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Abstract
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of Science and Technology 1374. 70 pp. Uppsala: Acta Universitatis Upsaliensis.
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Nanomaterials offer an advantage over traditional biomaterials since cells naturally
communicate via nanoscale interactions. The extracellular matrix, for example, modulates
adhesion and cellular functions via nanoscale features. Thus incorporating nanofeatures
into biomaterials may promote tissue regeneration, however in certain forms and doses
nanomaterials can also cause harm. A thorough understanding of cell-nanomaterial interactions
is therefore necessary to better design functional biomaterials. This thesis focuses on evaluating
the effect of nanofeatures on inflammation using two different models: nanoporous alumina and
hydroxyapatite nanoparticles (HANPs).

The inflammatory response caused by in vitro exposure of macrophages to nanoporous
alumina, with pore diameters of 20nm and 200nm, was investigated. In addition in vivo studies
were performed by implantation of nanoporous membranes in mice. In both cases the 200nm
pore diameter elicited a stronger inflammatory response.

Nanoporous alumina with 20, 100 and 200nm pores were loaded with Trolox, a vitamin E
analogue, in order to scavenge ROS produced by primary human polymorphonuclear (PMNC)
and mononuclear (MNCs) leukocytes. Unloaded alumina membranes stimulated greater ROS
production from PMNCs cultured on 20nm versus 100nm pores. This trend reversed when
PMNCs were cultured on Trolox loaded membranes since Trolox eluted slower from 20nm
than 100nm and 200nm pores. ROS produced from PMNCs was reduced between 8-30% when
cultured on Trolox loaded membranes. For MNCs, ROS production was not affected by pore
size. However when the alumina was loaded with Trolox ROS production was quenched by
95%.

HANPs with distinct morphologies (long rods, sheets, dots, and fibers) were synthesized via
hydrothermal and precipitation methods. The HANPs were then exposed to PMNCs, MNCs, and
the human dermal fibroblast (hDF) cell line. Changes in cell viability, ROS, morphology, and
apoptotic behavior were evaluated. PMNC and hDF viability decreased following exposure to
fibers, while the dot particles reduced MNC viability. Fibers stimulated greater ROS production
from PMNCs and MNCs, and caused apoptotic behavior in all cell types. Furthermore, they
also stimulated greater capsule thickness in vivo, suggesting that nanoparticle morphology can
significantly influence acute inflammation.

The outcome of this thesis, confirms the importance of understanding how nanofeatures
influence inflammation.
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Introduction 

Biomaterials 
Materials designed to interact with the biological environment are classified 
as biomaterials. Biomaterials are not only used in vivo, but also in vitro for 
applications such as cell culture, gene array analysis, and biotechnology 
processes. There are many different materials that are used as biomaterials 
including metals, ceramics, polymers, natural materials and composites, 
comprised of two or more of these materials. The application for which a 
material is best suited is determined by its physical and chemical properties. 
Metals are often used for hard tissue replacements because they possess de-
sirable mechanical properties, biocompatibility, and osteoinductivity [1]. 
Polymers are often used for soft tissue applications because the mechanical 
properties are closer to those of natural tissue, thus minimizing compliance 
mismatch. Ceramics are primarily used for hard tissue applications, particu-
larly bone and calcified tissue because bone and ceramics are both made 
primarily of calcium and phosphate. Biomaterials can be bioactive, as in the 
case of hydroxyapatite-coated hip implants that facilitate more mineral depo-
sition and bone integration, or be inert, such as heart valve implants, which 
elicit no chemical or biological response [2].  

Biomaterials are used in many diverse applications, from joint replace-
ments to bone fillers, dental implants, or skin repair devices. The discipline 
of biomaterial science focuses on creating and developing materials that are 
biocompatible. Williams describes biocompatibility as “the ability of a mate-
rial to perform with an appropriate host response in a specific application.” 
Some examples of an appropriate host response are resistance to blood clot-
ting, resistance to bacterial colonization, and resolution of inflammation in a 
timely manner.  Materials that are biocompatible do not diminish the im-
mune response, rather they trigger normal wound healing and promote good 
tissue integration while minimizing excessive and undesirable host reactions 
[3].  

One of the largest determinants of the biocompatibility of a material is 
how plasma proteins bind to the material surface. Proteins from blood and 
tissue surrounding the biomaterial adsorb to the surface; the amount, speed, 
and orientation (folding) of the protein layer all affect how the body re-
sponds to the biomaterial.  Biomaterial scientists have attempted to improve 
material biocompatibility by creating materials that inhibit and minimize 
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non-specific protein interactions. The material surface can also be modified 
by attaching biologically active molecules such as heparin, molecules from 
the extracellular matrix (ECM), or to modify the surface by utilizing differ-
ent nanostructured topographies that mimic the biological environment. As a 
result, the surrounding cells and tissue are less likely to recognize the mate-
rial as foreign and instead promote tissue-material integration [4, 5].   

Nanomaterials: 
Nanomaterials are materials that have components smaller than 100nm in at 
least 1 dimension. These materials include nanoparticles, nanotubes, nano-
fibers, nanocrystals etc. When the size of a material decreases to the na-
noscale, physical properties, such as strength, charge, surface area, shape, 
etc., become overwhelmingly important. For example, the ratio of surface 
area to volume is quite large for nanomaterials [6, 7]. The field of biomedi-
cal nanotechnology is multidisciplinary and includes researchers from biolo-
gy, materials science, physics, medicine, and manufacturing. There are many 
nanomedical products on the market, such as self-assembled nanoparticles, 
nanocomposites, and nanohydroxyapatite based products. A few examples of 
nanomedical products include nanohydroxyapatite based bone fillers, such as 
Vitoss, Perossal, and Ostim [6].   

How do nanomaterials relate to biomaterials 
The extracellular matrix (ECM) found in the body is a naturally produced 
nanoscale material [8]. Hydroxyapatite in the bone is made of plate like crys-
tals ranging from 20-80nm in length. Connective tissue is also a nanoscale 
material; collagen chains are 10nm, with fibrils measuring up to 500nm in 
length [9, 10]. Nanomaterials can provide external stimuli and topographical 
cues similar to the physiological environment. There is often poor integra-
tion between the surrounding tissue and the surface of a biomedical device 
because, without appropriate surface properties, the body recognizes the 
device as foreign. Implants with nanofeatures could therefore, play a similar 
role as the native ECM when interacting with the surrounding tissue [7].  

The physical properties of a nanomaterial typically differ greatly from the 
bulk material. Nanomaterials possess much greater surface area per unit of 
volume, novel features such as nanoscale surface roughness, and altered 
chemical properties resulting from unique electron distributions, compared 
to the bulk material. These nanoscale properties affect the protein interac-
tions that occur at the nanomaterial-tissue interface. Nanofeatures on the 
surface of an implanted material can stimulate new biochemical behavior 
such as protein misfolding and denaturation, which interfere with the normal 
physiological behavior of proteins. The increased surface area of nano-



 15 

materials can also provide greater number of binding sites for proteins to 
interact with which in turn, alters cell-nanomaterial interactions, as the initial 
protein layer dictates the cellular response. For example the adsorption of 
fibronectin, an ECM protein involved in cell adhesion, is affected by the size 
of the nanoscale feature on the surface of a material. Fibronectin has little to 
no interconnectivity when adsorbed to surfaces with 500nm spherical fea-
tures, while fibronectin adsorbed on 200nm spherical features was well-
spread and had a high degree of interconnectivity, thereby showing how the 
host interaction with nanomaterials can be altered [11]. Nanoparticles can 
also cause unfolding of fibrinogen, promoting interactions with the integrin 
receptor, Mac-1, upregulating the NFkB pathway, leading to inflammatory 
cytokine production and release [12].  

Potential mechanism of toxicity: 
Nanomaterials are used in many different industries such as in cosmetics, 
food, clothing, and electronics. The use of nanoparticles (NPs) in many 
common household items has increased the likelihood and intensity of expo-
sure e.g silver nanoparticles found in clothing and sheets, titanium dioxide 
nanoparticles found in cosmetics and sunscreens, and carbon nanoparticles 
found in bikes and other transportation vehicles. There are four main routes 
of exposure: inhalation, injection, ingestion, and transdermal delivery [13-
15]. Inhalation is the most common in humans. Once nanoparticles (NPs) 
enter the body, toxicity arises mostly from excessive production of reactive 
oxygen species (ROS), which results in excessive oxidative stress. Increased 
oxidative stress causes DNA damage, lipid and protein oxidation, protein 
denaturation, and eventual cell death [16]. Some NPs are capable of inducing 
increased intracellular ROS and toxic oxidative stress. This toxicity arises 
from mitochondrial injury resulting from NP accumulation in mitochondrial 
vacuoles, swelling, and loss of mitochondrial cristae [17]. Nanoparticles in 
the liver inhibits superoxide dismutase (SOD) and glutathione (GSH), anti-
oxidative enzymes that normally catalyze the dismutation of free radicals, 
thereby increasing oxidative stress. Oxidative stress caused by NPs can en-
hance transcription of inflammatory factors and cause the activation of apop-
totic and necrotic pathways [18]. Studies have shown that cobalt, titanium, 
and iron NPs cause monocyte/macrophages to secrete high levels of the pro-
inflammatory cytokine, TNF-α [19]. Nuclear as well as mitochondrial DNA 
can also be damaged by oxidative stress [20]. Mitochondrial DNA damage 
has been associated with clinical syndromes such as neurogenic muscle 
weakness, stroke like episodes, ataxia, and retinitis pigmentosa [21]. In vivo, 
smaller sized NPs (20nm in diameter) cause a greater inflammatory response 
and impair alveolar macrophage function more than larger particles do 
(250nm in diameter), as shown in models of lung exposure [22]. Collective-
ly, nanomaterials can induce toxicity by a number of different mechanisms. 
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It is paramount that researchers continue to investigate the effects and mech-
anisms underlying nanomaterial toxicity. This thesis focuses on evaluating 
the effect of nanofeatures on inflammation using two different models: na-
noporous alumina and hydroxyapatite nanoparticles (HANPs).  
 

