting these undesired interactions must be present.
This requirement is met through surface functionalization. This process involves the tailoring
of nanostructure surfaces to meet endpoint goals (Mout et al., 2012; Sanita et al., 2020). One
way in which this tailoring can be done is through the addition of functional groups. Examples
of functional groups used to achieve functionalization are amine and carboxylate groups. The
PNP model makes use of these functional groups for the study of cationic and anionic surfaces,
respectively. These functional groups may also be used in tandem for the bioconjugation of
molecules to the surface of NPs (Biju, 2014).

The addition of functional groups to NP surfaces may serve to alter the charge of the NP or
provide the foundation upon which a secondary molecule is attached (Verma and Stellacci,
2010; Pavlidis et al., 2012). The altered charge provided by these functional groups have been
seen to act as the determining factor of a nanostructure’s ability to enter cells. This was
demonstrated in the work of Villanueva et al. (2009) that showed charge provided by
functionalization influenced internalization. Here, positively charged NPs were internalized by
HeLa cells over long periods. Those NPs of a more neutral to negative charge were either not
internalized under all conditions or had been cytotoxic (Villanueva et al., 2009). This was later
shown to also be true for PNP uptake by THP-1 cells, where a positive correlation between the
amount of internalization and zeta-potential was found. While positive charges are desirable
for when NP-cell interactions require enhancement, negatively charged NPs would be desired
in cases where these interactions are to be avoided (Goodman et al., 2004). These results
illustrate the contribution of charge for optimal NP functioning. Thus, surface functionalization
and charge are important parameters for the practical implementation of NP-based medical

solutions.

1.5. Surface functionalization related toxicity

While surface functionalization is intended to be beneficial, these alterations can also
contribute to the toxicity of a NP (Oberddrster et al., 2005). Jevprasesphant et al. (2003) had
shown that in Caco-2 cells, positively functionalized poly(amidoamine) dendrimers induce
greater levels of cytotoxicity in comparison to dendrimers which have had the positive
functional groups masked (Jevprasesphant et al., 2003). This cytotoxicity is thought to be the

result of increased internalization of the NP in question by specific cell types, which is driven



by a positively charged surface (Sanita et al., 2020). A surface charge promoting internalization
may, in some cases, be required to ensure the NP functions properly. Such an instance can be
seen in the case of MC3T3-E1l osteoblast cells being exposed to positively charged
hydroxyapatite-NPs (HAP-NPs). HAP is a primary inorganic component of bone. Positively
charged HAP-NPs have improved internalization and, due to the material used for synthesis,
increased cell viability of osteoblast cells (Chen et al., 2011b). These results briefly illustrate
that; 1) the means of surface functionalization and the charge obtained from functionalization
are not preferential but subjective, and 2) the extent to which these same alterations contribute

to a NPs toxic potential must be assessed.

1.6. Nanoparticle modulation of immune response and related immunotoxicity

The cells of the immune system are responsible for the removal of foreign material within
living organisms. NPs are examples of foreign materials susceptible for removal by cells of the
immune system (Parkin and Cohen, 2001; Fadeel, 2019). While NP formulations can be
beneficial, they are often first picked up by macrophages of the immune system and cause
undesirable interactions, such as immunostimulation and immunosuppression. These
modulatory effects may also be beneficial in areas such as vaccine development and treatments
of inflammatory disorders (Ryan et al., 2007; Zhao et al., 2014). However, uncontrolled
immunostimulation and immunosuppression by NPs could lead to the development of allergic
reactions and reduction in the body’s ability to mount an effective immune response (Brayner,
2008; Nygaard et al., 2009). The recognition of these foreign NPs by the immune cells with a
subsequent response of the immune system could lead to toxicity within the host or a reduced
effect caused by the NP (Zolnik et al., 2010).

Immunotoxicity during NP exposure is a phrase used to collectively refer to damaging effects
brought about by the NP-immune cell interactions, disturbing the balance of the immune
system. These damaging effects include the suppression of immune responses, lymphocyte
activation, upregulated cytokine production, and/or interferon response (Brayner, 2008;
Dwivedi et al., 2009; Rezaei et al., 2019). The properties of NPs are important considerations
for practical applications. These properties also dictate the way NPs interact with biomolecules
when applied to a biological system. Therefore, to determine whether a NP can alter immune
response/signalling, it is important to understand the way these properties alter immune cell

function. Properties which should be assessed include, size, morphology, composition, surface



area and surface chemistry, etc (Brayner, 2008; Gaumet et al., 2008; Chen et al., 2011a; Wang
et al., 2021). Modifications in the surface chemistry are of particular importance in mitigating
the toxic effect of NPs on immune cells. A report on titania NPs functionalized with
poly(ethylene glycol) (PEG) induced little cytotoxicity in L929 fibroblasts and J774.2
macrophages. Here, the addition of PEG was noted to provide anionic surface charges
(Kotsokechagia et al., 2012). Another report on the use of nanoprobes coated with anionic
silica, had shown the shift to a more negative charge reduced cytotoxicity in L929 fibroblasts.
The addition of silica prevents oxidative stress by blocking metal ion interaction with living
cells, where the interaction with silica instead had little reductions in cell viability (Atabaev et
al., 2016). These studies demonstrate the importance of surface modification of NPs for
application in the immune system. It is thus important to understand the effect NP formulations
have on cells of the immune system, as to better predict potential side effects which may arise

or highlight potential benefits within the immune system.

This study aimed to monitor the effects of differently functionalized PNPs on immune
responses using in vitro exposures to murine RAW 264.7 cells. This was done by assessment

of cytotoxicity, inflammatory biomarkers, and molecular biomarkers of the immune system.

1.7. Project Objectives

There are numerous nanomaterial formulation present within literature, each providing unique
benefits associated with their usage. The widespread application of these materials within
biological systems still poses many limitations. Research into nanomaterial effects on
biological systems are thus imperative to finely controlling the functioning of these materials.
A means of overcoming limitations to meet end point goals within biological systems is the
altering of nanomaterial surfaces for greater tolerance by cells. One such system important to
the fate of nanomaterials in living organisms is the immune system. In order to understand if
these surface alterations truly mitigate the adverse effects caused by nanomaterials in cells,

research into the effects these surface alterations have on immune response must be undertaken.



1.8. Research Aims

e The aim of this research was to use the murine macrophage cell line, RAW 264.7,
to assess the effect amine and carboxylate surface functionalization has on immune
response in comparison to unmodified NPs by way of in vitro cultures.

e Characterization of nanoparticle size and charge in differing suspension media.

e Determine the effect surface alteration has on cell viability.

e To determine the effect of surface alteration on the production of immune
biomarkers (Nitric Oxide and Interleukin-6).

e Qualitatively assess the biochemical signals altered by differing nanoparticle

surfaces.

1.9. Hypothesis
Ho: Nanoparticle surface functionalization has no effect on pathways regulating immune

response.

Hi:: Nanoparticle surface functionalization has an effect on pathways regulating immune

response.



Chapter 2:

Literature Review

2.1. The Immune System

The immune system is a system comprised of cells, tissues, organs and molecules which act
against the invasion of infectious organisms. The main function of the immune system is to
collectively prevent/eradicate infections by eliciting an effective immune response. The
immune system achieves this function by discriminating between host elements and those of
the infectious agent. This discrimination has also shown to be involved with various other
physiological processes, the implementation of which can be seen in the ability to prevent
cancerous tissue growth, the removal of dead cells and initiating the repair of tissues (Eming et
al., 2009; Nagata et al., 2010; Giraldo et al., 2015). The immune system defence mechanism
can be separated into two divisions based on the period in which the defences develop. These
divisions are the innate immune system and the adaptive immune system (Chaplin, 2006; Abbas
et al., 2016). While these systems are distinctly different, each comprising separate
mechanisms, they function together to produce coordinated responses against invading

organisms.

2.1.1. Divisions of the immune system

2.1.1.1. Innate Immune System

The innate immune system is the first form of immunity present in the host. This form of
immunity is present in healthy individuals from birth. This division of immunity is passed down
through germline cells resulting in the mechanisms of this division being coded within host
genes. These genes are responsible for the production of effector cells, anti-microbial peptides,
soluble compounds, cellular barriers and cell receptors which respond to invading microbe
antigens. This division is not capable of responding to microbial components of an individual
organism. Instead, this division focuses on responding to those antigens conserved across
groups of microbes (Chaplin, 2006; Anaya et al., 2013; Abbas et al., 2016).

The innate immune system includes the cellular barriers which provide both physical and
chemical protection. The physical barriers separate the host’s internal environment from the

external environment. These barriers are formed from epithelial and mucociliary cell lined
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surfaces which serve to halt the microbe invasion. The skin is one such barrier, providing both
physical and chemical protection. The physical aspects of this barrier can be attributed to the
presence of keratinocytes which are firmly held together by desmosomes. Keratinocytes also
contribute to the chemical barrier of the skin (Szolnoky et al., 2001). These cells contain
receptors which, when stimulated by injury and/or infection, initiates the production of anti-
microbial peptides and cytokines. Together, these molecules induce an inflammatory response
for the destruction of invading microbes. Sebaceous glands within the skin acts to lower the pH
of the skin through the production of fatty acids. As a result, microbes struggle to thrive in this
hostile environment (Afshar and Gallo, 2013).

Cells associated with the innate immune system have the ability to detect microbial
components, known as pathogen-associated molecular patterns (PAMPs). PAMPs are
components within microbes which are shared and are relatively conserved across various
microbial species. The recognition of PAMPs is made possible by the presence of specialized
proteins, known as pattern recognition receptors (PRRs) (Takeuchi and Akira, 2010). The
genetic information encoding PRRs are passed down through the germline cells. In this way,
the host is thus capable of initiating an immune response against commonly encountered
microbial components. However, this mechanism is not capable of identifying various
components of a single microbe. This recognition is not solely limited to invading microbial
components but host components as well. These components, or damage associated molecular
patterns (DAMPs), are produced due to tissue injury and/or the presence of microbial
components (Andersson et al., 2000). The PRRs used by the innate immune system include
Nod-like receptors (NLRs), Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and C-
type lectin receptors (CLRs). NLRs function to detect bacterial components located within the
host cell cytoplasm and TLRs are located on host cell membranes and detect microbe specific
components. These components vary from microbial lipoproteins to nucleic acids. Endogenous
host components produced during infection may also serve as a TLR stimulus (Funderburg et
al., 2007). RLRs function to detect viral RNA produced during viral replication within host
cells. CLRs detect similarly constructed sugar molecules within bacteria and fungi (Hoffmann
etal., 2013).

Effector cells of the innate immune system are those capable of immediately responding to
infection through stimulation of PRRs. These cells include epithelial and endothelial cells,
innate lymphoid cells, natural killer (NK) cells, platelets and phagocytes. Phagocytes are cells

which are recruited to the site of infection during an injury. Once recruited, phagocytes ingest
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the foreign material for intracellular degradation (Tonetti et al., 1994). Phagocytes consist of
dendritic cells, granulocytes and monocytes/macrophages. Dendritic cells function as antigen
presenting cells. These cells ingest microbial antigens produced during the initial immune
response. The dendritic cells then transport the antigens from the peripheral lymph nodes to the
primary lymph nodes. It is in the primary lymph nodes that the antigens are presented to cells
of the acquired immune system, thus serving as a linkage point between the division. These
cells also serve to produce a co-stimulatory signal required for T-cell activation (Banchereau
and Steinman, 1998). Granulocytes are the cells which are active during the early stages of the
innate immune response. These cells identify and ingest invading pathogens. The mechanism
by which this ingestion occurs depends on the cell type observed. These cells further assist in
the immune responses through the production of inflammatory mediators, antimicrobial
peptides and proteases (Reeves et al., 2002; VVaradaradjalou et al., 2003; Verreck et al., 2006).

