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Characterization of nanotopographical effects on macrophage and

foam cell behavior in function and activation

Student: Chia-Wei Chen Advisor: Dr. Guewha Steven Huang

Institute of Material Science and Engineering Graduate Program For
Nanotechnology
National Chaio Tung University

ABSTRACT

Macrophage play an important role in modulating the function of human body, and
foam cell differentiating from macrophage is also the major factor in Atherosclerosis.
In the present day, many artificial bie-implant-have been designed and applied to many
category. So it is an vital issue to-consider the interaction between macrophage and
artificial bio-implant surface. In our research, we use silicon based substrate to build
nanodot arrays ranging from 10-nm to 200-nm, and seed macrophage isolating from
mouse peritoneal on nanodot arrays. Then we further differentiae macrophage into foam
cells by LDL.

In the morphology experiment, the outcome of cell adhesion area are that 10-nm,
50-nm,100-nm increase respectively 6.17% ~ 25.7% ~ 9.63% cell adhesion area compare
with flat surface and 200-nm decrease visibly 14.74% ,accompanied with apoptosis-like.
Foam cells increase respectively 7.11% and 12.4% cell adhesion area on 10-nm and

50-nm surface and decrease 6.5% and 7.8% on 100-nm and 200-nm surface compare
\Y



with flat surface. We may imply that 50-nm surface has more bio-compatibility than

200-nm surface in terms of macrophage and foam cell . According to immunostaining,

we found that 50-nm shows the more viculin and actin filament distribution in 50-nm

surface than other nanodot size, which indicate that 50-nm surface promote cell

adhesion and cytoskeleton organization. On the contrary, 200-nm surface hinders cells

from adhesion and inhibits the organization of cytoskeleton. In terms of cell

lamellipodia length, 100-nm and 200-nm shows the most extended lamellipodia of all

nanodot size. It reveals that macrophage and foam cell execute their innate immune

function on the surface of 100-nm and 200-nm. Then we perform a cell viability test,

judging from the statistics, macrophage and foam cells seeding on 50-nm surface have

the most viability and the less viability on 200-nm surface. The outcome accord with the

previous inference that 50nm surface has the more bio-compatibility than 200-nm

surface.

In the gene experiment, we utilize RP-PCR to observe the gene expression of

macrophage and foam cells. The outcome reveals that 100-nm and 200-nm surface have

apparently inflammation gene expression for macrophage and 10-nm surface also have

inflammation for foam cell.

In our outcome, we may infer that nanostructure can modulate macrophage and

foam cell in cell growth, cell density and cell spread area, immune function with size

Vi



dependently. Macrophage and foam cell on 50-nm surface have less inflammation and

more adhesion area. Possible application of nanostructure on the artificial implants is

expected.

Keywords: cell adhesion; nanotopography; macrophage; foam cell; cell spread area;

activation
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Chapter 1: Introduction

1.1 Atherosclerosis

It is well known that Atherosclerosis is a chronic immune-inflammatory disease that
leads to cardiovascular and the features of atherosclerotic plaques illustrate that
atherosclerosis is a complex disease, and many components of the vascular, metabolic, and
immune systems are involved in this process.(1-3) The source of atherosclerotic is depending
on the interaction of monocytes with activated luminal endothelium. This interaction is a vital
event leading to atherosclerotic alteration of the arterial intima. (4-5) When monocytes
migrate into the subendothelial layer of the intima, they differentiate into macrophages or
dendritic cells.(6). On the surface of subendothelial ~layer are fulled with atherogenic
lipoproteins. When macrophages swallow up-lipoproteins, they will transform into foam cells.
Foam cells aggregate to form the atheromatous core and as this process progresses, the
atheromatous centres of plaques become necrotic, consisting of lipids, cholesterol crystals and

cell debris .(7)

1.2 Mechanisms of foam cell formation

Foam cells are the hallmark of the arteriosclerotic process and the formation from
macrophages with subsequent fatty streak formation plays a key role in early atherogenesis.