Nanoporous Alumina 
Nanoporous alumina (Fig 1) is formed when aluminum is anodized using 
acidic electrolytes such as sulphuric acid, oxalic acid, and phosphoric acid. 
When anodized, a thin film of aluminium oxide is deposited which grows 
into hexagonally packed array of cylindrical pores. Large pore diameters are 
formed by anodizing at high voltages in phosphoric acid while anodizing 
with sulphuric acid results in smaller pores. Depending on the applied volt-
age, the pore size distribution can range from 10 to 450nm. The pores form 
in a parallel fashion and grow perpendicular to the surface. The pore distri-
bution is narrow and interpore spacings can be controlled and range from 10 
to 100nm [23-26]. Due to its orderly nanostructured pores, nanoporous alu-
mina has been widely used in many applications such as filtration, drug de-
livery, biosensors, immunoisolation devices, and tissue engineering applica-
tions [26-29]. Nanoporous alumina has also been evaluated as a potential 
bone implant coating [30, 31]. Anodized alumina on machined titania can 
support enhanced osteogenic differentiation in vitro and in vivo [32].  

 
Figure 1. Schematic of nanoporous alumina  

Hydroxyapatite Nanoparticles 
Hydroxyapatite nanoparticles (HANPs) have gained significant interest in 
the field of biomaterials, specifically for bone tissue engineering, drug deliv-
ery, and gene therapy [33]. HANPs are nanoscale hydroxyapatite crystals 
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(Fig 2), chemically similar to the hydroxyapatite found in bone [6, 34]. 
HANPs are stable and reversibly adsorb many chemicals and proteins, thus 
acting as effective drug delivery vehicles [35]. HANPs are also able to pass 
through the cell membrane to deliver drugs and have therefore been investi-
gated for biomedical applications. However, NPs circulating in the blood can 
cause increased oxidative stress, inflammatory cytokine production, lipid 
peroxidation, and a fibrotic reaction when in contact with immune cells [36, 
37]. For this reason many researchers are interested in whether HANPs are 
safe or cause pathological inflammation. 

 
Figure 2. HANP morphology of (A) dots, (B) sheets, (C) long rods, (D) fibers 

Host response towards biomaterials 
Protein Adsorption on the Surface of a Biomaterial 
Once a biomaterial is implanted into the body, proteins immediately begin 
interacting with the biomaterial surface. Initially, plasma proteins adsorb to 
the implant surface. The shape, identity and conformation of the adsorbed 
protein layer will greatly affect the subsequent inflammatory response. Fol-
lowing protein binding, there is an acute phase of coagulation and clot for-
mation at the injury site, recruitment and activation of phagocytes, and pro-
duction of inflammatory signals that will orchestrate wound healing and later 
(chronic) inflammation. Whether the body successfully creates an inert ma-
trix around the material, or continues to try and degrade or remove the im-
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planted biomaterial is largely determined by the protein adsorption and the 
cell and inflammatory cytokine response [38]. 

Protein adsorption is the first event following implantation of a bio-
material. Albumin, fibronectin, vitronectin, gamma globulin, fibrinogen, and 
complement are a few of the many proteins that adsorb to biomaterials and 
modulate how the host immune system subsequently will react. Protein ad-
sorption is affected by the surface properties of the material (charge, hydro-
phobicity, roughness, etc.) the solution conditions, and the nature of the pro-
teins [39]. The biomaterial surface energy is a significant factor influencing 
protein adsorption. Hydrophobic surfaces adsorb more proteins than hydro-
philic ones, the “driving force” largely due to an increase in entropy, caused 
by conformational changes of the protein structure as it refolds. The way the 
protein conforms to the surface is important since binding sites that normally 
are hidden can become available to cells [40]. Protein adsorption is not stat-
ic; over time proteins on the surface of a material will be exchanged for oth-
er blood and plasma proteins. This replacement process, known as the Vro-
man effect, allows for abundant low molecular weight proteins to first ad-
sorb to the surface and later be replaced with high molecular weight proteins 
that are present at low concentrations [40, 41].  

Cells depend on proteins to adhere, migrate, and proliferate [42]. The 
composition of the protein layer formed on the surface of a material, there-
fore, dictates cell behavior. Aberrant protein folding stimulates the immune 
system to treat the implant as foreign and attempt to remove or destroy it. In 
contrast, proteins that adsorb to the implant surface and retain a folding con-
formation similar to the native state are less likely to trigger an inflammatory 
response. [43].   

Immune response cascade after biomaterial 
implantation: Stages of Inflammation 
The inflammatory response begins once there is an injury to the vascularized 
tissue (Fig 3). The acute inflammatory response involves exudation of plas-
ma proteins and fluid to the implant site, and the recruitment of leukocytes 
and platelets. The recruited cells secrete a provisional matrix as the first step 
in wound healing. This matrix is composed of plasma proteins, such as fi-
brin, that can adsorb to the biomaterial surface. Fibrin is also produced dur-
ing thrombosis and coagulation, and acts as a chemoattractant to recruit in-
flammatory cells to the implant site. Once the plasma proteins have adsorbed 
to the surface of the material, the coagulation pathway, complement system 
and platelets become activated. Platelets help to form the initial clot, and 
release many cytokines (i.e.. TGF-β, PDGF) that recruit other inflammatory 
cells to the site of injury.  Neutrophils (polymorphonuclear leukocytes, 
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PMNCs) extravasate from the blood vessels and tissues to the implant site 
within the first 24 hours of an injury. The main function of neutrophils is to 
phagocytose and destroy foreign material. Neutrophils do this by producing 
many different types of reactive oxygen species (ROS) and secrete their 
granular content in order to degrade foreign material. Acute inflammation 
normally lasts less than 1 week and resolves quickly [44-46].  

After the acute phase, the chronic inflammatory phase begins and is dic-
tated by the presence of mononuclear cells such as lymphocytes, monocytes, 
macrophages, and foreign body giant cells. Monocytes/macrophages are 
recruited to the area of implantation by a gradient of chemoattractants such 
as transforming growth factor beta, interleukins, and platelet derived growth 
factor [44, 47]. Once monocytes arrive to the implant site, they start to dif-
ferentiate into macrophages. Macrophages, like neutrophils, are involved in 
phagocytosing foreign material and produce and secrete a variety of cyto-
kines and growth factors that will influence the inflammation. Activated 
macrophages produce growth factors that include tumor necrosis factor 
(TNF, recruits and activates neutrophils), IL-1, TGF-β (promotes extracellu-
lar matrix synthesis), PDGF (initiates chemotaxis of neutrophils, macro-
phages, and fibroblasts as well as mitogenesis of fibroblasts) and cytokines 
that recruit more macrophages to the injury site.  The macrophages also bind 
to the surface protein layer on the material surface. This binding sends intra-
cellular signals that will dictate the macrophage behavior. The macrophage 
cytoskeleton remodels and spreads over the surface, sending signals intracel-
lularly to downstream effectors [48].  

When multiple macrophages come into contact with each other, they can 
fuse and form foreign body giant cells (FBGCs) [49]. The protein layer 
found on the surface dictates how and if the macrophages will fuse [50]. 
Macrophages and FBGCs produce reactive oxygen species and try to phago-
cytose the material. Macrophages become activated once they come into 
contact with chemical chemoattractants, immune complexes, and microbial 
products and release different inflammatory cytokines in response. Macro-
phages that adhere to a biomaterial become activated and attempt to phago-
cytose the biomaterial. When unable to do so, they will remain activated in a 
frustrated state, commonly called “frustrated phagocytosis”. Frustrated 
phagocytes will continue to produce increased levels of ROS and proin-
flammatory cytokines in a continued attempt to degrade the material and 
recruit additional inflammatory cells, lengthening inflammation, from acute 
to chronic, and stimulating fibrosis [51, 52]. FBGCs are also able to take part 
in chronic inflammation through the production of cytokines and ROS. The 
formation of FBGCs at the surface of the implanted material is considered to 
be the hallmark of the foreign body response.   

Wound healing commences with the infiltration of fibroblasts and macro-
phages at the implant site. Activated macrophages produce growth factors 
(PDGF and TGF-β) that promote fibroblasts and vascular endothelial cells to 
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proliferate and form granulation tissue, remodeling the wound. Granulation 
tissue formation can begin as early as 3 to 5 days following biomaterial im-
plantation. Granulation tissue is a specialized type of tissue that is character-
istic of healing inflammation and consists of the proliferation of small blood 
vessels and fibroblasts. Fibroblasts are responsible for restoring anatomic 
structure and function in tissues by synthesizing extracellular matrix (ECM) 
proteins such as collagen and proteoglycans [44].  

 Parenchymal cells found around the implanted area eventually replace 
granulation tissue. However, in most cases granulation tissue is not able to 
regenerate into normal tissue and is instead remodeled into nonfunctional 
scar tissue. Furthermore, if the inflammation around the implant is not re-
solved, a foreign body reaction (FBR), consisting of FBGCs and a fibrous 
capsule around the implant forms, giving rise to fibrosis. This fibrous cap-
sule can eventually interfere with the function of the biomaterial. The aim of 
biomaterial science is, therefore, to create a material that encourages tissue 
to implant integration, while minimizing the fibrotic response [44].  