The innate immune system also employs an assortment of circulating and membrane-bound
proteins in the defence against invading pathogens, known collectively as the complement
system (Abbas et al., 2016). The activation of the complement proteins is followed by an
enzymatic cascade, or complement pathways, for the production of anaphylatoxins which illicit
various physiological responses. Given the nature and multitude of responses, these pathways
are subject to a great degree of regulation at various points (Sarma and Ward, 2011). The three
complement pathways responsible for this complement activation is the alternative, classical
and lectin pathways. Figure 2.1 illustrates the different complement pathways. These pathways
differ in their requirements for activation but all function around the central plasma protein,
complement component 3 (C3) (Abbas et al., 2016). The alternative complement pathway is
initiated by pathogen derived surface proteins, lipids and carbohydrates. C3 is constantly
hydrolysed and stabilized when bound to pathogen, where this C3(H.0) will be used to form
the initial C3 convertase of the alternative pathway. The membrane bound C3(H20) then binds
to Factor B, that is susceptible for cleavage by Factor D. This results in the formation of the of
the initial C3 convertase C3(H>0)Bb, which cleaves C3 into C3a and C3b. The produced C3b
replaces the initial C3(H.O) when bound to pathogen surface components and through
amplification gives rise to the membrane bound C3 convertase, C3bBb. These convertases
require the presence of properdin to prevent their cleavage by Factors H and | (Qu et al., 2009;
Abbas et al., 2016). The lectin pathway is activated through the binding of mannose binding
lectin (MBL) with the carbohydrate complexes on pathogen surfaces (Wallis, 2007). This MBL
circulates as complexes with MBL-associated serine proteases (MASPs), where upon the
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binding to pathogens initiates MASPs for the cleavage of C4 to for C4a and C4b. The produced
C4b bind to the pathogen surface to associate with C2, which is then cleaved by MASP to form
C2a and C2b. The bound C4b associates with the newly formed C2a to form the lectin pathway
C3 convertase, C4bC2a (Wallis, 2007; Qu et al., 2009). Unlike the previous pathways, the
classical pathway makes use of antibodies and is thus considered a component of the adaptive
immune system (Abbas et al., 2016). The classical pathway is initiated by the binding of IgM
or IgG to pathogen antigens and the C1 complex. This C1 complex consists of C1q, the
recognition element, bound to the serine proteases C1r and C1s. Binding to the C1q leads to
activation in C1s and C1r for the cleavage of complement proteins. These proteins are C4 and
C2, giving rise to the formation of the C3 convertase C4bC2a (Nauta et al., 2004). The C3
convertases C3bBb and C4bC2a produce C3a and C3b, where the released C3b will function
as an opsonin to amplify the complement activation. The released C3b will also form complexes
with the C3 convertases to produce the C5 convertases, C3bBbC3b and C4bC2aC3b. The C5
convertases will cleave C5 to form C5a and C5b. The produced anaphylatoxins C3a, C4a and
Cba serve as proinflammatory mediators during an immune response. The produced C5b binds
to the pathogen membrane to associate with the C6, C7, C8 and several C9 molecules to form
the membrane attack complex (MAC). The MAC creates pores in the membranes causing cell
lysis for the elimination of the pathogen (Nauta et al., 2004; Wallis, 2007; Qu et al., 2009).
While these pathways each make use of an individual recognition mechanism, the alternative
pathway may serve as an amplification loop for the classical and lectin pathways (Harboe and
Mollnes, 2008).
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Figure 2.1: A figure depicting the three pathways for complement activation. Adapted from
the work of Nauta et al. (2004), Wallis (2007), Qu et al. (2009) and Sarma and Ward (2011).

2.1.1.2. Adaptive Immune System

Throughout the life of a multicellular organism, there is constant exposure to various microbial
species. These organisms have developed simple defence mechanisms against pathogens,
which form the first line of defence. However, vertebrates possess more elaborate defence
mechanisms capable of tailoring the immune response toward various components of a single
invading microbe. These mechanisms will also ensure that the immune system has memory of
exposure to an organism and that the immune response to recurrent infections will be faster.
These defences make up the adaptive immune system (Cooper and Alder, 2006). The adaptive
immune system will function to produce efficient removal responses to both invading microbes
and their associated toxins. To achieve this specific removal of foreign material or invaders,
the innate immune responses recruit the most appropriate aspect of the adaptive immune
response. The adaptive immune system can be subdivided into the humoral and cell-mediated
immune responses (Banchereau and Steinman, 1998; Abbas et al., 2016). Each subdivision of
the adaptive immune system makes use of a different type of lymphocyte. The lymphocytes

which participate in the adaptive immune response include T-cells and B-cells (Abbas et al.,
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2016). Growth of these cells will begin in the bone marrow and end in the thymus and

peripheral lymph nodes, respectively.

T-cells house receptors which specifically detect special complexes formed from microbial
peptide antigens and host proteins. These receptors are assembled from three gene elements.
These gene elements are randomly altered within each T-cell, where a single T-cell will contain
a single type of T-cell receptor. Selection of a functional T-cell receptor gene sequence is then
carried out within the thymus (Gellert, 2002; Miller, 2002). T-cells which undergo this selection
will house two co-receptors. These co-receptors bind specifically to one of two host molecules
which form a complex with invader antigens. T-cell selection will first include a positive
selection, ensuring that the receptor reacts with a specific complex of foreign peptides and host
peptides. This is followed by a subsequent negative selection, where the receptor is differed
from strong reactivity with complex host peptides. T-cells which fail each selection process are
terminated, where only those with moderate reactivity with host peptides remain (Miller, 2002;
Abbas et al., 2016). The T-cells produced will be cluster of differentiation (CD) 8+ and CD4+
T-cells.

The recognition of foreign peptides only serves as a single stimulus for a given CD4+ T-cell.
In order for these cells to produce an immune response, co-stimulatory signals produced by the
innate immune response to microbes must also be present. CD4+ T-cell proliferation and
differentiation genes are activated once this requirement has been met. CD4+ T-cells
differentiate into effector T-cells which migrate toward the origin of the foreign antigen. The
direction of this differentiation is determined by the nature of the activating signal (Mosmann
and Coffman, 1989; Amsen et al., 2009). Regardless of which direction differentiation occurs,
the alternate direction is inhibited by that direction’s biochemical signals. Biochemical signals
produced by macrophages and natural killer cells result in the differentiation of T helper (Th)
1 cells. Thl cells will function to enhance the activity of these cells to destroy ingested
extracellular invaders. When the biochemical signals are produced by natural killer T-cells and
mast cells, Th2 differentiation occurs. Th2 cells produce signals which cause alternative
macrophage activation which results in anti-inflammatory effects and wound repair. Th2 cells
will also assist antibody production. CD8+ T-cells, or cytotoxic T-cells, may be stimulated by
any cell infected with an intracellular invader. During the infection, the cells degrade peptides
of the invaders and present them on the cell surface. Cytotoxic T-cells will function to eliminate

these infected cells through the release of cytotoxic proteins (Barry and Bleackley, 2002).
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B-cells are characterized by the development of specialized recognition proteins known as
antibodies or immunoglobulins (Ig’s). These Ig molecules are separated into classes based on
protein chain structure. These cells are derived from the cells within bone marrow and use a
similar mechanism to those used for T-cell receptor production. However, unlike the T-cell
receptors, the antibodies produced have the ability to recognize complex structures. Antibodies
that are produced through naive B-cell development are membrane-bound and are of the IgM
and IgD classes. It is only after binding to antigen and stimulation by T-cells will the specific
B-cells produce progeny which secrete the IgM molecules, while others produce Ig molecules
of different classes. This process is known as isotype switching and may be assisted by the
biochemical signals of the responding CD4+ T-cells, where the class of the new Ig molecule is
based on the specific signal. This process may also occur without the T-cell if the B-cell is
stimulated by multiple units of the same antigen. It is also during this isotype switching that
mutations are produced in the antigen-binding segments of the encoding genes. These
mutations influence the binding affinity of the new Ig molecule for the same antigen where
those of higher affinity are selected (Honjo et al., 2002; Cerutti, 2008; Peled et al., 2008). The
adaptive immune response produced is dependent on the class of Ig molecule produced. These
responses include pathogen destruction pathways, promote inflammation, enhance phagocyte

activity and enhance immune cell response to pathogen (Chaplin, 2003; Abbas et al., 2016).

2.1.2. Macrophages
2.1.2.1. Origin

Macrophages are produced through the differentiation of blood born monocytes. These
monocytes are derived from bone marrow. It is when these monocytes migrate into the inflamed
tissues that they become macrophages (Van Furth and Cohn, 1968; Abbas et al., 2016). These
phagocytic cells then ingest invading microbes via the process of phagocytosis. Macrophages
may be initiated to undergo this process via various mechanisms. The exact mechanism will
depend on the immune response occurring. This may be either that of the innate or adaptive
immune system. Upon stimulation, phagocytosis will begin with the extension of the
macrophage plasma membrane to internalize the invading microbe in an intracellular vesicle
known as a phagosome. This phagosome will fuse with a digestive enzyme containing vesicle,
known as the lysosome, to form the phagolysosome (Abbas et al., 2016). At the same time, the
macrophage will receive signals via receptors as the immune response takes place. This

additional stimulation will serve to activate phagolysosome enzymes such as phagocyte
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oxidase, lysosomal proteases and inducible nitric oxide synthase (iNOS) (Schnyder et al., 1980;
Shiloh et al., 1999). Phagocyte oxidase functions to increase production of microbicidal
reactive oxygen species (ROS). The lysosomal enzymes will act to degrade microbial proteins
within the phagolysosome. iINOS will catalyse the conversion of arginine to nitric oxide (NO).
NO is one of the most immunologically active molecules as its functions range from the killing

of invading microbes to regulating immune responses (Bogdan, 2001).

2.1.2.2. Role in the adaptive and innate immune system

Macrophages, like dendritic cells, are cells which play roles in both the innate and adaptive
immune system. In the innate immune system, macrophages are responsible for the immediate
defence against invaders and recruitment of other immune cells. In the adaptive immune
system, macrophages coordinate the immune response based on the present biochemical signals
(Abbas et al., 2016). Macrophages may be classically activated via the co-stimulation by
interferon-gamma (INF-y) and microbial products/antigens (Adams, 1989). As part of the
innate immune system, macrophages may be solely activated through PAMP stimulation of
PRR (Mukhopadhyay et al., 2004). Macrophage recognition of invaders may be enhanced via
coating with specialized proteins, or opsonization. These opsonin molecules are produced by
the catalytic pathway used for the killing of microbes, known as the complement system.
Opsonin molecules are detected by macrophage surface receptors and facilitate ingestion by
macrophages. Macrophages subsequently produce proinflammatory mediators and cytokines,
including tumour necrosis factor-alpha (TNF-a)), NO, interleukin-12 (IL-12), etc. The produced
IL-12 may stimulate NK cell receptors to increase NK cell production of INF-y. NK cells then
produce INF-y which activates macrophages for the killing of ingested microbes (Kobayashi et
al., 1989; Abbas et al., 2016). This innate response will direct events of the adaptive immune
system. The combined cytokine response which accompanies macrophage activation directs
Th1 differentiation and inhibits Th2 differentiation. The cytokines produced by Thl cells
include TNF, IL-2 and INF-y. The produced Thl cell membranes house the CD40 ligand. The
increased presence and binding of the CD40 ligand to macrophage receptors initiate
transcription factors within macrophages. The produced proteins increases the mechanism used
to destroy ingested microbes (Mosmann and Coffman, 1989; Abbas et al., 2016). This classical
activation is accompanied by macrophage secretion of proinflammatory cytokines IL-1p, IL-
15, TNF-a, IL-6 and IL-12 (Cavaillon, 1994). Th2 cells may serve to induce alternative

activation of macrophages. Th2 cell differentiation requires the presence of I1L-4 produced by
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mast cells and other tissues at the sight of a parasitic infection. The activated Th2 cells then
produce IL-4, IL-10, IL-5 and IL-13. The produced IL-4/IL-13 act to upregulate macrophage
surface receptors while reducing the microbicidal activity. Macrophages then act to assist in
wound repair by stimulating fibroblast proliferation and collagen production. These events
occur through the macrophage secretion of polyamines and proline, respectively (Gordon,
2003; Abbas et al., 2016).

2.2. Alterations in the immune system

As briefly discussed, the immune system is a complex system functioning together to maintain
the health of the host. The functioning of the immune system may be impaired by various toxic
compounds which may leave the host susceptible to disease. These compounds altering the
normal functionality of the immune system are referred to as immunotoxic compounds. These
compounds may do this by supressing, elevating, or increasing the sensitivity of the immune
response. Immunosuppression is the event in which a compound will prevent the completion
or inhibit the activation of the immune response. As a result, the affected host will have an
increased susceptibility to a potentially severe infection. This will occur in the event the
compound decreases the number of immune cells, hinders the activity of signalling molecules
and/or cause damage to organs of the immune system (Luster and Rosenthal, 1993; Dewitt et
al., 2012). Immunostimulation is the event in which a compound enhances the immune system
response, manifesting as an enhanced or reduced ability to respond to external stimuli (De Jong
and Van Loveren, 2007). Autoimmunity is an altered state of the immune system where host
molecules are targeted for attack. This state may be the result of an enhanced immune response,
stimulated immune activity or targeting of host molecules that have been altered during contact
with toxic compounds (De Jong and Van Loveren, 2007). This state has been shown to be
associated with pharmaceutical drugs or therapies. Reactions may occur within specific
organs/tissues or may vary in the type of reaction observed. The affected organ/tissues may be
affected by functional impairments, inflammation, or permanent damage (Luster and
Rosenthal, 1993; Barrons, 1997; Vial and Descotes, 2000). The immune system may become
altered to produce an amplified response directed toward foreign toxic molecules, where these
responses are accompanied by tissue damage. This state is known as a hypersensitivity reaction
that manifests as an allergic response to a foreign molecule. Hypersensitivities are the most

common immunotoxic effect produced by pharmaceutical drugs, making these reactions

18



important areas of research when investigating the toxic potential of foreign materials (Luster
and Rosenthal, 1993; Descotes, 2004; De Jong and Van Loveren, 2007).