Foam cell formation is thought to be induced by Low Density Lipoproteins (LDL), including
1



oxidized LDL (OxLDL) or minimally modified LDL (mmLDL).(8) It is fundamental

importance to understand the molecular mechanisms involved in OxLDL and mmLDL

induced foam cell formation for atherosclerosis and cardiovascular disease. It is commonly

accepted that modified lipoproteins and lipoproteinaggregates are internalised by

macrophages through a scavenger receptor pathway. Scavenger receptors were initially

described in cultured macrophages wherethey mediate cholesterol uptake from modified

lipoproteins, determining the formation of lipid-loaded macrophages that resemble foam cells

present in atherosclerotic lesions. (9) There are many gene expression involved in the stage of

macrophage transformation into a foam cell. The expression of scavenger receptors by

macrophages has been shown also in specimens.of human atherosclerotic arteries (7, 10). The

results of the experiments investigating the significance of SR-A and CD36 in atherogenesis

are controversial. Several studies have demonstrated that deletion of the gene locus that codes

for SRA-I and SRA-I1 (Msrl) or deletion of CD36 in hyperlipidemic mouse models markedly

decreased atherosclerosis and arterial lipid accumulation(11-13). These findings suggest that

the uptake of ox-LDL by SR-A and CD36 may constitute the major pathways for foam cell

formation in vivo and that lipid uptake by either receptor is a proatherosclerotic event

1.3 Implant

Implants such as dental, orthopedic, percutaneous, subcutaneous, and auditory interact



with different cells and tissues, which would be expected to respond to surfaces differently. A

single surface topography will not serve all tissues equally well since cells of different origins

prefer for different surface roughness.(14-15) Monocyte and macrophage cells play a key role

in mediating host tissue response to implants in the foreign body reaction.(16-18) This

response is characterized by non-specific protein adsorption onto the implant surface,

followed by monocyte attachment and differentiation into adherent macrophage cells on the

surface. Monocyte/macrophage cytokine responses to bio-materials have been examined both

in vitro and in vivo. Many studies have shown differential monocyte and macrophage

responses to various biomaterials using inflammatory cytokines such as TNF-a, IL-1b,IL-6,

and IL-8 as indicators of cellular -activation.(19-20) So: it is an important issue to design

specific implant surface topographies - to support attachment and function of the monocyte or

macrophage in contact with the implant.

1.4 surface topology interact with cell

Surface topology encodes information that directs cell behavior (21-25). Cells detect and

respond to specific ligands and spatial organization of the scaffoldings known as the

extracellular matrix (ECM). The ECM consists of collagen and elastin fibers in 10-300 nm

diameters intertwined into a landscape of peaks, valleys, and pores (26). Since ECM contains

structures from micro-scale down to nano-scale, it is hypothesized that cells respond to both



micro-structure and nano-structure.

Micro-scaled landscapes have been fabricated to direct growth of cultured cells. When

cultured on ridges and grooves of nanoscale dimensions, cells migrated more extensively to

the ridges than into the grooves. Cell shape was aligned and extended in the direction of the

grooves (23, 27). It has been shown that three-dimensional micro-structure that mimics ECM

provides environment for in vivo growth of cells. Osteoblasts grown on a fibrous matrix

composed of multiwalled carbon nanofibers (100 nm in diameter) exhibited increased

proliferation compared to flat glass surfaces (28-29). Breast epithelial cells proliferate and

form multicellular spheroids on interwoven polyamide fibers fabricated by electrospinning

polymer solution onto glass slides-(30). Nanofibers-of-ca 100 nm in diameter have been

fabricated to mimic the three-dimensional fibrous structure of the extracellular matrix (25, 29).

3-D nanofibrillar surfaces covalently modified with tenascin-C-derived peptides enhance

neuronal growth in vitro (31). The three dimensionality and nanofibrillar architecture of ECM

may represent another essential element in signal transduction pathways and cellular

physiology. Nanotopography can activate the small GTPase Rac. The activation of Rac was

accompanied by changes in cell morphology and proliferation, Rac localization, fibronectin

deposition, and the organization of actin filament based networks (30). Although cellular

response to microtopography has been intensively investigated, the nanotopography that cells

respond to and molecular apparatus that sense and transmit spatial signal from membrane to



nucleus are not clearly defined at the present time.

Nanotopography-induced cellular response has been explored using nanoislands.