 
Figure 3. Time line for the predominant cell types present at the site of inflamma-
tion. Adapted from [53].  

Neutrophils 
Neutrophils make up half of the circulating white blood cell population. 
They have a distinctive polymorphic nucleus, segregated into 3-5 lobuled 
nuclei and are therefore termed, polymorphonuclear (PMNs) cells. An adult 
normally releases about 1011 neutrophils everyday from the bone marrow. 
These cells are terminally differentiated and do not proliferate. Neutrophils 
have the shortest lifespan of leukocytes, with a half-life of 12 hours in circu-
lation. Once they enter a tissue, neutrophils can live up to 5 days, but in most 
cases undergo apoptosis after 1 to 2 days [54, 55].   

Circulating neutrophils migrate through the tissues via interactions with 
endothelial cells. This is mediated by chemoattractant molecules, that change 
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CD11/CD18 (Mac-1) from a non-adhesive to an adhesive conformation. 
Neutrophils are able to adhere to endothelial cells via ICAM-1, -2 ligand 
receptor interactions. This process is known as “rolling” or “diapedesis,” and 
allow neutrophils to flatten and pass through the endothelium (extravasation) 
and make their way to the inflammatory site [56]. 

The interaction of neutrophils with pathogens to initiate phagocytosis oc-
curs via pattern recognition receptors (PRRs) or via opsonins. Neutrophils 
have many PRRs, the most notable groups being the N-formyl peptide recep-
tor (FPR) and the Toll-like receptor (TLR) family. Once the PRRs are acti-
vated by sensing pathogens, or tissue damage, neutrophils react by using 
oxygen independent and dependent mechanisms [57]. Oxygen independent 
mechanisms involve releasing stored granules that contain many lytic and 
antimicrobial peptides to disrupt the integrity of the bacterial membrane. 
Oxygen dependent mechanisms involve producing toxic reactive oxygen 
species (ROS) such as superoxide anion (O2

-), hydroxyl radical (OH*), hypo-
chlorite (OCl-) and hydrogen peroxide (H2O2), known as the respiratory burst 
[58].  

Once neutrophils engulf a pathogen or another foreign material, they be-
come entrapped in a vesicle, called a phagosome, which forms from the fu-
sion of the cell membrane around the foreign material. Phagosomal matura-
tion occurs when stored granules in neutrophils fuse to the phagosome. An-
timicrobial molecules are delivered into the phagosome in order to degrade 
the pathogens. Assembly of the NADPH Oxidase system on the phagosomal 
membrane creates a toxic environment for the pathogens [59]. Neutrophils 
also store granules in order to destroy microbes. There are three types of 
granules, primary, secondary, and tertiary, containing enzymes and antimi-
crobial peptides that are released during degranulation [60].  

As they near the end of their life, neutrophils produce an extracellular ma-
trix that consists of DNA, histones, chromatin, granules, metalloproteinases 
and pattern recognition molecules. This matrix, known as neutrophil extra-
cellular traps (NETs) is a cell death dependent pathway. Neutrophils secrete 
these NETs in a process called NETosis before they undergo apoptosis, in 
order to trap themselves and pathogens for macrophages to phagocytose [61, 
62].  

Monocytes and Macrophages 
Unlike neutrophils, monocytes and macrophages are mononuclear cells, 
containing a single nucleus. Monocytes develop from hematopoietic stem 
cells in the bone marrow and are the progenitor cells for macrophages and 
dendritic cells. They travel to the site of injury, phagocytose pathogens, and 
produce ROS and a variety of inflammatory cytokines such as TNF-α, IL-1β, 
IL-6, and IL-10 [63]. Monocytes differentiate into M1 like macrophages 
(proinflammatory macrophages) after exposure to macrophage colony stimu-
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lating factor (M-CSF), IFNn, or lipopolysaccharide (LPS). M1, are found to 
defend against foreign objects invading the host, such as bacteria and virus-
es. They secrete pro-inflammatory cytokines such as tumor necrosis factor 
(TNF), IL-1, ROS and nitrogen intermediates that are toxic for pathogens, 
but can also be toxic to the surrounding tissue. If monocytes are exposed to 
IL-4, they instead differentiate into M2 like macrophages, which possess 
anti-inflammatory functions and regulate wound healing. M2 exhibit macro-
phage fusion, decreased phagocytosis, and ROS production. They also se-
crete growth factors such as vascular endothelial growth factor (VEGF) and 
transforming growth factor beta (TGF-β), assist in the resolution of inflam-
mation, and promote tissue formation and remodeling [64-66]. Monocytes 
are thus, affected by the specific type of biochemical stimuli they encounter 
[67, 68]. 

Macrophages stem from differentiated monocytes and can be very long 
lived (up to months) in the tissue. Macrophages are found in every organ in 
the body, and are distinct and tissue specific. Some specialized macrophages 
in tissue specific areas include osteoclasts in bone, Kupffer cells in the liver, 
histiocytes in interstitial connective tissue, and alveolar macrophages in the 
lungs. 

 Macrophages are activated in response to many different biomaterial im-
plants in vivo, including ceramics, cements, metals, and polymers. This sen-
sitivity, therefore, is a wide concern in the field of biomaterials. Macrophag-
es are the most dominant infiltrating cell type in the initial stages of inflam-
mation, and are involved in mediating the host innate immune response by 
recognizing and later internalizing foreign materials through phagocytosis, 
as well as by participating in the biodegradation of extracellular matrices. 
Macrophages are also needed to remove dead and apoptotic cells as well as 
pathogens. Lysosomal hydrolytic enzymes, and reactive oxygen species 
(ROS) are produced by macrophages to kill and degrade the internalized 
pathogens.  When particles and pathogens are too large for a single macro-
phage to engulf, multiple macrophages fuse into multinucleated foreign body 
giant cells. Macrophages further secrete different cytokines to increase cell 
recruitment to the damaged tissue to promote tissue regeneration [69].  

Fibroblasts 
Fibroblasts are connective tissue cells that provide tissue mechanical 
strength by synthesizing and secreting extracellular matrix proteins, such as 
collagen, glycosaminoglycans, and glycoproteins. Fibroblasts can differenti-
ate into cartilage, bone, adipocyte and smooth muscle cells. During an in-
flammatory response, fibroblast activation leads to increased production of 
cytokines, chemokines, and prostanoids. Over activation of fibroblasts even-
tually leads to persistent inflammation, tissue damage, and fibrosis [45] .  
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Reactive Oxygen Species Production  
Neutrophils and macrophages are “professional” phagocytes, undergoing a 
powerful respiratory burst during phagocytosis. The respiratory burst is a 
biochemical reaction that consumes oxygen and produces ROS (Fig 4). 
When foreign material comes into contact with the plasma membrane of the 
phagocyte the nicotinamide adenine dinucleotide phosphate reduced 
(NADPH) oxidase (an enzyme, located in the plasma membrane) is activat-
ed. Normally, components of the NADPH Oxidase complex lie dormant 
within the plasma membrane, cytosol, and granules. Once activated, the en-
zyme, comprised of many different protein subunits, redistributes itself in 
the plasma membrane. NADPH Oxidase takes electrons from NADPH in the 
cytosol and reduces molecular O2 into superoxide anion, O2

- (NADPH + 2O2 
à NADP+ + 2O2

- + H+). Superoxide anions then get converted into hydro-
gen peroxide (H2O2) via superoxide dismutatase (SOD) (O2

- + O2
- +2H+ à 

H2O2 + O2).  

 
Figure 4. ROS production from a phagocyte 

These byproducts can then be broken down into oxygen and water through a 
catalase dependent reaction. Superoxide anion and hydrogen peroxide can 
react with other microbicidal products and produce varied types of ROS such 
as the hydroxyl radicals, OH*, singlet oxygen 1O2, and ozone O3. Further-
more, superoxide can react with nitric oxide (NO*) to produce OH* radicals. 
These ROS are released to the outside of the cell or inside the phagosome to 
degrade the foreign material. Increased production of free radicals can how-
ever, damage lipids that comprise the cell membrane, DNA, proteins and 
fatty acids, inducing degeneration and necrosis [70, 71]. 

Priming agents such as phorbol esters, chemoattractants, and proinflam-
matory cytokines cause a “priming” state, where cells are no longer in the 
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resting state, but are also not yet fully “activated”. Phorbol 12-myristate 13-
acetate (PMA) is an ester that causes indirect phosphorylation of the 
NADPH Oxidase complex by activating Protein Kinase C (PKC). In vitro, 
the process of priming and activating phagocytes with synthetic stimulants is 
intended to mimic the native activation process in vivo [72]. 

Antioxidants 
The body uses antioxidants to quench excessive ROS. There are two major 
groups of antioxidants: antioxidative enzymes and antioxidant chemicals. 
Antioxidative enzymes are produced in the cell and act as a rapid line of 
defense to protect the cell from ROS. Superoxide dismutase (SOD) for ex-
ample, converts the superoxide radical into hydrogen peroxide: 

O2
*- + O2

*- à via SOD à H2O2 + O2  
Hydrogen peroxide is then remediated by catalase and other peroxidase pro-
teins such as glutathione peroxidase. This removal process yields water and 
O2 as by products.  

Antioxidant chemicals (scavengers) have many advantages over enzymat-
ic antioxidants. Scavengers are generally small molecules that are able to 
pass through the cell membrane and localize close to the source of ROS.  
Scavengers directly interact with the radical and neutralize it by donating 
electrons to the reactive species. The scavenger is then either further oxi-
dized, or regenerated to a reduced form, and then recycled to an active form. 
Some examples of scavenger antioxidants are Vitamin C and Vitamin E [73, 
74].  