2.3. Nanoparticle Toxicity

Nanotechnology is a field associated with the development of new technologies through the
limitation of material dimensions to a nanometre scale. The dimensions of these produced
materials, or nanomaterials, typically limited to less than 100 nm are the: length, breadth and/or
width. Nanomaterials may form naturally, unintentionally through combustion reactions or be
intentionally engineered. (Kumar and Kumbhat, 2016). The reduced size and altered
dimensionality of engineered materials have been shown to give rise to unique physiochemical
properties not typically associated with the base material (Yoffe, 2002). There are various
methods employed to intentionally engineer nanomaterials, including laser ablation,
biosynthesis, spinning, etc. Despite the exact method used for synthesis, it remains an extension
of either two central approaches to nanomaterial synthesis: the top-down and bottom-up
methods (Ealia and Saravanakumar, 2017). Figure 1.1 illustrates the differences between these
approaches. Top-down methods are methods which rely on the reduction of bulk materials to
particles within the nanometre scale. This is best exemplified by the process of mechanical
milling, in which nanometre sized grain is produced through an energy transfer from a high
energy mill to the material undergoing reduction (YYadav et al., 2012). Bottom-up methods were
inspired by the ability of biological structures to self-assemble from a set of preprogramed
instructions. As a result, approaches to synthesis shifted from using bulk materials as the
starting point to allowing atoms to self-assemble into clusters and later NPs. This is easily
demonstrated by the process of chemical vapor deposition. In its most simple form, a gas is
allowed to flow into a chamber housing a heated object and the chemical reaction at the surface

of the object results in the formation of a nanometre sized film (Carlsson and Martin, 2010).
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Figure 2.2. A figure depicting the top-down and bottom-up approaches to the synthesis of
nanomaterials, adapted from the work of Ealia and Saravanakumar (2017).

These unique materials are coveted as they can be used in the improvement of existing products
or development of new products. However, it is the same alterations of these materials which
alter their interactions with biological tissues (Nel et al., 2006). The repercussions of such
interactions are often severe and would otherwise not be possible without the alteration. In light
of the harm which may accompany these materials, nanotoxicology strives to guide and
improve the usage of nanomaterials (Oberdérster et al., 2007). The resulting toxicity of
nanomaterials when in contact with living cells may be caused by four attributes; 1) chemical
toxicity of the material which has been used to synthesize the nanomaterial; 2) the small size
of nanomaterials which enhances the uptake nanomaterials, the nanomaterials may then
interfere with cellular functions of cells; 3) nanomaterials of a certain shape may overcome cell
membranes more efficiently than others; and 4) surface charge of the nanomaterial (Kirchner
et al., 2005; Frohlich, 2012). The exact toxicological profile a given NP produces occurs

through these attributes occurring simultaneously.
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2.3.1. Influence of material type

There are various approaches to the synthesis of nanomaterials. All these approaches make use
of a starting material, of which the entire nanomaterial is composed. The material used to
synthesize a given nanomaterial may be the underlying cause of the toxic effects seen. A key
example of such an occurrence has been seen in cadmium-containing quantum dot (QD)
toxicity. Cadmium (Cd) is a highly toxic element capable of exhibiting toxicity at
concentrations lower than commonly found minerals. This element may impair the functioning
of various biological systems either directly or indirectly (Rani et al., 2014). These toxic effects
have been attributed to the release of Cd?* ions from QDs which in turn disrupts the ROS
balance of cells (Kirchner et al., 2005; Rani et al., 2014). In contrast, gold (Au) has historically
been considered “biocompatible and inert”. As a result, research has shown the vast medical
applications of Au-NPs with the associated toxicity having been attributed to the properties
manifesting at the nanoscale rather than due to the composition. (Murphy et al., 2008; Naahidi
et al., 2013; Daraee et al., 2016).

2.3.2. Influence of size

Small size is the most characteristic trait of all nanomaterials and majorly contributes to the
toxicity associated with NPs. The size of NPs often resembles those of signalling molecule
recognized by cells (lversen et al., 2011). Size of the NP in question may serve as the
determining factor as to whether cells will internalize NPs. Prior to contact with cells, NPs first
encounter many biomolecules. These biomolecules comprise the various sugars, lipids and
proteins associated with biological tissues. The NPs are coated by these molecules in what is
known as a “protein corona”, which dictates how the NP in question interacts with a given cell
(Lynch et al., 2009). The unique combination of biomolecules making up a given protein
corona depends on the environment the NP must traverse, and which biomolecules are currently
present in that environment. The internalization is then driven by cell membrane receptor
recognition of the biomolecules on the corona. Size dependant toxicity has been shown to occur
in various cell lines with Au-NPs, PNPs, silica NPs and iron oxide NPs (Lu et al., 2009; Huang
et al., 2010; Malugin and Ghandehari, 2010; Varela et al., 2012). It should be noted that the
NPs reported had varying surface chemistry and where exposed to different cell lines. However,
the NP sizes taken up by cells remained between 30-50 nm. NPs of decreasing size, below this
range, have a higher surface area relative to the total mass of the NP. The higher surface area

provides a higher rate of reactivity of the protein corona coated NP with the surrounding
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biological tissues. Thus, the biomolecules of the smaller NPs have a greater chance to interact

with the cellular components for the initiation of adverse reactions (Shang et al., 2014).

2.3.3. Influence of charge

Biological environments consist of various molecules, each with distinct weak charges. At the
nanometre scale, these weak charges dictate the interactions of the NP. This is particularly
important for Au-NPs. Reports on charge related Au-NP toxicity are at times contradictory.
This can be attributed to the various synthesis methods employed, resulting in the reported NPs
having variable surface chemistry. This is highlighted by the work of Goodman et al. (2004) ,
where Au-NPs of 2 nm with positive surface charges are shown to produce moderate levels of
toxicity. When considering size as the sole contributor to toxicity, AuNPs of 13 nm size and
above are considered non-toxic within the micromolar concentration range (Jahnen-Dechent
and Simon, 2008). However, the work of Connor et al. (2005) shows no toxicity in human
leukemia cell lines (K562) when exposed to differently capped batches of 4 nm, 12 nm and 18
nm Au-NPs. Shukla et al. (2005) reported that lysine and poly-L-lysine capped Au-NPs of 35
nm are weakly cytotoxic to RAW 264.7 macrophage cells over a period of 3 days. These
discrepancies may be the result of varying cell lines, differences in the protein corona, and/or
the variability of NP surface chemistry. It is commonly accepted that NPs of negative surface
charges have greater biocompatibility. The is due to the cell bilayer possessing a negative
charge, where positively charged molecules exhibit strong electrostatic attraction to this bilayer
(Goodman et al., 2004). This charge related toxicity has been shown to occur in Ag-NPs, zinc
oxide NPs and dendrimers (Baek et al., 2011; EI Badawy et al., 2011; Greish et al., 2012).
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2.4. Surface Functionalization

The application of NPs and nanomaterial structures as part of biomedical solutions has proven
to be a complex undertaking. One of the major limiting factors of these solutions is the
challenge of lessening interactions with secondary biomolecules while enhancing binding
affinity for the primary target (Chou et al., 2011). As mentioned previously, the intrinsic
properties of NPs may dictate its fate within biological systems. To mitigate the effect of such
occurrences, the surface of nanomaterials may be altered by means of surface functionalization.
This process strives to alter nanomaterial surfaces to that of a surface of well-defined chemistry
with the greatest specific surface area (Myhra and Riviere, 2012). Once the surface chemistry
has been well defined, the nanomaterial can then be conjugated to secondary molecules by
means of controlled reactions. These secondary molecules make it possible for the NP in
question to have improved solubility, limited aggregation, used in disease diagnostics,
biomolecule detection, the detection and differentiation of cells, and drug delivery (Paciotti et
al., 2006; Bajaj et al., 2009; EI-Boubbou et al., 2010; Jiang et al., 2010; Sperling and Parak,
2010).

The functional group used to modify the surface of nanomaterials depends on the desired
molecule/ligand which will be used and the intended use of the NP. Bioconjugation of Au-NPs
to antibodies illustrates the various forms of interaction between the surface functional group
and the desired molecule which may be exploited (Jazayeri et al., 2016). These interactions can
be simply divided into those of absorption on the NP surface, electrostatic, covalent, and non-
covalent interactions (Sperling and Parak, 2010; Sanita et al., 2020). For nanomaterial systems
intended to be used in biological systems, covalent interactions are usually desired. Covalent
interactions ensure that the bound molecule will not be removed from the NP surface in
biological fluids while also controlling the orientation of the bound molecule (Kumar et al.,
2008; Sanita et al., 2020).

Amine and carboxyl functional groups are groups typically manipulated during NP
bioconjugation (Lee et al., 2008; Jazayeri et al., 2016). These functional groups are often used
in conjunction where either may be used to functionalize NP surfaces while the other may
reside on the desired molecule. These functional groups react by means of a condensation
reaction, whereby a peptide bond is formed. Alternatively, the presence of both functional
groups on the surface of a single NP my serve to provide a system in which a drug is linked by
way of the amine group and targeting antibody linked by way of a carboxyl group (Kralj et al.,

2011; Biju, 2014; Zhan et al., 2014; Jazayeri et al., 2016). Amine functional groups alone on
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the surface of NPs shift charge to a more positive one. This positive charge then permits
bioconjugation by electrostatic attraction (Lee et al., 2008; Bajaj et al., 2009). However, the
positive charge contributes to this functional group having been noted to induce considerable
toxicity. These reports included comparisons of negatively charged carboxyl functional groups,
showing them to be more favourable in NP systems where secondary conjugation is not desired
(Greish et al., 2012; Ruenraroengsak et al., 2012). This is an important point of consideration
as the number of nano-based biomedical solutions increases within literature. The extent to
which NPs induce alterations within the immune system, particularly those induced by amine
and carboxyl surface functionalization, must be clearly understood for any implementation to
occur (Muhammad et al., 2020).

2.5. Carbon-based Nanoparticle Toxicity

Carbon-based nanomaterials are a broad family of materials which primarily consist of carbon
atoms. The reason for this great diversity is as the result of its electron configuration allowing
it to adopt a great number of crystalline and disordered structures. These include carbon black,
fullerenes, carbon nanotubes, nano-graphite, carbon nano-diamonds, and carbon quantum dots.
This diversity has also contributed to a variety of unique properties which may be used in high-
performance appliances (Kumar and Kumbhat, 2016). During the synthesis of these materials,
the purity of the carbon in the final product differs with the method of synthesis utilized (Jia et
al., 2005). The same can be said for other nanomaterials, where trace amounts of different
elements can be found in the final structure (Rostek et al., 2011). Polystyrene is an aromatic
hydrocarbon polymer, where the predominant element is carbon (Lock et al., 2010).
Polystyrene based NPs can thus be, due to its elemental composition, classified as a carbon-

based nanomaterial.

PNPs are frequently used as a model to assess NP toxicity (Nemmar et al., 2003; Xia et al.,
2006; Loos et al., 2014a). The PNP model provides a means to study the effect of size and
surface characteristics in differing biological environments. Cationic and anionic surfaces are
provided by way of amine and carboxylate functionalization, respectively. Studies have shown
that amine functionalized PNPs (APNPs) are potent inducers of cytotoxicity in a number of cell
lines, namely RAW 264.7 (~90 nm and ~415 nm), TT1 (~50 nm), HeLa (~50 nm) and BEAS-
2B (~90 nm and ~415 nm) (Xia et al., 2006; Xia et al., 2008; Ruenraroengsak et al., 2012;

Sharma et al., 2019). Carboxylate functionalized PNPs (CPNPs) in comparison, shows a
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considerable reduction in cytotoxicity. However, cytotoxicity may still be seen in comparison
to control cells (Xia et al., 2006; Xia et al., 2008). It has been noted that the differences in
charge does not completely account for all instances of uptake and subsequent cytotoxicity,
while there is evidence to suggest that phagocytic cell uptake of PNPs does occur in a charge
specific manner. These results indicate that APNPs are more efficiently taken up by monocytes
and CPNPs by differentiated macrophages (Lunov et al., 2011a; Fréhlich, 2012).