Nanoislands were fabricated through varying the polymer blend and allowing spontaneous

demixing (32). Strong influence on the formation of focal adhesions, reorganization of

cytoskeleton, and change in the mobility is observed (33). The cell manages initial fast

organisation of cytoskeleton in reaction to the islands (34). It has been observed that

13-nm-high islands induce cell spreading and proliferation, while 160-nm islands retard

attachment of filopodia. A gene expression study using microarray indicates down regulation

for genes associated with cytoskeletonsfor cells grown onto 95-nm deep nanoislands. The

cells respond to the islands by broad gene up-regulation, notably in the areas of cell signaling,

proliferation, cytoskeleton, and production’of extracellular matrix protein (35). However, the

topography consists of nanoscale islands with controllable heights of tens to hundreds of

nanometers, however with a large variation in diameter (36).

The current study is based on the hypothesis that signal transduction pathways must exist

that transmit a nanotopography-induced special signal that directs cellular behavior from

extracellular domain to the nuclear area where genetic control occurs. Arrays of nanodots

with defined diameter and depth can be fabricated by using aluminum nanopores as a

template during oxidation of tantalum thin films (36). The pore size of aluminum oxide is

controllable and uniformly distributed; the depth of dots depends on the voltage applied; thus,



it can serve as a convenient mold to fabricate tantalum into a nanodot array of specific

diameter and depth. The structure containing nanodots of uniform size could serve as a

comparable nanolandscape to probe cellular response at the molecular level. Although, many

implant surface topographies are commercially available, there is generally a lack of detailed

comparative histological studies at the nano-interface that document how these surfaces

interact with monocye and macrophage.

In our studies, we have shown differential growth of macrophage and foam cells onto

nanodot arrays with dot diameters ranging from 10-nm to 200-nm. Cells grew normally on the

50-nm dots and on 10-nm surfaces. However, 200-nm nanodot arrays induced apoptotic

events. The occurrence of apoptosis is mediated by -the formation of focal adhesions.

Application of assembly containing a range of nanostructures should be capable of obtaining

parameters that are useful in the designing and evaluation of artificial implants in tissue

engineering.



Chapter 2. Materials and Methods

2.1Chemicals

DMEM, FBS, antibiotics, and all other tissue culture reagents were obtained from
GIBCO. Glutaraldehyde and osmium tetroxide were purchased from Electron Microscopy
Sciences (USA). Anti-vinculin mouse antibody was purchased from Abcam (USA). Alexa
Fluor 594 phalloidin, Alexa Fluor 488 goat anti-mouse IgG, were purchased from Invitrogen
(USA). Trypsin was purchased from Sigma (USA). CuSO4, KBr, thiobarbituric acid,
trichloroacetic acid, and other commonly used chemicals were purchased from Sigma or
Merck
2.2 Isolation of LDL

LDL was isolated from human. plasma .in-the density range 1.019-1.063 by
ultracentrifugation as described. Human plasma was isolated from volunteer blood by
centrifugation 15 minutes at 3000 rpm, 4 “C in the presence of 0.3mM EDTA followed by
ultracentrifugation at 40,000 rpm for 20 hours at 10 “C. VLDL was removed as the top layer.
Potassium bromide was added to a final density of 1.063 followed by ultracentrifugation at
40,000 rpm 10 C for 20 hours. Typically, 4 ml LDL was derived as the top layer from each
preparation of 50 ml human serum. The purity of LDL was justified by HPLC procedure

using Superdex (Waters) gel filtration column. The isolated LDL was dialyzed against PBS



to remove KBr. Protein concentration was measured by optical reading at 280nm. Typical

protein concentration was about 15 mg/ml using this procedure.

2.3Copper oxidation of LDL

Copper oxidation was performed as described in Mao et al(37). LDL and incubated at 37

“C for 4 hr. The reaction was terminated by the addition of excess EDTA followed by dialysis

in excess of PBS. TBAR assay was performed to monitor oxidation.