Vitamin E is a physiological antioxidant that can interrupt lipid and fat 
radical peroxidation. Vitamin E can also inhibit thrombin generation, platelet 
adhesion, and reduce monocyte adhesion. While vitamin E is a hydrophobic 
antioxidant that requires plasma membrane transporters to enter the cell, the 
water soluble analog form of vitamin E, Trolox, can freely enter cells. The 
inflammatory response that occurs after a biomaterial is implanted in the 
body can determine whether the biomaterial is eventually rejected, isolated 
or accepted by the body. Antioxidants, such as Trolox, can reduce inflamma-
tion and help control the inflammatory response in vivo [75]. Thus, incorpo-
rating antioxidants into biomaterials may help to control the inflammation 
that occurs following implantation [76-78].  

Trolox: 
Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) is a wa-
ter soluble analogue of vitamin E (Fig 5). It is able to localize to the aqueous 
and lipophilic compartments of the cell due to its amphiphilic structure. 
Trolox is capable of scavenging many different free radicals such as *OH,   
*-OCH3, *OOH, and *OOCHCH2. It scavenges radicals via many different 
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mechanisms including hydrogen transfer (HT), single electron transfer 
(SET), and radical adduct formation (RAF) [79].  

 

HT: HTx- + *R à Tx-* + HR 

SET: HTx- + *R à HTx* + R- 

RAF: HTx- + *R à (HTx-R)-* 

 

 
Figure 5. Chemical structure of Trolox 

Death mechanisms 
Apoptosis vs. Necrosis: 
Apoptosis normally occurs during development and aging, to keep a homeo-
static balance of cell population in tissues. However, apoptosis can also oc-
cur if a cell is damaged, or triggered by different death signaling stimuli such 
as irradiation or drugs that cause DNA damage. Certain cell types also ex-
press Fas or TNF receptors that lead to apoptosis in the presence of ligand 
binding. Apoptosis is known to be an active, programmed cell process that is 
tightly regulated. Nuclear condensation, DNA damage, formation of apoptot-
ic bodies are all effects of apoptosis. There is a morphological change in the 
cells once they start to undergo apoptosis. Cells shrink, the cytoplasm be-
comes dense, and extensive plasma membrane blebbing occurs leading the 
cell to fragment into apoptotic bodies (Fig 6). This process is known as bud-
ding. Phagocytic cells such as macrophages later phagocytose these apoptot-
ic bodies. Apoptosis is controlled and coordinated by cysteine proteases 
called caspases. Caspase proteins are normally in an inactive state, but once 
activated they are responsible for orchestrating the biochemical mechanisms 
of apoptosis. There are 2 pathways that lead to apoptosis: the extrinsic path-
way and the intrinsic pathway. The extrinsic pathway occurs via the activa-
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tion of the death receptors, Fas or TNF. The intrinsic pathway occurs 
through changes in the inner mitochondrial membrane. This results in the 
opening of the mitochondrial permeability transition pore, releasing pro-
apoptotic proteins such as cytochrome C, into the cytosol. Both pathways 
can activate caspase proteins, which then lead to the execution pathway of 
apoptosis. Caspase-3, caspase-6, and caspase-7 are the proteases that are 
known as the effector/executioner caspases. These caspases cause activation 
of endonucleases in the cell that eventually degrade DNA, cause chromatin 
condensation, cytoskeletal reorganization, and fragmentation of cells into 
apoptotic bodies. Phosphatidylserine (PS), a phospholipid that is normally 
found on the inner leaflet of the plasma membrane, is then externalized, fa-
cilitating uptake and disposal of apoptotic cells [80-82].  

Necrosis occurs passively and typically results from environmental per-
turbations, such as trauma or injury. Some of the morphological changes in 
necrotic cells include cell swelling, formation of cytoplasmic vacuoles, and 
disruption of the cell membrane. Once the cell loses its cell membrane integ-
rity, the contents within the cell are released, sending chemotactic signals 
that cause the recruitment of inflammatory cells [80, 83, 84].   

 
Figure 6. Apotosis vs. Necrosis 

 



 27 

Aims of investigation 

Nanomaterials are materials with at least one dimension in the nanoscale 
(<100nm). Since cells naturally communicate via nanoscale interactions, 
nanomaterials offer many advantages over traditional biomaterials. The ex-
tracellular matrix, for example, modulates adhesion and cellular functions 
via nanoscale features. Nanofeatures, in the form of particles, crystals, pores, 
etc., can promote tissue regeneration by mimicking nanoscale features of the 
native ECM, a promising approach for use in biomedical applications.   

Although beneficial in many respects, excessive exposure 
to nanomaterials can cause toxicity via increased ROS production, DNA 
damage, and cell death. A thorough understanding of cell-nanomaterial in-
teractions is necessary to better design functional biomaterials.	  The present 
work focuses on investigating the effect of nanotopography (alumina) and 
nanoparticle morphology (HANP) on inflammation, in vitro and in vivo.  

 
The specific aims of the appended papers were as follows: 
• To investigate the effect of macrophage behavior, in vitro, and fibrotic 

response in vivo when exposed to alumina membranes with different na-
noporosities. (Paper I) 

• To investigate the effect of Trolox on primary leukocyte (PMNC, MNC) 
ROS production when delivered conventionally or by release from na-
noporous alumina. (Paper II) 

• To synthesize and characterize four distinct HANPs (Paper III) 
• To investigate primary leukocyte (PMNC, MNC) and fibroblast behav-

ior in vitro as well as in vivo acute inflammation, following exposure to 
HANPs (Paper IV) 
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Methods 

Material Preparation and Characterization 
Trolox Loading and Release from Nanoporous Alumina (Paper 
II) 
A 20 µl solution of 60mM Trolox (suspended in 99% ethanol) was added to 
each of the nanoporous alumina membranes (20nm, 100nm, and 200nm 
pores) and evaporated at room temperature for 30 minutes. Released Trolox 
was measured for up to 24 hours, using a UV Spectrophotometer at 290nm.  

HANP synthesis (Paper III, IV) 
There are many different ways of synthesizing HANPs can be synthesized, 
e.g. wet chemical processes. Altered nanoparticle morphology can be syn-
thesized by means of the emulsion technique, sol-gel, hydrothermal, precipi-
tation method, etc [85]. The hydrothermal and precipitation methods were 
used in this thesis, to synthesize HANPs with different morphologies (long 
rods, sheets, dots, and fibers). The hydrothermal method can induce crystal 
growth under high temperature and pressure, and produce HANPs with high 
crystallinity, relatively narrow particle size distribution, and distinct morpho-
logical features [86]. For large-scale hydrothermal processes, repeatability 
and expense can however be an issue. The precipitation method instead uses 
the precipitation from salt solutions to give rise to HANPs, which in contrast 
to the hydrothermal method, is a more simple and economical approach 
when synthesizing HANPs.  

Xray Diffraction (XRD) (Paper III and IV) 
XRD is a technique used to characterize crystalline materials. Based on the 
scattering principle and Brag’s law, x-rays are used to generate diffraction 
patterns in which the resulting peak position and intensity are related to the 
structure of the material. The average bulk composition of the HANPs was 
determined using this method.   
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Brunauer-Emmett-Teller (BET) Surface Area (Paper IV) 
BET analysis is a technique used to measure the specific surface area of a 
material by calculating the volume of gas physically adsorbed to the materi-
al. The surface area of the HANPs was measured using N2 adsorption.  

Dynamic Light Scattering (DLS) (Paper IV) 
DLS analysis is used to measure particle size distributions while dispersed in 
a liquid. The Brownian motion of particles causes a laser light to be scattered 
at different intensities, generating the velocity of the Brownian motion, and 
thereby yielding the particle size. HANP particle size distribution was meas-
ured after 1 hour of incubation in medium.  

Calcium ion concentration (Paper IV) 
Calcium ion content was measured using the calcium colorimetric assay. 
This assay uses the chromogenic complex that forms between calcium ions 
and O-cresolphthalein in order to measure free calcium colorimetrically at 
λ575. Calcium ion content in HANP suspensions was measured after 1 hour 
of incubation in medium. 

pH of particle suspensions (Paper IV) 
HANPs were incubated in medium for 1 hour. The pH of the HANP suspen-
sions was then measured using a pH meter.  

Transmission Electron Microscopy (TEM) (Paper III and IV) 
The TEM technique uses transmission of a beam of electrons through an 
ultra-thin specimen in order to develop an image. HANP morphology and 
size dimensions were determined using this technique.  

In vitro studies 
Cell models (Paper I, II, III, IV) 
In this work, the in vitro response caused by exposure to different nanofea-
tures was evaluated using cell lines and primary cell models. RAW264.7 
murine macrophages, NIH3T3 mouse embryonic fibroblasts, and human 
dermal fibroblasts (hDFs) were the three cell lines used. The primary cells, 
human polymorphonuclear (PMNC) and human mononuclear (MNC) leuko-
cytes were isolated from heparinized blood.  
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Primary Cell Isolation 
Human MNC isolation (Paper II, IV) 
Blood buffy coats were obtained from anonymous blood donors from the 
Uppsala University Hospital. MNCs were isolated using the Ficoll-Paque 
Plus density gradient centrifugation solution.  

Human PMNC isolation (Paper II, IV) 
For PMNC isolation two separation procedures were performed, the Ficoll-
Paque Plus density gradient separation followed by the Dextran separation.  