Information related to the immunotoxicity of the PNP model is fairly limited within literature
(Muhammad et al., 2020). Unmodified PNPs, CPNPs and APNPs (50 nm, 100 nm) have been
shown to increase IL-6 and IL-8 release in TT1 cells after a 24 hour exposure period
(Ruenraroengsak et al., 2012). The works of Fuchs et al. (2016) shows that the PNPs have
complex functioning within the immune system, in which classically activated human
macrophage cytokine expression is not impaired by the presence of differently functionalized
PNPs. However, both the CPNPs and APNPs are shown to hinder the expression of
alternatively activated human macrophage surface receptors and IL-10 release. APNPs reduce
the phagocytic ability in both macrophage subsets while protein expression and cellular energy
levels of alternatively activated macrophages experience greater alterations by CPNPs. These
findings suggest that PNPs may be used as a means of controlling diseases originating from a
compromised immune response (Fuchs et al., 2016). Lunov et al. (2011b) has also shown that
APNPs induce proton accumulation within the lysosome, IL-1p release, cathepsin B release
and mitochondrial membrane damage (Lunov et al., 2011b). It is important to consider the
extent of PNP alterations on the immune system is the result of protein corona formation
(Fadeel, 2019). Both size and charge may significantly impact the type, number and
conformation of proteins bound to PNP surfaces (Feiner-Gracia et al., 2017). This may alter
the immune response and produce discrepancies in the resulting data (Lundgvist et al., 2008).
In order to fully understand the manner in which differently functionalized NPs can alter the
signalling of the immune system, comprehensive profiles of immune cell-NP interactions must
be established. These profiles should include cytokine profiles of immunologically active cell
types, the assessment of functional group activity under different states of immune cell function
with the corresponding cellular toxicity, and the quantification of immune cell biomarkers

under NP stimulation.
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Chapter 3:

Materials and Methods

3.1. Characterization of Polystyrene Nanoparticles

Polystyrene latex NPs (PNPs) were purchased from Sigma-Aldrich (Schnelldorf, Germany).
These nanoparticles included the unmodified — pristine polystyrene NPs (PPNPs, 55 nm,
Product no. L1148), amine-functionalized polystyrene NPs (APNPs, 50 nm, Product no.
L0780) and carboxyl-functionalized polystyrene NPs (CPNPs, 30 nm, Product no. L5155). The
surface of unmodified PPNPs were stipulated by the manufacturer to have hydroxyl functional
groups present. The surface charge of the interface point between the NP and the surrounding
environment was determined by zeta potential. NP size distribution, determined as
hydrodynamic diameter, was obtained by dynamic light scattering (DLS). Both properties were
assessed for NPs suspended in culture media containing 5 % serum, and NPs suspended in
aqueous solution (distilled water) via ZetaSizer (ZetaSizer Nano ZS, Malvern Instruments
Ltd.). For measurements of NPs characteristics, stock solution NPs were resuspended in sterile
distilled water or serum containing media to a desired concentration of 10 pg/mL.
Measurements of NPs within serum containing culture media were taken using washed NPs

resuspended in serum containing media, where the final serum concentration was 5 % (v/v).

The concentration of the PNPs to be measured within the respective dispersants was set at 10
pg/mL. Hydrodynamic diameter measurements were taken in disposable sizing cuvettes
(Model no. DTS0012) using 4 mL NP suspension. Zeta potential measurements were taken in
folded capillary cells (Model no. DTS1060) using 1 mL NP suspension. Measurements were
taken at room temperature in triplicate, following the standard operating procedures.

3.2. Preparation of Polystyrene Nanoparticles

A 2 mg/mL stock solution of NP suspended in serum-free media was prepared for all NPs. The
commercially obtained polystyrene NPs were resuspended in sodium azide during production.
To limit the potential cytotoxicity by sodium azide, NPs were washed prior to exposure to cells
(Jones et al., 1980). Washing was performed by centrifugation using ultrafiltration units with a
100 000 molecular weight cut off (Vivaspin®). A volume of 70 uL. PPNP stock solution and

280 pL functionalized NP stock solution was placed into individual units. The NPs were
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washed 3 times using 1X Dulbecco’s Phosphate Buffered Saline (DPBS, Lonza) at 40 000 rpm
for 10 minutes. After the final wash, NP solutions were brought to 3.5 mL using serum-free

media.

Solutions were then sonicated by a probe sonicator (QSonica, LLC. Misonix Sonicators, XL-
200 Series, Newtown, CT, USA) in short bursts on ice for 5 minutes. Solutions were then
sterilized by pasteurization at 60 °C for one hour. Aliquots were stored at room temperature

until use.

3.3. RAW 264.7 Cells and Treatment

The cell line used for the experiments were the murine macrophage cell line, RAW 264.7
(American Type Culture collection, Manassas, VA, USA). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Lonza, Cape Town, South Africa) supplemented with 10
% fetal bovine serum (FBS, Hyclone), 1 % glutamax (Sigma-Aldrich), 1 % antibiotic-
antimycotic (Sigma-Aldrich), 0.5 % gentamycin (Sigma-Aldrich). Cells were incubated at 37
°C with a humidified atmosphere of 5 % CO; throughout the experiments. Cells were sub-
cultured every 3-4 days when cells were between 70-80 % confluent.

For the experimental procedures, cells were exposed to nanoparticles in 96-well and 24-well
plates. The 24-well plates were used to obtain greater volumes of supernatant required for the
proteome profile assessment. Cell exposure to PNPs for all other experimental procedures were
carried out in 96-well plates. An initial doubling dilution of PNPs was done in the wells, where
the resulting concentrations were double the required working concentrations, to a final volume
of 100 uL in the 96-well plates and 150 uL in the 24-well plates respectively. The NPs were
diluted in serum free media containing 1 % glutamax, 1 % antibiotic-antimycotic, and 0.5 %
gentamycin. Each well of the 96-well plates received 100 uL of RAW 264.7 cells (1x10°
cells/mL) in complete culture media containing 10 % FBS, where the resulting FBS
concentration was 5 %. For the 24-well plates, each well received 150 uL of RAW 264.7 cells
(1x107 cells/mL) in complete culture media containing 10 % FBS, with a resulting FBS
concentration of 5 %. Thereafter, the plates were incubated at 37 °C with a humidified
atmosphere of 5 % CO. for 24 hours. This incubation was done to allow cells to reach 80-90 %
confluency. Cells were divided into stimulated and unstimulated groups. In the 96-well plates,
stimulated cells received 50 pL of serum free media containing 0.2 pg/mL of

lipopolysaccharide (LPS, Sigma-Aldrich) with each well having a final LPS concentration of
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0.07 pug/mL. Stimulated cells will hereafter be referred to as LPS positive (LPS+). Unstimulated
cells (hereafter referred to as LPS negative samples (LPS-)) received 50 uL plain serum free
media. For the 24-well plates, wells received 100 puL of the same conditioned media as used in
the LPS+ and LPS- 96-well plates. Each group included control cells which were not exposed
to nanoparticles. Control cells stimulated with LPS served to imitate an immune response
through macrophage activation, whereas unstimulated control cells served to imitate cells in
which no immune response was initiated. Plates were incubated for approximately 20 hours.

Thereafter, supernatants were removed for analysis of NO, cytokines and proteome profiles.

3.3.1. Cytotoxicity Assay

Cytotoxicity was measured by means of a 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate (WST-1) assay (Roche). Briefly, this assay relies of the
cleavage of the WST-1 salt into a soluble formazan dye by the metabolic reactions of viable
cells. The amount of formazan produced is therefore proportional to the number of

metabolically viable cells present.

The assay reagent was prepared by performing a 1 in 10 dilution of stock reagent in complete
culture media. Cell culture supernatants were collected after treatment and incubation steps,
and cells were washed with 1X DPBS to ensure PNP residue was removed. Washed cells
received 50 pL diluted assay reagent. Formazan production by cellular mitochondrial
dehydrogenase within the wells was measured at 450 nm (FLUOstar, Omega, BMG Labtech).
Absorbance readings were taken immediately after the assay reagent was added. The plate was
then incubated at 37 °C. Thereafter, readings were taken at 30 min and 1-hour incubation
intervals. The data was then transferred to Microsoft Excel, where it was used to calculate
viability as a percentage of the control.

3.3.2. Nitric Oxide Assay

Cells released measurable amounts of nitrite during overnight exposure to PNPs, serving as an
indicator of NO production. Quantification of NO was carried out according to the Griess
reaction (Granger et al., 1996). A linear nitrite standard curve, created from the doubling
dilutions of a 100 uM nitrite standard (Sigma-Aldrich), was used to quantify the amount of NO
produced by cells exposed to PNPs. Griess reagent was made using a 1:1 mixture of 1 %
sulfanilamide and 0.1 % naphtylethlemidimine-dihydrochloride in 2.5 % phosphoric acid
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(Sigma-Aldrich). Each well had either received 50 pL of the respective cell culture supernatant
or nitrite standard, as well as 50 pL of the Griess reagent. After mixing the spent culture
supernatant and Griess reagent the absorbance was read immediately using a microplate reader
at 540 nm (FLUOstar, Omega, BMG Labtech). The linear standard curve was created in
Microsoft Excel by plotting the concentrations of the diluted nitrite standard against the
corresponding absorbance readings. The amount of NO produced by the cells was quantified

from the resulting linear equation.

3.3.3. Interleukin-6 Double Antibody Sandwich (DAS) Enzyme Linked Immunosorbent
Assay (ELISA)

The secretion of the pro-inflammatory cytokine interleukin-6 (IL-6) in the cell culture
supernatants was measured by DAS-ELISA (e-Bioscience). All ELISA procedures were
carried out in 96-well Maxisorb plates (Nunc, Germany). Dilutions of the cell culture
supernatants with the ELISA diluent were performed to ensure produced IL-6 was within
detectable levels. A 1:100 (v/v) dilution of LPS+ cell culture supernatant and a 1:5 (v/v) dilution
of LPS- cell culture supernatant was performed. All reagents were provided by the kit and the

assay was carried out as per the manufacturer’s instructions.

3.3.4. Proteome Profile Analysis

Cell to cell communication within a network is regulated through the production of and
response to various signalling molecules. The pattern of proteins expressed under specific
conditions is known as the proteome profile. Proteome profile kits are commercially available
for various cellular pathways such as cytokine pathway, apoptosis, and cell stress. Cytokine
proteome profiles of the RAW 264.7 cells under PNP exposure were obtained by using the
commercially available mouse cytokine array kit (Proteome Profiler, Mouse Cytokine Array
Panel A, R&D Systems). The kit provides a means of assessing the relative expression levels
of 40 mouse cytokines in duplicate on a single pre-treated nitrocellulose membrane.

The nitrocellulose membranes were incubated with 500 pL of cell culture supernatant, which
was obtained from the 24-well plates. Profiles were obtained from cells incubated under various
conditions; without PNPs in the absence of LPS stimulation, 15 pg/mL PNPs in the absence of
LPS stimulation, without PNPs in the presence of LPS stimulation, and with 15 ug/mL PNPs
in the presence of LPS stimulation. All reagents used, with the exception of the chromogenic
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TMB insoluble Western blotting substrate (3,3°,5,5’-Tetramethylbenzidine, Thermo
Scientific), were provided within the kit and the assay was performed as per manufacturer’s
instructions. Qualitative analysis was done by adding substrate to sample-antibody complexes
labelled with streptavidin-horse radish peroxidase (HRP), where the membrane is stained with
the TMB insoluble substrate.

3.4. Statistical analysis

The experiments were performed in triplicate where the resulting data was managed in
Microsoft Excel prior to statistical analysis using SigmaPlot (Ver. 12.0). The data is represented
as the average * the standard error of the mean (SEM). Samples were compared by using a one-
way analysis of variance (ANOVA) test with results being considered statistically significant
at the P<0.01 level. After more detailed analysis of the statistical reports, it was seen that the
sample comparisons had P-values of weaker (P<0.05) and greater (P<0.001) statistical

significance.
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Chapter 4

Results

4.1. Characterization of PNPs in water and biological media

4.1.1. NP characterization within distilled water

ZetaSizer measurements revealed the hydrodynamic diameter and zeta potential of PNPs within
distilled water (Table 4.1). Particle size measurements closely resembled those provided by the
manufacturer (see Chapter 3). The polydispersity index (Pdi) values provide an indication of
particle size uniformity within the given suspension. APNPs size was seen to have the most
uniform distribution (0.152 + 0.018) in water among the tested NPs (Table 4.1). Zeta potential
measurements within water indicate that the PPNPs have the most negatively charged interface
layer (-28.6 £ 5.7 mV), while APNPs possess the most positively charged layer (19.1 + 6.4
mV).

Table 4.1: Hydrodynamic diameter and zeta potential of PNPs within distilled water. The data
is represented as the average + SEM where n = 3.

Manufacturer Mean Z-Average (d.nm) Zeta Potential (mV) +

Pdi + SEM

Particle Diameter (nm) + SEM SEM

APNP 50* 60.06 £ 0.50 0.152 + 0.018 19.1+6.4
PPNP 55* 47.08 £0.32 0.189 £ 0.008 -28.6 £5.7
CPNP 30* 32.46 + 1.56 0.256 + 0.027 -14.1+£21.8

Measurement parameters: PNP concentration = 10 pg/mL; Viscosity = 0.8872 cP; Dispersant refractive index = 1.330;
Dispersant dielectric constant = 78.5; pH = 7.2; Material refractive index = 1.59; Measurement duration = 30 seconds. * -
Measurements taken within sodium azide solution. The manufacturers specification sheet did not provide zeta potential

measurements.

4.1.2. NP characterization within 5 % serum containing culture media
ZetaSizer measurements revealed the hydrodynamic diameter and zeta potential of PNPs within
serum containing culture media (Table 4.2). The diameters of all tested NPs were seen to exceed
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50 nm, the greatest increase in diameter being seen in the PPNPs (341.2 £ 21.35 d.nm). The
Pdi values for size distribution were seen to be > 0.5 for all the tested NPs. PPNPs were shown
to be the most polydispersed within serum containing culture media, with a Pdi of 0.911 +
0.059 (Table 4.2). Zeta potential measurements within serum containing culture media indicate

that the all the PNPs adopted a negatively charged interface layer of similar voltage.

Table 4.2: Hydrodynamic diameter and zeta potential of PNPs within 5 % serum containing

culture media. The data is represented as the average = SEM where n = 3.

Manufacturer Mean Z-Average (d.nm) Zeta Potential (mV) %

. Diameter (nm) + SEM i + SEM SEM
Particle
APNP 50* 148.9 + 4.80 0.55 + 0.049 295420
PPNP 55% 341.2 +21.35 0.911 + 0.059 29.3+0.8
CPNP 30* 50.5 + 9.37 0.523 + 0.060 289+17

Measurement parameters: PNP concentration = 10 pg/mL; Viscosity = 3.0 cP; Dispersant refractive index = 1.345; Dispersant
dielectric constant = 80; pH = 7.8; Material refractive index = 1.59; Measurement duration = 30 seconds. * - Measurements

taken within sodium azide solution. The manufacturers specification sheet did not provide zeta potential measurements.
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4.2. The effects of PNPs on LPS- RAW 264.7 cell immune response
4.2.1. Cytotoxicity induced by PNPs in LPS- RAW 264.7 cells

In the absence of LPS stimulation, APNP concentrations > 7.8125 ug/mL were seen to cause
highly significant reductions (P<0.001) in cell viability when compared to the 0 pg/mL control
(Figure 4.1). At the lowest concentration of APNPs (7.8125 ug/mL), cell viability had
decreased by ~55 %. At APNP concentrations of 15.625 pg/mL and 31.25 pg/mL, cell viability
had decreased by ~70 % and ~90 %, respectively. For APNP concentrations > 62.5 ng/mL, cell
viability remained significantly reduced by ~98 %. Using the data generated, an ICso of £ 8.24
pg/mL APNP for cell viability under no LPS stimulation was calculated (Figure 4.2).

Between 15.625 pg/mL and 250 pg/mL PPNP, significant increases (P<0.01) in cell viability
were observed when compared to the 0 ug/mL LPS- control (Figure 4.1). Cell viability at
15.625 pg/mL PPNP had increased by ~70 %. Cell viability increased by ~80 % at both 31.25
pg/mL and 62.5 pg/mL PPNP respectively. At 125 pg/mL PPNP, an increase of ~85 % in
viability was seen. The subsequent concentration of 250 pg/mL PPNP, cell viability had
increased by ~75 %. No significant changes in cell viability were observed at 500 pg/mL PPNP.
For all concentrations of CPNP, no observable cytotoxic effects were seen (Figure 4.1).
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Figure 4.1: Cell viability of RAW 264.7 monocyte cells after exposure to PNPs, in the absence

of LPS stimulation. The data is represented as the average percentage + SEM where n = 9.
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Concentrations which are significantly different (P<0.01) to the control are noted by the

presence of stars. «x - Values are significantly different (P<0.01) from the 0 ug/mL control; s

- values are significantly different (P<0.001) from the 0 pg/mL control.
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Figure 4.2: Calculation of the APNP ICso value for cell viability in the absence of LPS,

represented as a percentage of the control (0 pg/mL APNP).

4.2.2. The effects of PNPs on the NO biomarker production in LPS- RAW 264.7 cells

4.2.2.1. APNP effect on NO production in LPS- RAW 264.7 cells
In the absence of LPS stimulation, no significant changes in the production of NO by RAW

264.7 cells were seen in APNP concentrations < 250 pg/mL, compared to the 0 pg/mL control

(Figure 4.3). However, at 500 pg/mL APNP a highly significant increase (P<0.001) in the

production of NO was observed. NO levels had increased by ~800 % when compared to the 0

pg/mL control (Figure 4.3).
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Figure 4.3: NO production by RAW 264.7 monocyte cells after exposure to APNPs, in the
absence of LPS stimulation. The data is represented as the average percentage + SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the

presence of stars. xxx - values are significantly different (P<<0.001) from the 0 pg/mL control.

4.2.2.2. PPNP effect on NO production in LPS- RAW 264.7 cells

Exposure to PPNP concentrations < 62.5 pug/mL revealed, no significant changes in the
production of NO by RAW 264.7 cells were seen when compared to the 0 pg/mL control.
Significant increases in NO production were seen at PPNP concentrations 125 pg/mL (P<0.01),
250 pg/mL (P<0.001) and 500 pg/mL (P<0.001). NO levels had increased approximately by
700 %, 1000 % and 1100 %, respectively (Figure 4.4).
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Figure 4.4: NO production by RAW 264.7 monocyte cells after exposure to PPNPs, in the
absence of LPS stimulation. The data is represented as the average percentage £ SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. s - values are significantly different (P<0.01) from the 0 pg/mL control; s

- values are significantly different (P<0.001) from the 0 pg/mL control.

4.2.2.3. CPNP effect on NO production in LPS- RAW 264.7 cells

No significant changes in the production of NO were seen in CPNP concentrations < 250
pg/mL, when compared to the O pg/mL control under no LPS stimulation. Exposure of RAW
264.7 cells to 500 pg/mL CPNP indicated NO levels had significantly increased (P<0.001) by
~845 % (Figure 4.5).
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Figure 4.5: NO production by RAW 264.7 monocyte cells after exposure to CPNPs, in the
absence of LPS stimulation. The data is represented as the average percentage + SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the

presence of stars. xxx - values are significantly different (P<0.001) from the 0 pg/mL control.
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4.3. The effects of PNPs on LPS+ RAW 264.7 cell immune response

4.3.1. Cytotoxicity induced by PNPs in LPS+ RAW 264.7 cells

Significant reductions (P<0.001) in cell viability were observed in RAW 264.7 cells exposed
to APNP concentrations > 15.625 pg/mL, when compared to the 0 pg/mL control in the
presence of LPS stimulation (Figure 4.6). Under exposure to 15.625, 31.25, 62.5, 125, 250 and
500 pg/mL APNP, cell viability had been reduced by approximately 50 %, 70 %, 95 %, 95 %,
96 % and 95 % respectively. Based on the reductions in cell viability, the 1Cso of APNP under
LPS stimulation was calculated to be + 19.41 pg/mL (Figure 4.7). No indications of

cytotoxicity, when compared to the 0 pg/mL control under LPS stimulation, were observed in

RAW 264.7 cells exposed to PPNPs and CPNPs (Figure 4.6).
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Figure 4.6: Cell viability of RAW 264.7 monocyte cells after exposure to PNPs, in the presence
of LPS stimulation. The data is represented as the average percentage + SEM where n = 9.
Concentrations which are significantly different (P<0.01) to the control are noted by the

presence of stars. #sxx - values are significantly different (P<0.001) from the 0 ug/mL control.

38

http://etd.uwc.ac.za/



120

100 e y = 137,210
R?=10.9928

Cell viability as a percentage of the control

0 10 20 30 40 50 60 70
APNP Concnetration (pg/mL)

Figure 4.7: Calculation of the APNP ICso value for cell viability in the presence of LPS,
represented as a percentage of the control (0 pg/mL APNP).

39



4.3.2. The effects of PNPs on the NO biomarker production in LPS+ RAW 264.7 cells
The amount of NO produced by RAW 264.7 cells was reduced after exposure to all
concentrations of APNP, when compared to the control in the presence of LPS stimulation
(Figure 4.8). Exposure to 7.8125 ng/mL APNP, significantly reduced (P<0.01) NO levels by
~30 %. As APNP concentration increased i.e., 15.625, 31.25, 62.5 and 125 pg/mL, NO
production was significantly reduced (P<0.001) by approximately 60 %, 80 %, 92 % and 92 %
respectively. Thereafter, NO production had significantly reduced (P<0.001) by ~85 % at 250
pug/mL APNP and by ~75 % at 500 ug/mL APNP (Figure 4.8). Based on the reductions in the
amount of NO produced, the ICsop of APNP for NO production under LPS stimulation was
calculated to be = 14.23 pg/mL (Figure 4.9). The amount of NO produced under exposure to
500 pg/mL CPNP had significantly increased (P<0.05) by ~15 %. No other statistically
significant changes in the amount of NO produced, compared to the 0 pg/mL control under
LPS stimulation, were seen in RAW 264.7 cells under PPNPs and CPNPs exposure (Figure
4.10).

o 120

=

kS

® 100

(@]

3

c

8 80

83

=

88 60

c

2

g 40 ek

5

2 fokk

S

5 20 o

i -
. ]

7,8125 15625 31,25 62,5 125 250 500
APNP Concentration (ng/mL)

Figure 4.8: NO production by RAW 264.7 monocyte cells after exposure to APNPs, in the
absence of LPS stimulation. The data is represented as the average percentage + SEM where n
= 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. xx - values are significantly different (P<0.01) from the 0 pg/mL control; xx

- values are significantly different (P<0.001) from the 0 pug/mL control.
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Figure 4.9: Calculation of the APNP ICso value for NO production in the presence of LPS,
represented as a percentage of the control (0 pg/mL APNP).
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Figure 4.10: NO production by RAW 264.7 monocyte cells after exposure to PPNPs and
CPNPs, in the presence of LPS stimulation. The data is represented as the average percentage
+ SEM where n = 9. Concentrations which are significantly different (P<0.01) to the control
are noted by the presence of stars. % - values are significantly different (P<0.05) from the 0

pug/mL control.
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4.4. The effects of PNPs on the IL-6 biomarker production in RAW 264.7 cells

4.4.1. APNP effect on IL-6 production in LPS+ RAW 264.7 cells

RAW 264.7 cells exposed to PNPs in the absence of LPS stimulation did not produce IL-6 (data
not shown). However, cells exposed to 7.8125 pg/mL APNP had caused a weakly significant
increase (P<0.05) in the amount of IL-6 produced, when compared to the 0 pg/mL control under
LPS stimulation. Here, the amount of IL-6 produced was ~40% greater than the control (Figure
4.11). For APNP concentrations > 31.25 pg/mL, significant reductions in the amount of IL-6
produced were seen. Exposure of RAW 264.7 cells to 31.25 pug/mL APNP, significantly
reduced (P<0.05) IL-6 levels by ~45 %. At 62.5 pg/mL APNP, the IL-6 levels were
significantly reduced(P<0.001) by ~94 %. Thereafter, for all APNP concentrations > 125
pg/mL, the amount of IL-6 produced had significantly reduced (P<0.001) by ~100 % compared
to the O pg/mL control (Figure 4.11). Based on the reductions in the amount of IL-6 produced,
the 1Cso of APNP for IL-6 production under LPS stimulation was calculated to be + 35.06
pg/mL (Figure 4.12).
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Figure 4.11: IL-6 production by RAW 264.7 monocyte cells after exposure to APNPs, in the
presence of LPS stimulation. The data is represented as the average percentage + SEM where
n = 9. Concentrations which are significantly different (P<0.05) to the control are noted by the
presence of stars. % - values are significantly different (P<0.05) from the 0 pg/mL control; xx

- values are significantly different (P<0.001) from the 0 pg/mL control.
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Figure 4.12: Calculation of the APNP ICsp value for IL-6 production in the presence of LPS,
represented as a percentage of the control (0 pg/mL APNP).