Cell Viability Assays 
Alamar Blue (Paper I, IV) 
Alamar Blue is a non-toxic metabolic indicator. The oxidized form of Ala-
mar Blue is introduced into the culture medium, where it converts to its re-
duced form through mitochondrial enzyme activity (NAD++ 2H++ 2e- à 
NADH + H+) by viable cells present. This reduction causes a color change in 
the medium and a shift in fluorescence which can be detected colorimetrical-
ly and fluorimetrically [87, 88]. The extent of reduction correlates to the 
number of viable cells present.  

Lactate Dehydrogenase (LDH) (Paper IV) 
LDH is a stable enzyme that is found in all cell types. It is found inside the 
cell and catalyzes the interconversion of lactate to pyruvate. There are two 
methods in which LDH activity can be evaluated and correlated to cell via-
bility. Cells release LDH into the culture medium, upon damage to the plas-
ma membrane. Analyzing LDH activity in the cell culture medium will 
therefore relate to cell toxicity. In order to determine viable cells, attached 
cells are lysed with lysis buffer to disrupt the cell membrane, allowing the 
LDH sequestered in the cell to be released and measured. This assay is based 
on measuring the reduction of NAD to its reduced form, NADH, by the LDH 
enzyme. The reduction of NAD to NADH can be quantitated colorimetrical-
ly at 490nm.   

Live/Dead staining (Paper IV) 
The live dead fluorescence stain (calcein-AM and propidium iodide) was 
used in order to visualize the number of viable and dead cells. Calcein-AM 
is a highly lipophilic and cell membrane permeable compound. Calcein-AM 
itself is not fluorescent. However, once calcein-AM gets cleaved by an ester-
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ase in viable cells, calcein gets generated and emits a very strong green fluo-
rescence  (λex 490nm λem 515nm). Propidium iodide cannot pass through the 
cell membrane of viable cells. However, if the cell membrane is damaged, PI 
can pass through and intercalate with DNA, emiting red fluorescence (λex 
535nm, λem 617nm) and thus pinpointing dead cells. 

Reactive Oxygen Species Quantification: 
Nitrotetrazolium Blue Assay (NBT) (Paper I) 
To determine intracellular ROS production, the NBT assay was used. The 
NBT assay is commonly used in clinics to detect chronic granulomatous 
disease (CGD), a disease that causes reduced respiratory burst. In this assay, 
the cells are first incubated with yellow-colored nitroblue tetrazolium (Y-
NBT), a membrane permeable compound that gets absorbed by the cells and 
reduces in the presence of O2

- species. This produces insoluble formazan 
crystals that can be detected microscopically and dissolved to quantitate the 
amount of O2

- species formed in the phagocytes [89].  

Luminol amplified Chemiluminescence (CL) (Paper II, IV) 
The luminol amplified chemiluminescence method measures light emission 
generated from different reactive oxygen species, such as O2

- and H2O2, pro-
duced intracelluarly and extracelluarly by activated phagocytes. This ap-
proach offers the ability to measure ROS production over time, generating 
kinetic measurements. Total ROS was further quantified by integrating the 
total area under the chemiluminescence kinetic curve (AUC) using the 
Origin Software.  

Apoptosis Quantification 
Caspase 3/7 Activity (Paper IV) 
Caspase-3 and caspase-7 are known as the effector/executioner caspases in 
the apoptosis pathway. These caspases cause activation of endonucleases in 
the cell that eventually degrade DNA, cause chromatin condensation, cyto-
skeletal reorganization, and fragmentation of cells into apoptotic bodies. 
Caspase 3/7 activity in cells exposed to HANPs, was measured using the 
caspase-glo 3/7 assay. This assay provides a luminogenic caspase 3/7 sub-
strate, that contains a tetrapeptide sequence. If caspase 3/7 is present in the 
sample, the luminogenic caspase 3/7 substrate will be cleaved, providing a 
luminescent signal that can be quantified.     
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Morphology Analysis 
Light Microscopy (Paper IV) 
An inverted light microscope (Nikon) at 600X magnification was used to 
observe changes in PMNC morphology after HANP exposure. 

Scanning Electron Microscopy (SEM) analysis (Paper I, II) 
SEM generates images by scanning the sample with focused electron beams. 
The electrons interact with the atoms of the sample providing information of 
the sample’s surface and composition. The morphology of HANPs alone as 
well as the cell morphology when exposed to HANPs and nanoporous alu-
mina was studied using SEM analysis.  

In vivo studies  
In vivo implantation (Paper I, IV) 
Nanoporous alumina membranes with pore sizes of 20 and 200nm were im-
planted into the subcutaneous cavity of female (8-10 weeks old) Balb/C 
mice. The mice were anesthetized with isoflurane and the incision mark was 
disinfected with 70% ethanol. The alumina membranes were implanted at 
least 1 cm away from the incision site, with the 20nm membrane placed on 
one side of the incision and the 200nm membrane on the other side. The 
implants and the surrounding tissue were collected after 2 weeks, and histo-
logical, immunohistochemical staining, and protein array analysis was done.  

HANPs (1 mg particles mixed with 0.5 ml of sterilized saline) were sub-
cutaneously implanted in 4 sections dorsally in Balb/C mice. Mice were 
sacrificed three days after implantation, and the surrounding tissue around 
the HANPs were excised and frozen in optimal cutting temperature (OCT) 
embedding media at -80°C for histology.  

Histology (Paper I, IV) 
Hematoxylin and Eosin (H&E) staining was done to determine capsule cell 
density. Hematoxylin stains nucleic acids in a deep purple color thereby 
staining cell nuclei, while eosin is pink and stains proteins in the cytoplasm 
and extracellular matrix. The Masson Trichrome stain was used to evaluate 
fibrotic capsule thickness and collagen production (Paper I). The trichrome 
stain includes three separate stains. Aniline blue which stains collagen, nu-
clei are stained with Weigert’s iron hematoxylin stain, and the muscle is 
stained by Beibrich scarlet-acid fuchsin. Images of the stained sections were 
taken using a Leica microscope with a CCD camera. ImageJ software was 
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used to quantitate capsule thickness, collagen content, and capsule cell den-
sity.  

Inflammatory protein array (Paper I) 
Protein antibody microarray analysis is a powerful technique that is used to 
quantify multiple protein expression levels at once [90, 91]. Inflammatory 
protein production by cells surrounding the alumina membranes were deter-
mined using a RayBio Mouse Inflammation Antibody Array G series I 
(Raybiotech, Norcros, GA). 30 tissue section slices from the central part of 
the membrane implants were obtained, lysed, and extracted for protein con-
tent. Protein concentrations were then determined using the BCA assay. 50 
µg of each protein sample was then used to perform the mouse cytokine 
antibody array. Protein samples were placed on top of glass slides that had 
targeted cytokines spotted on it. The slides were then subjected to image 
analysis by an Axon GenePix 4000B microarray scanner (Molecular Devic-
es, Sunnyvale, CA, USA), using the Cy3 channel. In order to identify chang-
es in cytokine and growth factor expression, fluorescence ratios for each spot 
was compared between the 20nm and 200nm alumina membranes. A ratio of 
2.0 or above was considered up-regulated, while a ratio of 0.5 or below was 
considered down-regulated expression levels.  
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Results and Discussion 

Effects of nanoporous alumina on inflammatory cell 
response (Paper I) 

Nanopore size affects macrophage ROS production and morphology  
Macrophages cultured on alumina with 200nm pores produced increased 
levels of intracellular ROS at all time points as compared to the cells ex-
posed to 20nm pores (Fig 7A). SEM analysis also showed that macrophages 
cultured on the 20nm alumina (Figure 7B) adopted a rounded morphology, 
while cells on the 200nm membrane (Figure 7B) were flattened and elongat-
ed, showing typical signs of activated macrophages.  

 
Figure 7. Macrophage ROS production (A) and morphology (B) when cultured on 
nanoporous alumina with pore diameters of 20 and 200nm. * indicates significance 
(p<0.05) between the 20 and 200nm pores.  

ROS plays an important role in inflammation, partly by acting as a signaling 
molecule by recruiting inflammatory cells and as an activator of the inflam-
masome, a cytosolic complex that is involved in the production of proin-
flammatory cytokines [92, 93]. Nanosurface topography can induce ROS 
and have an effect on leukocyte behavior including migration, cell orienta-
tion, and phagocytic activity [94-97] Studies have shown that mon-
cytes/macrophages cultured on 200nm alumina membranes as compared to 
20nm alumina membranes, secreted increased levels of proinflammatory 
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cytokines such as, IL-1β and TNF-α, and also adopted a flattened morpholo-
gy with increased filopodial extensions [95]. Collectively, the data indicates 
that macrophages cultured on 200nm pores, as compared to 20nm pores, 
resulted in increased activation, in vitro.   

Nanopore Size affects in vivo cell recruitment and inflammatory 
cytokine production  
The fibrotic capsule thickness was not affected by pore size (Fig 8A, 8C). 
Collagen production, evaluated with the Mason Trichrome stain, was how-
ever lower around the 20nm membrane compared to the 200nm membrane, 
although this difference was not statistically significant (Fig 8A, 8D). Cap-
sule cell density however, was higher on the 200nm membrane compared to 
the 20nm membrane, suggesting that more cells were recruited to the 200nm 
pores than to the 20nm pores (Fig 8B, 8E).  

 

 
Figure 8. Foreign body response analysis to nanoporous alumina 2 weeks after sub-
cutaneous implantation in Balb/C mice. Masson trichrome (A) and H&E staining 
(B) was performed to assess the extent of implant-associated fibrotic tissue for-
mation. Capsule thickness (C), collagen content (D) and capsule cell density (E) 
were evaluated. * indicates significance (p<0.05) between the 20 and 200nm pores. 