4.4.2. PPNP effect on IL-6 production in LPS+ RAW 264.7 cells

A dose-dependent reduction in the amount of IL-6 produced by RAW 264.7 cells under LPS
stimulation occurred after exposure to PPNPs, when compared to the 0 pg/mL control (Figure
4.13). After exposure to 7.1825 pg/mL PPNP, the amount of IL-6 produced by RAW 264.7
cells had been significantly reduced (P<0.01) by ~25 %. At 15.625, 31.25, 62.5 and 125 pg/mL
PPNP, IL-6 production had significantly reduced (P<0.001) by approximately 35 %, 50 %, 60
% and 85 %, respectively (Figure 4.13). The production of IL-6 by RAW 264.7 cells exposed
to 250 pg/mL and 500 pug/mL PPNP were both significantly reduced (P<0.001) by ~91 %
(Figure 4.13). Based on the data generated, an ICsg of + 44.8 pug/mL PPNP for IL-6 production

was calculated (Figure 4.14).
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Figure 4.13: IL-6 production by RAW 264.7 monocyte cells after exposure to PPNPs, in the
presence of LPS stimulation. The data is represented as the average percentage + SEM where
n = 9. Concentrations which are significantly different (P<0.01) to the control are noted by the
presence of stars. = - values are significantly different (P<0.01) from the 0 pg/mL control; sxx

- values are significantly different (P<0.001) from the 0 pg/mL control.
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Figure 4.14: Calculation of the PPNP ICso value for IL-6 production in the presence of LPS,
represented as a percentage of the control (0 pg/mL PPNP).
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4.4.3. CPNP effect on IL-6 production in LPS+ RAW 264.7 cells

Significant reductions (P<0.01) in the IL-6 production were seen in cells exposed to CPNP

concentrations > 31.25 pg/mL, when compared to the 0 pg/mL control under LPS stimulation

(Figure 4.15). After exposure to 31.25 ng/mL CPNP, IL-6 production was significantly reduced
(P<0.01) by ~20 %. Thereafter, IL-6 production by cells exposed to 62.5, 125, 250 and 500
pg/mL CPNP were significantly reduced (P<0.001) by approximately 25 %, 45 %, 60 % and
70 % respectively (Figure 4.15). Based on the data generated, an 1Cso of +232.21 ug/mL CPNP

for IL-6 production was calculated (Figure 4.16).
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Figure 4.15: IL-6 production by RAW 264.7 monocyte cells after exposure to CPNPs, in the

presence of LPS stimulation. The data is represented as the average percentage + SEM where

n = 9. Concentrations which are significantly different (P<0.01) to the control are noted by the

presence of stars. = - values are significantly different (P<0.01) from the 0 pg/mL control; sxx

- values are significantly different (P<0.001) from the 0 pg/mL control.
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Figure 4.16: Calculation of the CPNP ICso value for IL-6 production in the presence of LPS,
represented as a percentage of the control (0 pg/mL CPNP).
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4.5. Proteome Profiles of RAW 264.7 cells exposed to PNPs
4.5.1. Proteome Profiles of LPS- RAW 264.7 cells exposed to PNPs

Proteome profiles were obtained to assess the effects PNPs had on the production of signalling
molecules by RAW 264.7 cells. The profiles obtained allow for the identification of potential
biomarkers and indicate the extent to which each PNP may alter cell signalling patterns. Profiles
discussed within this section were obtained after PNP exposure in the absence of LPS
stimulation (Figure 4.17).

Supernatant obtained from cells incubated solely with culture media (control) revealed the
production of TNF-a, soluble intercellular adhesion molecule-1 (sSICAM-1/CD54),
macrophage inflammatory protein (MIP)-1a and MIP-1p (Figure 4.17 i). After incubation with
15 pg/mL APNP, signalling molecules produced resembled the control with the additional
production/upregulation of I1L-16 and MIP-2 (Figure 4.17 ii). Here, a visible decrease in the
intensity of MIP-1p was observed and serves to highlight possible downregulation (Figure 4.17
i1). After incubation with 15 pg/mL PPNP, signalling molecules produced resembled the
control with the additional production/upregulation of monocyte chemoattractant protein-1
(MCP-1/CCL2) (Figure 4.17 iii). The pattern of expression seen after PPNP exposure was also
present after incubation with 15 pg/mL CPNP (Figure 4.17 iv).
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Figure 4.17: The effect of PNPs exposure on RAW 264.7 cells in the absence of LPS
stimulation. Exposure occurred wherein cells were i) treated solely with media, ii) treated with
15 pg/mL APNP, iii) treated with 15 pg/mL PPNP, and iv) treated with 15 pg/mL CPNP.
Profiles were obtained using the procedures described in the methodology section. Numbering
system: 1,3 and 15 are reference spots used to assist identification of substances; 5- TNF-a; 7-
MCP-1/CCLZ2; 8- sSICAM-1/CD54; 9- MIP-1a; 10- IL-16; 11- MIP-1p; and 12- MIP-2.
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4.5.2. Proteome Profiles of LPS+ RAW 264.7 cells exposed to PNPs
Profiles discussed within this section were obtained after PNP exposure in the presence of LPS

stimulation (Figure 4.18).

Control cell culture supernatant revealed the production of interferon gamma-induced protein-
10 (IP-10/CXCL10), granulocyte colony-stimulating factor (G-CSF), TNF-a, IL-6, MCP-1,
sICAM-1/CD54, MIP-1a, MIP-1B, MIP-2, IL-1 receptor agonist (IL-1ra), chemokine ligand 5
(CCL5/RANTES), and IL-27 (Figure 4.18 1). After incubation with 15 pg/mL APNP, signalling
molecules produced resembled the control with the additional production/upregulation of IL-
16. IL-1ra production was not detectable, indicating downregulation by APNPs. A visible
reduction in the intensity of SICAM-1 and MCP-1 was observed, indicating downregulation
had occurred (Figure 4.18 ii). After incubation with 15 pg/mL PPNP and CPNP, signalling
molecules produced resembled the control with no visible change in the levels of expression
(Figure 4.18 iii and iv).
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Figure 4.18: The effect of PNPs exposure on RAW 264.7 cells in the

presence of LPS

stimulation. Exposure occurred wherein cells were i) treated solely with media, ii) treated with

15 pg/mL APNP, iii) treated with 15 pg/mL PPNP, and iv) treated with

15 pg/mL CPNP.

Profiles were obtained using the procedures described in the methodology section. Numbering

system: 1,3 and 15 are reference spots used to assist identification of substances; 2- IP-10; 4-
G-CSF; 5- TNF-a; 6- IL-6; 7- MCP-1/CCL2; 8- sICAM-1/CD54; 9- MIP-1a; 10- IL-16; 11-

MIP-1; 12- MIP-2; 13- IL-1ra, 14- CCL5/RANTES; and 16- 1L-27.
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Chapter 5

Discussion and Conclusion

5.1. Characterization of PNPs

Binding and uptake of NPs by cells are prerequisites prior to observing their effects on cellular
functioning and signalling. NP surface functionalization and size are pivotal in this uptake, as
these properties may determine the mechanisms of uptake utilized by cells. To understand the
contribution of PNP surface functionalization in immune response, PNPs were characterized
based on their size distribution and zeta potential. Characterization of commercially available
PNPs within sterile distilled water had revealed average diameters closely resembling those
given by the manufacturer (Table 4.1). The corresponding Pdi values fell between 0.1 — 0.4,
revealing all NPs to be moderately dispersed within sterile distilled water. The presence of
different functional groups on the PNP surfaces were evident in the zeta potential
measurements (Table 4.1). APNP and CPNP charges within sterile distilled water had shown
to have characteristic cationic and anionic surfaces, respectively. However, unmodified PPNPs

were seen to possess anionic surfaces greater to that of CPNPs.

PNP properties within the 5 % serum containing culture media were notably different when
measured in sterile distilled water (Table 4.2). All tested NPs had undergone size alterations,
in which the resultant PNPs having diameters greater than 50 nm. The greatest increase in size
was seen in the PPNPs with an average diameter of 341.2 + 36.98 nm. A possible explanation
for this altered size may be obtained through correlation of the altered size distribution and the
Pdi values. The corresponding Pdi values for all tested NPs were > 0.4, indicating the PNPs to
have become polydispersed when placed in culture media. These values indicate the formation
of agglomerates when placed in media but not when placed in sterile distilled water. Thus, the
formation of larger particles may be the result of PNP agglomeration with media constituents.
This interpretation is supported by the work of Abdelkhaliq et al. (2018), in which culture
media proteins absorbed by CPNP surfaces were seen to alter size over time. This agglomerated
state has been shown to enhance cellular uptake of NPs, thereby impeding biological functions
through a cytotoxic effect (Maller et al., 2014; Halamoda-Kenzaoui et al., 2017). However,
Jeon et al. (2018) had attempted to show the relationship between PNP agglomerate size and
cellular uptake efficacy in THP-1 cells. The authors observed that there was no direct
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correlation between these parameters, indicating a greater dependence on the initial size of
PNPs.

Zeta potential measurement for surface charge had shown that within culture media, all tested
NPs had relatively similar anionic charges (Table 4.2). Reports suggest that cationic amine
functional groups of the APNPs are most likely to exhibit strong electrostatic attraction to the
negatively charged lipid bilayer and thus exhibit greater reactivity (Goodman et al., 2004).
Based on the cytotoxicity assessment, cationic APNPs were seen to have the greatest reactivity
with cells. This indicates that APNPs had produced the expected level of cytotoxicity as
indicated by Goodman et al. (2004) despite the presence of an anionic interface layer of
agglomerates in culture media. There are reports that both cationic and anionic NPs experience
neutralization of the particle surface charge, which is only possible through the binding of
oppositely charged particles (Monopoli et al., 2011; Hihn et al., 2013). Jeon et al. (2018) had
shown the degree of PNP uptake is determined by the charge provided through
functionalization. The authors also determined that the cellular uptake of positively charged
PNPs were greater in phagocytic cells (Jeon et al., 2018). A greater emphasis is then placed on
the individual particles and their respective charges, as differently charged PNPs are known to
utilize different methods of uptake. Cationic PNPs have shown charge specificity for clathrin
mediated uptake. Whereas, anionic PNPs has shown specificity for caveolin mediated uptake.
The utilization of different uptake mechanisms would also imply that the amount of PNPs
trafficked into cells is different (Bhattacharjee et al., 2013). Another factor which should be
considered when examining cellular uptake is the nature of the protein corona coating the
surfaces of differently functionalized NPs as contact with the cells occurred. The number and
type of proteins of the corona may differ due to the surface properties of the PNP, surface area
of the PNP, and pH of the surrounding environment (Abdelkhaliq et al., 2018). Thus, as APNPs
were the only NPs to possess cationic charges, there exists a possibility that the unique corona
formed may be responsible as it would differ greatly to that of the PPNPs and CPNPs. This is
supported by the work of Pustulka et al. (2020) and Lundqvist et al. (2008), with further
analysis being required to confirm this assumption within the present experiment. It has also
been suggested that the toxic potential of PNPs is due to the simultaneous influence of surface

charge and protein binding affinity of the PNP in question (Hwang et al., 2016).
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5.2. Cytotoxicity of differently functionalized PNPs

Alteration in immune response may occur as the result of the NPs ability to reduce cell number
populations. Improper signalling and responses may be facilitated through the lost regulatory
ability these cells would provide (Hotchkiss and Karl, 2003). To assess this effect, cytotoxicity
of PNP exposure was determined by the number of viable cells present. Cell populations were
divided into two groups based on their stimulation with LPS. Populations which had remained
unstimulated with LPS had served to simulate the PNP exposure under physiological
conditions. Populations stimulated with LPS had served to simulate PNP exposure during an
immune response associated with the classical activation of macrophage cells. During APNP
exposure to RAW 264.7 cells under unstimulated conditions, cytotoxicity was seen to first
occur at the lowest concentration of 7.8125 pg/mL APNP (Figure 4.1). This pattern of
cytotoxicity was seen to only occur from double the prior concentration (15.625 pg/mL APNP)
in classically activated RAW 264.7 cells (Figure 4.6). The work of Xia et al. (2006) had shown
that 10 pg/mL APNP of similar size could induce oxidative stress by way of ROS production
and thiol depletion. Mitochondrial damage and cellular toxicity were also noted to have
occurred in RAW 264.7 cells. Amine functionalized polystyrene spheres have been shown to
be taken up during phagocytosis, in which certain lysosomal proteases were degraded with no
replacement of the enzyme (Oh and Swanson, 1996). Xia et al. (2008) had suggested that within
lysosomal compartment, amine functional groups initiate proton pump activity to cause
rupturing of the lysosome. The increased cytosolic presence of the APNPs will then be
accompanied by apoptosis induced through increased intracellular calcium and leakage of
lysosomal enzymes (Xia et al., 2008). It should be noted that both the current investigation and
that conducted by Xia et al. (2008) had produced identical ICso values for APNPs with an initial
diameter 60 nm (Figure 4.2). Although the presence of cytosolic APNPs were not assessed in
this investigation, the toxicity observed could be attributed to the amine-functional groups
ability to cause lysosomal rupture and subsequent APNP leakage into the cytosol. This would

be applicable for both stimulated and unstimulated cell populations.

In the group of tested PNPs, unmodified PPNPs were the only group to produce significant
increases (P<0.01) in cell viability when administered to unstimulated RAW 264.7 cells (Figure
4.1). These increases had only occurred between 15.625 — 250 ug/mL PPNP, with the highest
concentration (500 pg/mL) showing no significant alteration from the control. Various studies
have reported that unmodified PNPs are either non-toxic to RAW 264.7 cells or may induce
apoptosis (Lunov et al., 2011b; Mckenzie et al., 2015; Yuan et al., 2020; Hu et al., 2021).
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During exposure to human macrophages and RAW 264.7 cells, PPNPs undergo cellular uptake
with lysosome co-localization. The RAW 264.7 cells have demonstrated a limit to their ability
to engulf PPNP, with uptake slowing down as cells are saturated with particles. However, no
lysosomal leakage occurs in human macrophages nor are they known to induce spontaneous
ROS production (Xia et al., 2006; Lunov et al., 2011b; Yuan et al., 2020). As no alteration was
present at 500 pg/mL PPNP, the effect seen at lower concentrations may be the result of
enhanced mitochondrial enzyme activity due to an optimal saturation of PPNPs. This enhanced
activity would promote enhanced cleavage of the tetrazolium salts. Thereby, producing a
greater signal at the aforementioned concentrations. It should be noted that these particles are
not thought to impede the mitochondrial functioning of RAW 264.7 cells (Xia et al., 2006). To
our knowledge, this investigation presents the first instance of enhanced RAW 264.7 cellular
viability at various concentrations of PPNP exposure. Repeated experimentation and further

investigation are required to elucidate the cause of this phenomenon.

Cell viability remained unaffected during exposure to CPNPs, regardless of immune response
stimulation (Figure 4.1). This may be explained by CPNPs cytotoxic ability being greatly
dependant on size. CPNPs with diameters of 20 nm have been shown to induce little-to-no
reduction in the cell viability of phagocytic cell types, at concentrations < 200 pg/mL. The
viability of these same cell types had undergone greater reductions when particles of diameters
100, 500 and 1000 nm were used at concentrations < 500 pug/mL (Prietl et al., 2014). The results
obtained from this investigation coincide with previous reports in which CPNPs between 20 —
120 nm are not cytotoxic to RAW 264.7 cells, THP-1 cells (both differentiated and
undifferentiated), U937 cells, DMBM-2 cells, and human blood derived macrophages (Xia et
al., 2008; Lunov et al., 2011a; Loos et al., 2014b; Prietl et al., 2014). Thus, smaller CPNPs at
low concentrations show no indication of altering the immune response through the reduction

of phagocytic cell populations.

5.3. RAW 264.7 NO production under PNP exposure

NO is a compound intimately involved in the immune system. NO production is responsible
for inhibiting the activation of various immunological pathways, regulation of various
signalling molecules which modulate the immune response, and activation of cells which
combat intracellular infections (Bogdan, 2001). This molecule is also involved in physiological

processes, and deviations in its normally regulated levels has been shown to be associated with
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various disease states (Knott and Bossy-Wetzel, 2009). Unmodified PPNPs were seen to have
the greatest impact on the NO release by unstimulated cell populations (Figure 4.4). Uniquely
to the PPNPs, significant upregulation was seen at 125 pg/mL (P<0.01) and 250 pg/mL
(P<0.001). All tested PNPs were seen to significantly upregulate (P<0.001) NO release after
exposure to 500 pg/mL (Figure 4.4). This indicates that; i) the functionalization of PNP surfaces
with either cationic or anionic functional groups prevent the significant upregulation of NO in
unstimulated (LPS-) RAW 264.7 cells at concentrations < 250 pug/mL, and ii) high doses of all
particle types can provoke unstimulated (LPS-) RAW 264.7 cells into initiating an
inflammatory response. The former of these two indications related to CPNP exposure is of
particular interest. These results are consistent with the work of Prietl et al. (2014), in which
smaller CPNPs at < 200 ug/mL where shown to not induce significant alterations in the NO

release by DMBM-2 macrophage cells.

An important distinction is that under unstimulated (LPS-) conditions APNPs initiate a
proinflammatory NO response, while simultaneously diminishing cell populations (Figures 4.1
and 4.3). CPNP did not affect unstimulated cell populations but caused an increase in NO
production by cells (Figures 4.1 and 4.4). In order for the former response to occur at high
APNP concentrations, the elevated production and release of NO by unstimulated cells must
have preceded the observed cytotoxicity. This observation can also be made for cells stimulated
by LPS to initiate an immune response at high APNP exposure. The extent of NO
downregulation by these cells at 125 ug/mL is greater compared to cells being exposed to 500
pug/mL APNP, with both groups having similar viability readings (Figures 4.6 and 4.8). This
indicates cells exposed to 500 pg/mL APNP had upregulated NO production prior to cell
stimulation with LPS.

When assessing the effects of surface functionalization on the production of NO by stimulated
cells (LPS+), PPNPs do not appear to not interfere with the NO levels which had accompanied
an immune response. This is also true for CPNPs, with exception to exposure at 500 pg/mL
(Figure 4.10). Here, NO levels were significantly increased (P<0.05) with the extent of this
increase being lower than in unstimulated cell populations (Figure 4.5), with stimulated cell
populations also remaining unaffected (Figure 4.6). While these results display upregulation of
NO occurring under CPNP exposure, the extent of the response is minor, where the dose at
which this occurs is not likely to be used within physiological systems (Prietl et al., 2014). This
limited deviation of immune response signalling highlights the potential practical

implementation of CPNP and similarly altered particles.
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The APNPs were seen to infer the greatest downregulation of NO production in stimulated cells
(Figure 4.8). This indicates that amine surface functionalization is primarily responsible for
altering immune response mechanisms mediated by NO. Fuchs et al. (2016) had shown that
within the classically activated human macrophage cells, the presence of 100 ug/mL APNP and
CPNP had not altered iNOS expression. Viability readings of these cell populations had also
shown to not deviate from the control after a 24-hour exposure to APNP concentrations < 100
pug/mL. The data generated within the present study is comparable to the observed effect in
human cell lines, despite the difference in origin. It should be mentioned that detection for the
presence of INOS does not indicate the level of activity (Thomas and Mattila, 2014). As such,
the producing enzyme may remain present within human cells under APNP exposure with its
level of activity being altered. This may be demonstrated under 7.8125 pg/mL APNP exposure
to stimulated RAW 264.7 cells (Figure 4.6) as cell populations, and potentially their cellular
contents, were not affected while NO levels were (Figure 4.8). The detection of iNOS versus
the detection of produced NO under APNP exposure thus constitutes a required area of
expansion. The ICso for stimulated RAW 264.7 cell viability under APNP exposure was
determined to be + 19.41 ug/mL (Figure 4.7) with human cells being tolerant to concentrations
<100 pg/mL (Fuchs et al., 2016). Therefore, the data suggests the ability of APNPs to reduce
NO production seen herein is primarily the result of greater cytotoxic susceptibility, where NO

levels are consistent with diminishing cell numbers.

5.4. RAW 264.7 IL-6 production under PNP exposure

IL-6 is a cytokine known to not solely be produced by macrophages and may originate from a
variety of cell types. These include, and are not limited to, macrophages, fibroblasts, endothelial
cells, keratinocytes, and mast cells (Weissenbach et al., 1980; Baumann et al., 1984; Corbel
and Melchers, 1984; Aarden et al., 1987; Plaut et al., 1989). A systemic response is initiated
during infection or trauma to tissues. This response consists of a series of humoral and cellular
reactions. These reactions are collectively known as the acute inflammatory response. IL-6
serves as the primary stimulator for majority of the proteins secreted during this acute
inflammation (Gauldie et al., 1987). Macrophages are important sources of this cytokine at the
site of inflammation. The production of IL-6 during acute inflammation will cause the
suppression of proinflammatory cytokines with no alteration to the levels of anti-inflammatory
cytokines. In this way IL-6 serves to regulate the extent of the acute inflammatory responses,

both locally and systemically (Xing et al., 1998; Kaplanski et al., 2003).
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IL-6 secretion by unstimulated cell populations was not observed within controls nor by cells
subject solely to PNP exposure (data not shown). The lack of secretion by control cells was
expected as IL-6 secretion is one of the proinflammatory markers signifying classical
macrophage activation (Cavaillon, 1994). More importantly, within the present study, none of
the observed PNPs exhibit the ability to modulate IL-6 secretion in unstimulated RAW 264.7
cells. This finding stands in contrast with those of Hu et al. (2021) and Ruenraroengsak and
Tetley (2015). Primary human alveolar macrophages have been shown to secrete IL-6 in
response to PPNPs, APNPs and CPNPs (diameters: 50 and 100 nm; 1-50 pg/mL). This signifies
the ability of PNPs to induce macrophage activation with the subsequent release of IL-6
(Ruenraroengsak and Tetley, 2015). A similar activation was demonstrated by Hu et al. (2021)
in which PPNP exposure at 5 and 10 pg/mL significantly upregulated IL-6 secretion in RAW
264.7 cells. The absence of this activation within the present study may be explained by the
differing duration of PNP exposure. Unstimulated cell populations were exposed to PNPs for a
period almost double to that of Hu et al. (2021). The secretion of IL-6 by RAW 264.7 cells
under PNP exposure may thus be time specific as to explain these differing observations.

Further expansion on this time dependency over a smaller concentration range is required.

IL-6 secretion by stimulated cell populations was an expected consequence of RAW 264.7
exposure to LPS. All PNPs, apart from two irregularities during APNP exposure, had shown
the potential to downregulate the secretion of IL-6 by cells stimulated for an immune response.
Unmodified PPNP exposure to these cell populations were shown to downregulate the secretion
of IL-6, beginning at the lowest level of exposure (7.8125 pug/mL; Figure 4.13). The extent of
this downregulation, when compared to the control, was noted to become greater with
increasing PPNP concentration. These findings differ to those of Semete et al. (2010), in which
plasma IL-6 levels after PPNP exposure had not differed to the negative control indicating that
the downregulation brought about by PPNPs may be mitigated in vivo. In comparison to these
PPNPs, CPNPs may also cause a downregulation in the secretion of IL-6 (Figure 4.15). The
carboxyl-group surface modification, however, causes this downregulation to occur at a much
higher concentration than in the case of PPNPs. The magnitude of the downregulation under
CPNP exposure was also lower than that caused by PPNPs, where concentration was the same.
This is further emphasized by the 1L-6 1Cso values for PPNPs and CPNPs being found to be +
44.8 ng/mL (Figure 4.14) and + 232.21 pg/mL (Figure 4.16), respectively. CPNPs have been
previously shown to induce significant upregulation of IL-6 by differentiated THP-1

macrophage cells (Prietl et al., 2014). This upregulation was noted to not occur with CPNPs of
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diameters 200 nm at a 20 ug/mL exposure. Based on these findings and those presented within
this manuscript, results suggest smaller CPNPs may not greatly impair IL-6 secretion

accompanying macrophage activation during an immune response.

The IL-6 secretion by stimulated RAW 264.7 cells under APNP exposure was seen to exhibit
greater irregularities in comparison to the other PNPs (Figure 4.11). Exposure to APNP
concentrations > 62.5 pg/mL resulted in little to no secretion of I1L-6 from the cells. These
findings were most likely a consequence of the reduced cell viability at the same concentrations,
as there are fewer cells available for IL-6 production at these concentrations. A signal instance
of significant (P<0.05) IL-6 upregulation compared to the control had occurred during exposure
to APNPs, occurring at the lowest level of APNP exposure (7.8125 pg/mL, Figure 4.11).
Interestingly, the cell viability data at this exposure concentration indicates no statistically
significant deviation from the control. This was most likely a result of the mitogenic effects of
the LPS improving clearance of the APNPs. The subsequent concentration, 15.625 pg/mL
APNP, had induced significant (P<0.001) reductions in cell viability (Figure 4.6) while no
significant reduction in the secretion of IL-6 was evident (Figure 4.11). Stimulated cell viability
was seen to have an APNP ICso value greater than unstimulated cell viability due to the
presence of LPS, which served to alter the cellular metabolism (Figures 4.2 and 4.7). As such,
the results indicate stimulated cell populations may not be affected greatly at lower
concentrations with the increase in 1L-6 being the result of APNP presence. Less cells would
therefore be required to produce the same amount of IL-6 as the control and would account for
the events at 15.625 ug/mL APNP. This observation agrees with that of previous reports on
PNP related IL-6 secretion (Ruenraroengsak and Tetley, 2015; Hu et al., 2021). Thus, at low
concentrations in which no alteration in cell viability will occur, APNPs may upregulate the

secretion of IL-6 by stimulated cell populations.

5.5. Proteome profiles of RAW 264.7 under PNP exposure

Proteome profiles were obtained from RAW 264.7 cultures exposed to PNPs under both
stimulated and unstimulated conditions and compared to the respective profiles of control
cultures. The stimulated control culture media contained LPS while, unstimulated control
culture media did not contain LPS. Under these conditions, the profiles highlight the possible
way in which PNPs may alter cellular signalling either during an immune response or under

basal conditions.
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Under unstimulated conditions, control cells had only produced four secretory molecules,
namely TNF-a, sSICAM-1, MIP-1a and MIP-1p (Figure 4.17 i). These molecules remained
present within supernatants of all unstimulated cultures exposed to 15 pug/mL PNPs. The data
presented within this manuscript is consistent with findings that unmodified PPNPs upregulate
MIP-1a, MIP-1B and MCP-1 in mouse plasma and skin lesions (Semete et al., 2010;
Yanagisawa et al., 2010). This would signify that the alterations in cytokine production during
APNP and CPNP exposure can be attributed to the associated modifications of the particles.
APNPs had shown to uniquely downregulate the secretion MIP-1f due to a lack of visual
intensity (Figure 4.17 ii). Due to a similar, but opposite, increase in intensity, APNPs were seen
to uniquely upregulate MIP-2 (Figure 4.17 ii). The MIP chemokines serve as important
chemoattractant molecules of various immune cell populations essential to immune response
and mediate cellular events such as degranulation of target cells, synthesis of mediator
molecules, and phagocytosis (Taub et al., 1993; Uguccioni et al., 1995; Loetscher et al., 1996;
Maurer and VVon Stebut, 2004). This potential loss of MIP-1p may result in an ineffective
regulation of immune cells. Thus, carboxyl modification of PNPs produces similar patterns of
secretions to that of unmodified PNPs. While the amine surface modification of APNPs cause
the unstimulated RAW 264.7 cells to take on a unique pattern of secretion, due to its differing
surface chemistry. APNP exposure did not facilitate the secretion of MCP-1, impairing the

secretion of MIP-1p, and upregulating the production of IL-16 and MIP-2 (Figure 4.17 ii).