Previous studies assessed the effect of nanoporous alumina on the acute in-
flammatory response, by implanting the membranes in the peritoneal cavity 
for 16 hours. The 200nm alumina membrane caused higher immune cell 
recruitment to the peritoneal cavity compared to the 20nm membrane im-
plant [98].  When in contact with whole blood in vitro, the 200nm mem-
branes also caused higher levels of soluble complement activation products 
to form compared to the 20nm membranes [99]. Complement activation is 
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one of the first events that occur in inflammation, and cause the subsequent 
activation and recruitment of platelets and leukocytes to the injured area.  

In the present study the inflammatory protein array analysis confirmed 
that the 200nm membranes induced an increased inflammatory response 
compared to the 20nm membranes. Many potent proinflammatory cytokines 
such as GM-CSF, IL-9, IL-2, IL-1β, IL-13, leptin, and fas ligand were up-
regulated in response to 200nm membranes (Table 1). Upregulation of these 
cytokines directs the innate response by recruiting and activating immune 
cells, and subsequently initiating fibrotic tissue response. 

Table 1. Production of inflammatory cytokines in tissue sections around the nanopo-
rous alumina membranes. Data represents the ratio of the expression between the 
200nm and the 20nm membranes. Protein expression is considered significantly 
lowered or elevated if the ratio of expression (200nm/20nm) is <0.5 or >2, respec-
tively. 

 
Elevated Cytokines 
BLC 2.524 
CD30 L 2.293 
Fas Ligand 2.291 
GM-CSF 2.437 
IL-13 2.289 
IL-1β 2.415 
IL-6 2.095 
IL-9 2.131 
KC 2.113 
Leptin 2.269 
Lymphotactin 2.029 
RANTES 2.095 
SDF-1 2.182 
TCA-3 2.230 
TECK 2.137 
IL-2 3.029 
Cytokines with no sig-
nificant change 
IL-1α, IL-3, IL-4, IL-17, 
LIX, MCSF, sTNF RII, 
TIMP-2, sTNF RI, MIP-
1γ, Eotaxin-2 
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The increased level of IL-1β and GM-CSF indicates higher macrophage 
activation [100, 101] on the 200nm membrane, which is in agreement with 
the elevated ROS produced in vitro. IL-13 is involved in fibroblast prolifera-
tion and collagen production, while Fas ligand production is involved in 
biomaterial-induced fibrosis and apoptosis [102]. The elevated levels of the-
se cytokines is likely the cause for the increased cell recruitment seen in the 
histology, around the 200nm alumina.  

Reduced oxidative stress in primary human cells by 
antioxidant released from nanoporous alumina (Paper 
II) 

ROS production and morphology of PMNC and MNC on nanoporous 
alumina 
MNCs cultured on alumina membranes all produced equivalent amounts of 
ROS, independent of pore size (Fig 9A). PMNCs cultured on alumina with 
20nm pores however, produced more ROS than PMNCs on 100nm pores 
(Fig 9B). When exposed to the 200nm pores, PMNCs also readily released 
more ROS compared to the 100nm pores, although this was not statistically 
significant. This trend is in agreement with previous studies showing greater 
ROS production from PMNCs cultured on the 20nm versus 200nm alumina 
[103].  

 
Figure 9. ROS production from PMNCs cultured on 20, 100, and 200nm pores on 
nanoporous alumina. * indicates significance (p<0.05) between the 20 and 100nm 
pores. 

PMNC morphology was evaluated after being exposed to the alumina mem-
branes for 2 hours (Fig 10). PMNCs cultured on the 20nm pores exhibited a 
more flattened morphology, with visible lamellopodial extensions, while 
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cells on the 100nm and 200nm pores were rounded. The flattened morpholo-
gy seen on the 20 nm alumina is typical of an activated PMNC phenotype. 
MNC morphology was identical on all alumina membranes (figure not 
shown).  

 
Figure 10. PMNC morphology micrographs cultured on (A) 20nm, (B) 100nm, (C) 
200nm pores of nanoporous alumina. Scale bar represents 2 and 10 µm.  

NADPH Oxidase, the enzyme that produces ROS, is not fully active until 
cells adhere to a surface [104, 105]. ROS production in activated PMNCs 
begins once NADPH oxidase is translocated to the plasma membrane via the 
cytoskeleton [106, 107]. It is not surprising, given the intimate association 
between cytoskeletal arrangement and ROS production, that ROS production 
in activated PMNCs is affected by the shape of the cell [108]. Studies have 
shown that when macrophages are cultured on 50nm nanodot arrays, cell 
adhesion and cytoskeleton organization is promoted in contrast to when they 
are cultured on 200nm nanodots hindered cell adhesion and cytoskeleton 
organization [109]. PMNCs seeded onto roughened polystyrene also pro-
duced greater ROS as compared to smooth polystyrene, showing that surface 
topography has an effect on ROS production [94]. The observed flattened 
morphology, as well as the increase in ROS production of PMNCs on 20nm 
pores, is thus in agreement with the present findings.      

Scavenging effects of Trolox on polystyrene  
Trolox,a hydrophilic analogue of Vitamin E, is capable of scavenging vari-
ous free radicals. MNCs and PMNCs seeded on tissue culture polystyrene 
(TCPS) showed a dose dependent reduction in ROS release, with increasing 
concentrations of Trolox (Figure 11). PMNCs (Fig 11B) required a 10-fold 
higher Trolox concentration in order to quench ROS, compared to MNCs 
(Fig 11A), likely due to the fact that PMNCs typically undergo greater res-
piratory bursts [110]. 100 µM of Trolox was the most effective concentration 
for quenching ROS for both cell types and was therefore chosen for the suc-
cessive experiments.  
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Figure 11. ROS produced from MNCs (A) and PMNCs (B) when cultured on poly-
styrene, with increasing concentrations of Trolox.  

Trolox Released from Nanoporous Alumina: 
Trolox eluted rapidly from nanoporous alumina. 80% of the loaded Trolox 
had eluted from the 20nm alumina pores within 15 minutes, while a signifi-
cantly greater amount (90%) was released from the 100nm and 200nm pores 
during the same time (Figure 12).  

 
Figure 12. Trolox released from 20, 100, and 200nm alumina pores. * indicates 
significance (p<0.05) between the 20nm pores to the 100 and 200nm pores after 20 
and 40 minutes of release.  
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The release profile observed in studies using nanoporous alumina, [111, 112] 
nanoporous titanium [113] mesoporous silica [114], and in the present study, 
was predominantly burst release. Diffusion models, such Peppas-Korsmeyer 
[115] or Higuchi [116], cannot be applied to the present study since greater 
than 60% of the loaded drug is released within 20 min.  

Scavenging effects of Trolox on Nanoporous Alumina 
Trolox was delivered via two methods: external addition directly to the me-
dia (Fig 13A), or by preloading Trolox into the pores of nanoporous alumina 
(Fig 13B).  

 
Figure 13. Principle sketches detailing the experimental set up when introducting 
Trolox externally (A) and preloading Trolox into nanoporous alumina(B).  

External addition of Trolox (Fig 13A):  
ROS produced from MNCs was quenched by 97% on all pore sizes when 

adding 100µM of Trolox (Fig 14A). PMNCs seeded on the 20nm pores 
however only exhibited a 20% reduction in ROS release (Fig 14B), and no 
change in ROS was observed for PMNCs cultured on the 100nm and 200nm 
pores. Interestingly, the observed difference in Trolox capability of scaveng-
ing ROS produced by PMNCs is dependent on the material and its nanoto-
pography, since our results show that Trolox is more efficient in scavenging 
ROS on polystyrene than on alumina.  
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Figure 14. ROS production after the external addition of 100 µM of Trolox to 
MNCs (A) and PMNCs (B and C). 

Preloaded Trolox (Fig 13B): 
When Trolox was preloaded into the membranes, MNC (Fig 15A, 15C) 

and PMNC (Fig 15B, 15D) ROS production was significantly reduced on all 
pore sizes, compared to the unloaded controls. For MNCs, ROS production 
was reduced to approximately 95% on all pore sizes, while with PMNCs, 
there was a 30% reduction in ROS for cells cultured on the 20nm pore sized 
alumina, 8% for 100nm pores, and 15% for 200nm pores.  



 42 

 
Figure 15. ROS production of MNCs (A,C) and PMNCs (B,D) following exposure 
of alumina preloaded with Trolox.  

Trolox caused a delay in Chemiluminescence peak time in PMNCs  
Trolox caused a delay in the peak time of chemiluminescence (CL), for 
PMNCs, which was dose dependent, on all pore sizes and on polystyrene 
(Fig 11B, 14C, 15D).  A delay in CL peak time was however not observed 
for MNCs. One significant difference between MNCs and PMNCs lies in the 
signaling cascade of the NADPH oxidase complex. Rac is a rho GTPase 
protein involved in transducing cytoskeletal changes, NADPH oxidase activ-
ity, and lamelopodia activation [117-120]. In human MNCs, 95% of the Rac 
is found in the Rac1 isoform, while for PMNCs, 95% of Rac is in the Rac2 
isoform in PMNCs. While Rac1 is required in actin cytoskeleton regulation, 
and migration [120], Rac2 is needed in regulating the NADPH oxidase com-
plex. Rac1 knockouts do not inhibit ROS production, while Rac2 knockouts 
display delayed NADPH oxidase kinetics and impaired ROS production in 
PMNCs [121]. This delay in ROS production is similar to what was ob-
served when PMNCs were treated with Trolox in the present investigation. 
Trolox may therefore be interacting with Rac2 in PMNCs, but not in MNCs. 
This is consistent with the observed reduction in lamellopodia and spreading 
as well as the impaired ROS production seen in PMNCs treated with Trolox. 
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In vivo and in vitro evaluation of hydroxyapatite 
nanoparticle morphology on the acute inflammatory 
response (Paper III and IV) 

Hydroxyapatite Nanoparticle Characterization: 
All synthesized HANPs were composed of HA and were crystalline, as indi-
cated by the XRD spectrum (Fig 16).  

 
Figure 16. XRD pattern of the HANPs. 

 
HANP Morphological Analysis: 
HANP morphology was determined using TEM and SEM techniques. The 
TEM micrographs showed that the dots were approximately 15 nm in diame-
ter (Fig 17A). Below a pH of 7.4, sheet-like particles formed (Fig 17B) with 
a slight contamination of long rod-like particles. The sheet particles were 75 
nm in length and 30 nm in diameter. Below pH 6, the resultant particles 
formed long rods (Fig 17C) and were 200 nm in length and 20 nm in diame-
ter. Below pH 4, fiber-like NPs formed, with a diameter of 60 nm and 
lengths between 1-4 µm (Fig 17D). The aspect ratio was similar independent 
of synthesis method i.e. hydrothermal or precipitation methods. As reported 
previously, aspect ratio increases with decreasing pH. The dots and sheets 
had an aspect ratio between 1-3, the long rods between 2.5-5, while the fi-
bers had the largest aspect ratio, ranging from 20-50. The aspect ratio is de-
termined kinetically by the surface energy of each lattice plane and the mo-
bility of surface ions. Initial calcium concentration, calcium/phosphate ratio, 
and pH, also have an affect on aspect ratio [122].  
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Figure 17. HANP TEM micrographs of dots (A), sheets (B), long rods (C), and 
fibers (D). 

SEM analysis further displayed that HANP morphology did not change after 
1 hour of suspension in serum free medium (Fig 18), expect for the fiber 
particles where the length decreased slightly, likely due to the use of soni-
cation.  
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Figure 18. SEM micrographs of the HANPs before and after 1h suspension in serum 
free medium. 

HANP particle size distribution after 1 hour of incubation in serum free me-
dium demonstrated that the HANP sizes ranged from 25nm to 85nm (Fig 
19). The sheets had a median size of 68nm, the dots were 33nm, the long 
rods were 37nm, and the fibers were approximately 50nm. The size distribu-
tion was similar to what was observed in the TEM and SEM analysis.  
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Figure 19. Particle size distribution of fibers (A), long rods (B), sheets (C), and dots 
(D) after 1 hour of suspension in serum free medium.  

 
HANP surface area analysis: 
The fibers had the smallest surface area (52.7 g/m2) compared to the other 
particle morphologies (Table 2). The sheets had the second smallest surface 
area (57 g/m2), followed by the long rod particles (71 g/m2). The dot parti-
cles had the greatest surface area with 91.5 g/m2. 

 

Table 2. HANP surface area  

HANP Morphology BET surface area  (g/m2) 
Sheets 58.6 

Long Rods 71.6 
Dots 91.5 

Fibers 52.7 

 
Calcium ion content and pH of HANP suspensions: 
The amount of free calcium found after incubating HANPs in serum free 
medium was significantly reduced by 59% with the addition of long rods, 
43% with the sheets, and 45% with the dots (Fig 20A). The fiber particles 
caused a 16% decrease in free calcium, although this difference was not 
statistically significant. Calcium is usually drawn to the surface of HANPs, 
thus this result is expected [123, 124]. The pH of the HANP suspensions was 
found to be comparable to the serum free medium control group (Fig 20B).  
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Figure 20. Calcium ion content (A) and pH (B) of HANPs 1 hour after suspension in 
serum free medium. * indicates significance (p<0.05) between control and long rods, 
dots, and sheets.   

 
Hydroxyapatite nanoparticle shape affects cell viability 
Fibers induced greater toxicity as shown by LDH and Alamar blue than the 
sheet particles when cultured with PMNCs (Fig 21A, 21B) and hDFs(Fig 
21A, 21D). Live dead imaging revealed the same effect, with less viable 
PMNCs and hDFs when in contact with the fiber particles. MNCs however, 
experienced greater toxicity when exposed to the dot particles (Fig 21A, 
21C).  
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Figure 21. Live cell viability images of PMNCs, MNCs, and hDFs (A). Cell viabil-
ity of PMNC, measured by the LDH assay (B), * indicates significance (p<0.05) 
between the sheets and fibers, MNC viability as determined by the LDH assay  (C), 
* indicates significance (p<0.05) between the dots and all other particles. hDF via-
bility evaluated by the Alamar blue assay (D), *,#, and + indicates significance 
(p<0.05) between the fibers and all other particles on 1, 2, and 3 days.  
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Nanoparticle morphology affects ROS production in PMNCs and MNCs  
Fibers stimulated the greatest amount of ROS production from PMNCs, 45% 
higher than the positive control as compared to the other particle morpholo-
gies (Fig 22A). This difference was however, was not statistically signifi-
cant. MNCs also released more ROS when exposed to the fibers than sheets 
or long rods (Fig 22B).  The fibers caused a 40% increase in ROS, while the 
sheets and the long rods only caused a 22% increase, compared to the posi-
tive control.  

 
Figure 22. ROS production from PMNCs (A) and MNCs (B) following exposure of 
HANPs. * indicates significance (p<0.05) between the sheets and fibers, and # indi-
cates significance (p<0.05)  between the long rods and fibers. 

Previous studies have shown that macrophages were unable to fully phago-
cytose asbestos fiber particles, causing super oxide anions and other perox-
ide radicals to be released to the outside of the cell, leading macrophages 
into the state of frustrated phagocytosis. Fiber particles can exhibit differing 
morphologies, such as straight, curved, entangled, etc. Straight fibers, pro-
duce more ROS and are incompletely taken up, leading to frustrated phago-
cytosis [125]. In the current study, straight fibers were used, which may ac-
count for the elevated ROS production for both cell types.  

Nanoparticle shape induces a change in neutrophil morphology 
After one hour of exposure to fibers PMNC cell membranes appeared to 
undergo blebbing, as seen in the light microscopy images (Fig 23D). The 
short rod particles also caused slight blebbing of the cell membrane. Mem-
brane blebbing is a characteristic morphological feature that occurs when 
cells undergo apoptosis.  
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Figure 23. PMNC morphology after 1 hour of exposure to long rods (A), dots (B), 
sheets (C), and fibers (D). Scale bar indicates 100 µm. 

During apoptosis, phospholipids, specifically phosphatidylserine (PS), which 
is kept intracellularly in the plasma membrane, is translocated to the outer 
surface of the cell membrane. This exposes PS to the extracellular space and 
further marks the cell for scavenger phagocytes, such as macrophages, to 
come and engulf the apoptotic cells [126]. Blebbing also occurs when the 
cytoskeleton is weakened, causing the cytosol of the cell to put pressure on 
unsupported parts of the plasma membrane [127]. Previous studies have 
shown that long and straight fibers cause incomplete uptake, resulting in 
disruption of the cytoskeleton [125].  

Nanoparticle morphology affects apoptosis 
PMNCs, MNCs, and hDFs all responded with increased levels of caspase 3/7 
activity after exposure to fibers as compared to the other particles (Fig 24). 
PMNCs (Fig 24A) cultured with the fibers showed a 20% increase in caspa-
se 3/7 activity compared to the other particle morphologies, although this 
difference was not statistically significant. MNCs (Fig 24B) exhibited a 50% 
increase, while hDFs (Fig 24C) exhibited a 200% increase in caspase 3/7 
activity when in contact with fibers, compared to all other particle morphol-
ogies. Furthermore, the long rod particles caused a 30% decrease in MNC 
caspase 3/7 activity compared to the sheet particles.  
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Figure 24. Caspase 3/7 activation of  (A) PMNCs (B) MNCs * indicates signifi-
cance (p<0.05) between the fibers and all other particles, + indicates significance 
(p<0.05) between sheets and long rods (C) hDFs * indicates significance (p<0.05) 
between fibers and all other particles. 

Caspase 3/7 activity is an indicator of cell commitment towards the apoptotic 
pathway. These caspases are the effector caspases and play a critical role in 
apoptosis by causing chromatin condensation, DNA fragmentation, and 
apoptotic body formation [128]. Asbestos fiber particles have been exten-
sively studied in fibroblasts and phagocytes [129, 130], however this is the 
first study on hydroxyapatite fiber particles. Fiber particles can also cause 
increased ROS production and activation of the inflammasome [15] as well 
as induce cell cycle delays, DNA damage, and apoptosis [131]. ROS acts as 
a secondary messenger in the apoptosis pathway [92, 132]. It has also been 
shown that caspase-3 is not only involved in ROS-induced apoptosis, but 
may also be activated by ROS [133-135]. Due to its high specific surface 
area, nanoparticles are able to have increased amount of contact with cells, 
making them highly reactive [136]. Studies have shown that particles with a 
higher specific surface area, such as the dots, induce increased levels of 
apoptosis compared to particles with a smaller surface area [137]. The ob-
served toxicity induced by the dot particles is thus in agreement with prior 
studies. Interestingly, the increase in toxicity induced by the dots did not 
occur via apoptosis, since caspase 3/7 activity was not elevated when MNCs 
were exposed to the dot particles. It is thus likely, that the dots instead initi-
ate toxicity via necrosis instead.  