In both the PPNP and CPNP exposure groups, slight traces of MCP-1 upregulation were seen
to occur under unstimulated conditions (Figure 4.17 iii and iv). The secretion of MCP-1 has
been shown to contribute to the adaptive immune system through directing CD4+ T-cell
polarization towards the Th2 subset and chemotaxis of B, T cells, and Th17 cells (Gu et al.,
2000; Marshall, 2004; Hodge et al., 2012). An important effect of the innate immune response
by MCP-1 during an infection is the promotion of monocyte migration from the bone marrow
into circulating blood. The absence of MCP-1 is accompanied by the impaired clearance of the
infectious agent (Jia et al., 2008). MCP-1 has also been shown to be pivotal to inflammatory
tissue healing dependant on MIP-1a and MIP-2. These chemokines along with TNF-a are
cytokines necessary for this process (Hoh et al., 2011). Proteome profile data also indicates
these cytokines are not altered under CPNP and PPNP exposure. The upregulation of MCP-1
by PPNPs and CPNPs would therefore result in the enhanced recruitment of inflammatory cells
through its chemotactic effects for clearance of the stimulating NPs, accompanied by the

associated inflammatory responses particularly for that of tissue repair. Further study is
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required to understand the extent of increased MCP-1 production during long term exposure to
PNPs, as MCP-1 is also known to mediate various diseases such as cancer, inflammatory bowel

disease, and rheumatoid arthritis (Deshmane et al., 2009).

The addition of LPS in stimulated control cells saw an appropriate increase in the number of
secretory molecules produced by RAW 264.7 cells. Control cells had produced twelve
secretory molecules solely under LPS exposure, namely IP-10, G-CSF, TNF-a, IL-6, MCP-1,
SICAM-1, MIP-1a, MIP-1B, MIP-2, IL-1ra, CCL5 and IL-27 (Figure 4.18 i). These molecules
had remained present during exposure to PNPs under stimulated conditions, apart from IL-1ra
downregulation during APNP exposure (Figure 4.18 ii). Of these PNPs, there was no visual
indication that the secretion under PPNP and CPNP exposure had differed to the stimulated

control (Figure 4.18 i, iii and iv).

APNP exposure during stimulated conditions was seen to be capable of downregulating MCP-
1, sSICAM-1 and IL-1ra (Figure 4.18 i). This was determined by a loss of visual intensity or by
the signal of the detected molecule being indistinguishable from the background staining. The
dual downregulation of MCP-1 and sSICAM-1 implies APNPs may greatly impede the function
of the adaptive immune system. MCP-1 influences CD4+ T cell polarization toward the Th2
subset by promoting the production of IL-4. SICAM-1, the soluble form of membrane-bound
ICAM-1, competes for binding with the ICAM-1 B2-integrins required for leukocyte tracking
(Gu et al., 2000; Mdller, 2019). sSICAM-1 also serves as an important marker and regulatory
molecule during immunological conditions where the Thl cell response is the primary
mechanism of action (Muller et al., 1999). These molecules thus contribute to the function of
cellular (Thl) and humoral (Th2) immune responses. There is a clear consequence
accompanying APNP presence during Th2 cell response, as IL-4 is necessary for polarization
(Gu et al., 2000). The selection of the cellular or humoral response is based on the initiating
antigen presenting cell present, such as dendritic cells (Kidd, 2003). Dendritic cells may initiate
an antigen independent T-cell response, the ability for which relies partially on ICAM-1
interaction with lymphocyte function-associated antigen-1 (LFA-1) for T-cell motility and
adhesion (Real et al., 2004; Sethu et al., 2012). While these reductions do constitute some
concern as a potential disturbance to the normal pattern of immunological function, the
cytotoxicity of APNPs is the most probable cause of SICAM-1 downregulation seen within this
manuscript. The amount of sSICAM-1 secreted is considered to reflect the degree of expression
of ICAM-1 on cell surfaces, where the release of the soluble form occurs through proteolytic

cleavage of membrane bound ICAM-1 (Champagne et al., 1998; Witkowska and Borawska,
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2004). The isolation of sSICAM-1 messenger ribonucleic acid (MRNA) transcripts has also been
performed, indicating SICAM-1 generation to be in part through genetic expression (Whiteman
et al., 2003). Reductions in cell populations would explain the decreased presence of SICAM-
1 in either of these instances.

Similar to the response observed with unstimulated cells, APNPs had also upregulated IL-16
production in stimulated cells (Figures 4.17 ii and 4.18 ii). This indicates increased IL-16
production to be a potential and consistent consequence of APNP exposure, regardless of
whether cells are stimulated by LPS or not. This upregulation of IL-16 is consistent with a study
by Ballesteros et al. (2021), in which whole blood cultures were exposed to various graphene
based NPs. No extensive investigation into surface properties was performed, however, greater
amounts of 1L-16 were produced by the more positive NPs compared to the more negative NPs.
IL-16 serves as a chemoattractant for cells bearing the CD4 co-receptor, particularly for the
CD4+ Thl cells and monocytes (O'shea et al., 2019). Alternatively, IL-16 also inhibits antigen-
driven Th2 cell-mediated immune responses. While 1L-16 directly attracts CD4+ T cells, it is
simultaneously capable of indirectly inhibiting chemoattraction. This inhibition occurs through
cross-desensitization of receptors preventing ligands from properly initiating their effects,
particularly CCL5, MIP-1a and MIP-1p (Wilson et al., 2004). This would indicate that while
APNP exposure does not directly impair the production of the aforementioned chemokines in
stimulated cells, as their function is indirectly inhibited by IL-16 upregulation. Therefore,
during exposure of APNPs to stimulated cells, Thl cell polarization is promoted due to IL-16
upregulation and MCP-1 downregulation, as MCP-1 is required for Th2 cell polarization. With
regards to macrophage activity, IL-16 modulates macrophage polarization towards the
classically activated subset and enhances the phagocytotic activity of these cells (Huang et al.,
2019). Thus, stimulated cells under APNP exposure would promote the presence of Thl cells

and classically activated macrophages.

The production of IL-1ra by the control cells is to be expected with LPS stimulation (Figure
4.18 1), as LPS is one of the best inducers of IL-1ra production by mononuclear phagocytes in
vitro (Mak and Saunders, 2006). Of the observed PNPs, the addition of APNPs to stimulated
RAW 264.7 cells were the only condition in which a complete inhibition of the IL-1ra cytokine
occurred (Figure 4.18 ii). IL-1ra is a natural competitive inhibitor to the highly inflammatory
cytokine IL-1, an important cytokine for host defence against intracellular infection. Both IL-
1 and IL-1ra bind to the same receptor where IL-1ra does not initiate signal transduction

required for IL-1 receptor associated inflammatory responses. This is important for biological
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functioning as there needs to be a 100-fold excess of IL-1ra compared to IL-1 to achieve a 50
% inhibition of IL-1-induced responses. As such, IL-1ra is responsible for modulating the
activity of IL-1 signalling through its anti-inflammatory ability (Arend et al., 1990; Arend,
2002). A study assessing the effects of polymeric NP protein corona on cellular uptake by
monocytes and macrophages, revealed that the NPs of an initially negative charge had not
induced any significant alterations in IL-1ra levels (Yan et al., 2013). These findings are
consistent with the findings of this investigation, as exposure to the more negatively charged
CPNPs and PPNPs had not affected or showed little effect on the secretion of IL-1ra by RAW
264.7 cells. This inhibition can thus be attributed to the amine surface functionalization of the
APNPs, as cells of the control and those exposed to the other PNPs had not experienced a
similar event (Figure 4.18 i, iii and iv). APNPs would therefore decrease the modulation of IL-
1 during instances in which an immune response is already underway, by inhibiting anti-
inflammatory IL-1ra secretion. Thus, this may potentially lead to damage associated with IL-1
over secretion. Various inflammatory diseases are associated with an excess of IL-1 and/or
deficiency of IL-1ra, such as pulmonary diseases, renal diseases, and diseases of the liver and
pancreas, etc (Mulligan and Ward, 1992; Fujioka et al., 1995; Norman et al., 1995; Tesch et
al., 1997; Arend, 2002).

5.6. Conclusion

Unmodified PPNPs were the only of the tested NPs to induce an increase in cell viability under
unstimulated conditions. CPNPs were not to seen alter cell viability under unstimulated
conditions, while positively charged APNPs exhibited the greatest cytotoxic potential in
unstimulated RAW 264.7 cells. Under stimulation of LPS for an immune response, PPNPs and
CPNPs were not seen to alter RAW cell viability. APNP exposure at concentrations > 15.625
png/mL reduced stimulated RAW cell viability. APNPs therefore, retained their cytotoxic
potential in stimulated cells but doing so at higher APNP concentrations due to the mitogenic

effects associated with LPS stimulation.

Functionalized APNPs and CPNPs upregulated NO production in unstimulated cells at the
highest concentration, 500 pg/mL, while unmodified PPNPs did so at concentrations > 125
png/mL. This indicates that both forms of functionalization decreased the modulatory activity
of PNPs on NO production in unstimulated RAW 264.7 cells. PPNPs and CPNPs had not

altered NO levels in stimulated RAW cells, with the sole exception of slight NO upregulation
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at 500 pg/mL CPNP. APNPs downregulated NO production when stimulated cells were
exposed to all concentrations. IL-6 secretion by stimulated RAW cells was downregulated
during exposure to all PNPs, apart from upregulation at the lowest two APNP concentrations.
Therefore, the functionalization of APNPs and CPNPs lessens the productions of NO in
unstimulated cell while PPNPs and CPNPs were seen to not alter NO production of stimulated
cells. APNPs, however, possess the greatest immunomodulatory activity due to the extent and

consistency at which the alteration of the inflammatory biomarkers NO and IL-6 occurs.

The cytokines and chemokines secreted by unstimulated RAW cells under PNP exposure were
TNF-a, sSICAM-1/CD54, MIP-1a and MIP-1p. APNPs were the only of the functionalized
PNPs to downregulate MIP-1p and upregulate IL-16 and MIP-2, where PPNPs and CPNPs only
upregulated MCP-1 secretion. This indicates that greater immunomodulatory activity was
associated with APNPs in unstimulated cells. Unmodified PNPs and CPNPs showed no
indication of immunomodulatory activity, where MCP-1 shows potential as a biomarker of

exposure specific to these PNPs.

The cytokines and chemokines secreted by stimulated RAW cells under PNP exposure were
IP-10/CXCL10, G-CSF, TNF-a, IL-6, MCP-1, sSICAM-1/CD54, MIP-1a, MIP-1p, MIP-2, IL-
1ra, CCL5/RANTES, and IL-27. APNPs were seen to provide the greatest alteration in immune
response under stimulated conditions by downregulation of IL-1ra, SICAM-1 and MCP-1,
while upregulating IL-16. Quantitative differences in secretion were not assessed but are a

potential area of investigation for future studies.

Of the tested PNPs, the effects produced by the CPNPs closely resembles that of unmodified
PPNPs. These PNPs exhibit little immunomodulatory activity under both stimulated and
unstimulated conditions. In contrast, the amine functionalized APNPs have the greatest
potential to alter immune response under these conditions. This is achieved through the
reduction in cell populations, reduction in the production of inflammatory biomarkers and

alteration in the production of secretory molecules.

5.7. Future perspectives and recommendations
e The characterization of nanoparticles revealed initial charge differences in aqueous
solution. These differences were no longer present in culture media, where size was also
altered. Future research should aim to identify the differences in the composition of the

specific protein coronas formed.
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Only a single type of functionalization for each charge was assessed in this study. The
effects seen should be reassessed with the addition of other functional groups which
provide similar differences in charges. This should be done to definitively say whether
the effects seen are a result of the specific charge provided or if it is dependent on the
specific functional group used.

Intracellular studies focusing on cellular uptake and internal localization should be
done. This will provide better understanding of the interaction between cells of the
immune system and differently functionalized nanoparticles.

The effect of chronic exposure by differently functionalized nanoparticles should also
be assessed in future studies as the duration of exposure may alter cellular secretions.
The same effects should be assessed in many immune system cell types to develop a
holistic view on how nanoparticle surface functionalization may alter immune response.
Quantitative measurements should be performed for the excreted cytokines and
chemokines that were monitored qualitatively in this study.

Intracellular signals were not monitored in this study and should be done in future
research. This will provide understanding of the intracellular signalling pathways
affected, internal cell stressors, and if apoptosis is at play during the interaction of

immune cells and differently functionalized nanoparticles.
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