Nanoparticle shape affects acute inflammation, in vivo 
H&E staining of tissues after HANP implantation showed slightly increased 
cell recruitment around fibers compared to the other particles (Fig 25A-E). 
Fibrotic capsule formation (Fig 25F) was also significantly thicker around 
the fiber particles (Fig 25D) compared to the long rods (Fig 25A). This 
thicker capsule indicated that the fibers caused the highest degree of inflam-
mation in the mice.  
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Figure 25. H&E staining evaluated 3 days after subcutaneous implantation of sheets 
(A), long rods (B), dots (C), and fibers (D) in Blab/C mice. Cell recruitment (E) and 
capsule thickness (F) was determined using ImageJ analysis. Scale bar represents 
100 µm.  

Fiber length and diameter are two important parameters that can modulate 
acute inflammation [138]. The dimensions of the fibers used in the present 
study, are similar to other fiber particles that have been reported to prolong 
inflammation. Fibers with a diameter below 100 nm, and a length of at least 
4 µm were shown to stimulate inflammation in the peritoneal cavity. The 
morphology of the fibers cause macrophages to undergo frustrated phagocy-
tosis, which can subsequently promote chronic inflammation. It is most like-
ly that the length of the HA fiber particles is the instigator of the observed 
inflammation in vitro and in vivo.  

 
 



 53 

Conclusions and Future Work 

The present work emphasizes the role that nanostructures play in modulating 
the inflammatory response.  

The present results show that macrophages adopt an elongated and flat-
tened morphology as well as produce greater amounts of intracellular ROS 
in vitro when cultured on alumina with 200nm pores versus membranes with 
20nm pores. When implanted in vivo, the 200nm membrane also stimulated 
greater production of proinflammatory cytokines and increased cell recruit-
ment to the implantation site, thereby suggesting that the larger pore size 
induces a more proinflammatory behavior. 

Primary human PMNCs produced higher total ROS when in contact with 
the 20nm alumina compared to the 100nm alumina membranes. Trolox, a 
Vitamin E derivative, was loaded into nanoporous alumina in order to scav-
enge ROS produced by PMNCs and MNCs. The release of Trolox occurred 
via burst release. After exposure to Trolox, PMNC ROS production was 
reduced by 8-30%, while MNC ROS was scavenged by 95%. Unlike MNCs, 
PMNCs exposed to Trolox exhibited a delay in ROS CL peak time when 
cultured on both polystyrene and nanoporous alumina. The antioxidant 
therefore seems to be working in a manner distinct from its antioxidative 
activity. Furthermore, nanoporous alumina membranes preloaded with 
Trolox were able to scavenge ROS produced from PMNCs and MNCs suc-
cessfully.  

Four distinct HANP morphologies (sheets, long rods, dots, and fibers) 
were synthensized and characterized. The fiber particles caused the highest 
amount of toxicity in PMNCs and hDFs. MNCs however experienced the 
greatest amount of toxicity following exposure to the dot particles. PMNCs 
and MNCs both produced the greatest amounts of ROS when treated with 
the fibers. Caspase 3/7 activity, a marker for apoptotic behavior, was also 
increased for all cell types following fiber exposure. In addition, when im-
planted subcutaneously in vivo, the fiber particles caused an increase in fi-
brotic capsule thickness compared to the long rod particles.  

Future work will focus on improving the drug release profile of Trolox 
from nanoporous alumina by chemically modifying or immobilizing Trolox 
to the membrane. Additionally, we will evaluate the inflammatory response 
to Trolox-conjugated nanoporous alumina not only with primary leukocytes, 
but also with platelets and the complement system, in vitro and in vivo.  
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In recent unpublished work we have observed interesting PMNC behavior 
following exposure to HANPs: a matrix, resembling NETs, was formed after 
exposure to fibers (Figure 26).  

 
 
Figure 26. PMNC NET formation following exposure to the fiber particles. 

NETs are released during PMNC induced cell death in order to trap extracel-
lular foreign material [61, 139]. Future work will focus on understanding the 
mechanism of how HANP morphology affects NETosis.  
 
There is increasing concern that exposure to nanoparticles during pregnancy 
can adversely affect fetal development [140]. Upcoming experiments will 
therefore also include a zebrafish exposure model to evaluate the effects of 
HANP morphology on embryological development.  
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Svensk sammanfattning 

Nanomaterial är material som består av komponenter mindre än 100 nm i 
åtminstone en dimension. Under de senaste två decennierna har intresset 
ökat för att undersöka användningen av nanomaterial i biomedicinska till-
lämpningar som till exempel i biosensorer, klinisk diagnostik, och vävnads-
regenerering. Nanostrukturer är inte bara konstgjorda, utan kan också hittas i 
naturen. Till exempel, innehåller vaxkristallerna som täcker ett lotusblad, 
spindelsilke och den extracellulära matrisen (ECM) som finns i kroppen 
komponenter av nanostorlek.  Alla material, inklusive nanomaterial, som är 
avsedda att användas i kroppen defineras som biomaterial. Nanostrukturer i 
form av partiklar, kristaller, eller porer, kan främja regenerering av vävnad 
genom att ”härma” funktioner hos nanostrukturerna i den extracellulära ma-
trisen. Att använda nanomaterial är därför en lovande strategi för biomedi-
cinska tillämpningar. 

Även om nanomaterial är fördelaktiga i många avseenden, kan överdriven 
exponering ge toxiska effekter och orsaka ökad produktion av reaktiva syre-
radikaler (ROS), DNA-skador och slutligen celldöd. En grundlig förståelse 
för interaktioner mellan celler och nanomaterial är nödvändig för att bättre 
kunna designa funktionella biomaterial. I det här avhandlingsarbetet utvärde-
ras vilken effekt nanostrukturer har på inflammation med hjälp av två olika 
modeller: nanoporös aluminiumoxid och hydroxyapatitnanopartiklar 
(HANP). 

Nanoporös aluminiumoxid har utvärderats för olika biomedicinska till-
lämpningar såsom en potentiell beläggning av benimplantat och beläggning 
av stentar för läkemedelstillförsel. Den första halvan av avhandlingen foku-
serar på hur storleken av nanoporer påverkar inflammation in vitro och in 
vivo. Makrofager odlades på nanoporös aluminiumoxid med två olika por-
storlekar, 20 nm och 200 nm. ROS-produktion och makrofagernas morfologi 
utvärderades i 7 dagar. Makrofager på material med 200 nm stora porer pro-
ducerade genomgående högre nivåer av ROS jämfört med makrofager på 
aluminiumoxid med 20 nm porer. Cellerna visade även en ”aktiverad” mor-
fologi (långsträckta och platta) när de odlades på aluminiumoxiden med 200 
nm porer, jämfört med en rund morfologi som kunde ses på aluminiumoxid 
med 20 nm porer. Aluminiumoxidmembran implanterades även subkutant i 
möss i två veckor för att utvärdera fibrotisk respons och produktion av proin-
flammatoriska cytokiner runt implantaten.  Membranen med 200 nm porer 
gav upphov till en större produktion av cytokiner samt gav ökad cellrekryte-
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ring till området kring implantatet, vilket tyder på att den större porstorleken 
inducerar ett mer proinflammatorisk beteende. 

För att minska ROS-produktionen laddades nanoporösa aluminiumoxid-
membran (20-, 100-, och 200 nm i pordiameter) med Trolox. Antioxidanten 
Trolox är ett hydrofilt E-vitaminderivat som effektivt neutraliserar ett flertal 
fria radikaler. Primära humana polymorfonukleära celler (PMNC) och mo-
nonukleära celler (MNC) med och utan tillsats av Trolox utvärderades. 
PMNCs producerade högre total ROS mängd när de odlades på aluminium-
oxidmembran med 20 nm stora porer jämfört med 100 nm porer. Produkt-
ionen av ROS hos MNC påverkades dock inte av porstorleken. Aluminium-
oxidmembranen laddades sedan med Trolox och frisättningen utvärderades. 
ROS-produktionen för PMNC minskade med 8-30%, medan ROS för MNC 
minskade med hela 95%.  

Nanopartiklar används i en ökad omfattning i många olika produkter 
såsom i kosmetika, livsmedel, kläder och elektronik, därav ökar även sanno-
likheten och intensiteten för exponering. Partiklar gjorda av hydroxyapatit 
(HANP) har tex utvärderats som potentiella läkemedelstransportörer och 
benersättningsmaterial.  Dessa partiklars effekt på immunförsvaret har tidi-
gare inte utvärderats i någn större omfattning.  

Den andra halvan av avhandlingen fokuserar därför på hur nanopartiklars 
morfologi påverkar immunförsvaret in vitro och in vivo. Hydroxyapatit med 
distinkta morfologier (långa stavar, plattor, prickar (dots)och fibrer) synteti-
serades och exponerades för PMNC, MNC och fibroblaster. Förändringar i 
cellviabilitet, ROS, morfologi och apoptotiskt beteende utvärderades. Viabi-
liteten för PMNC och fibroblaster minskade med fibrer, medan prickar 
minskade viabiliteten hos MNC Fiberpartiklarna stimulerade däremot en 
högre ROS produktion från både PMNC och MNC, och orsakade ökad cell-
död. Där efter inplanterades partiklarna subkutant i möss. Efter 3 dagar ut-
värderades inflammationen runt partiklarna. Fiberpartiklarna orsakade även i 
detta fall den kraftigaste inflammationen.  

Sammanfattningsvis bekräftar denna avhandling nanostrukturers bety-
delse vid modulering av inflammation, och kommer förhoppningsvis att 
stimulera till fortsatta studier om hur nanomaterial samverkar med de biolo-
giska systemen. 
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