2.4Detection of TBARS(TBA assay)

The colormetric thiobarbituric acid (TBA) assay with minor modification was utilized to

justify lipid peroxidation. Fifty ul of sample was added to 300 ul of 20% trichloroacetic acid

(TCA), followed by the addition -0f+300 ul of 0.67%-TBA in 0.05N NaOH and mixed

vigorously. The mixture was incubated~at 80"= 90° C for 30 minutes to develop the

MDA-TBA adducts followed by a centrifugation at 3000 rpm for 5 minutes. Subsequently,

300 pl supernatant were transfered in duplicates onto a 96-well microtiter plate and optical

density was measured at 540nm using an ELISA plate reader

2.5 Isolation of mouse peritoneal macrophages

Resident peritoneal macrophages were isolated and cultured from 5 mice (-20g each) and

were washed Ix with Dulbecco’s modified Eagle medium (DMEM) and Ix with DMEM

containing 10% fetal bovine serum. The cells were added to different sizes nanodot in DMEM

containing 10% fetal bovine serum and 100 pg/ml penicillin and culture for 48 hrs at 37°C in



an incubator containing 5% CO2 with 90% humidity. The non-adherent cells were removed

and the monolayers were then placed in DMEM containing 10% fetal bovine serum
supplemented with 100 ug/ml oxidized LDL or acetyl LDL and plates were further incubated
for additional 24 to 48 hrs..
2.6 Oil red 0 staining

Monolayers of macrophages prepared on nanodot surface were fixed with 10%
formaldehyde in PBS (pH 7.4) for 10 minute at room temperature, and then stained with Qil
Red 0 and counterstained with hematoxylin for 10 minutes(38).
2.7 Fabrication of nanodot arrays

Nanodot arrays were fabricated as described previously (36, 39). A TaN thin film of 150
nm in thickness was sputtered onto a 6-inch silicon wafer followed by deposition of 3
um-thick aluminum onto the top of a TaN layer. Anodization was carried out in 1.8 M sulfuric
acid at 5 Wolts for the 10-nm nanodot array, or in 0.3 M oxalic acid at 25 Volts, 60 Volts, and
100 \olts for 50-nm, 100-nm, and 200-nm nanodot arrays, respectively. Porous anodic
alumina was formed during the anodic oxidation. The underlying TaN layer was oxidized into
tantalum oxide nanodots using the alumina nanopores as template. The porous alumina was
removed by immersing in 5 % (w/v) H3PO,4 overnight. The dimension and homogeneity of
nanodot arrays were measured and calculated from images taken by JEOL JSM-6500

TFE-SEM.



2.8 The cells viability assay.

Cells were harvested and fixed with 4% formaldehyde in PBS for 30 min followed by

PBS wash for three times. And membrane was permeated by incubating in 0.1 % Triton

X-100 for 10 min, followed by PBS wash for three times. The sample was incubated with

4' 6-diamidino-2-phenylindole (DAPI) and phalloidin for 15 min at room temperature.

2.9 Scanning electron microscopy (SEM)

The harvested cells were fixed with 1% glutaraldehyde in PBS at 4 9 for 20 minutes,

followed by post-fixation in 1% osmium tetraoxide for 30 min. Dehydration was performed

through a series of ethanol concentrations (10-min-incubation each in 50%, 60%, 70%, 80%,

90%, 95%, and 100% ethanol) and-air.dried. The specimen was sputter-coated with platinum

and examined by JEOL JSM-6500 TEE-SEM at an aceelerating voltage of 5 keV.

2.10 Immunostaining

Cells were harvested and fixed with 4% paraformaldehyde in PBS for 15 min followed

by PBS wash for three times. Membrane was permeated by incubating in 0.1 % Triton X-100

for 10 min, followed by PBS wash for three times, blocked by 1 % BSA in PBS for 1 hr, and

PBS wash for three times. The sample was incubated with anti-vinculin antibody (properly

diluted in 0.5 % BSA) and phalloidin for 1 hr, followed by incubating with Alexa Fluor 488

goat anti-mouse antibody for 1 hr followed by PBS wash for three times.

10



2.11 Quantitative real-time RT-PCR

Total RNA was extracted from macrophage and foam cell using TRI-reagent (Talron
Biotech) according to the manufacturer's specifications. The RNA was isolated using
chloroform extraction and isopropanol precipitation. The crude RNA extract was immediately
purified with an RNeasy Mini Kit (Qiagen) to remove impurities and unwanted organics.
Purified RNA was resuspended in DEPC water and quantified by ODgp. The OD2go-t0-OD2gp
ratio usually exceeded 2.0 at this stage. For cDNA synthesis, 1 ug total RNA was annealed
with 1 pg oligo-dT, followed by reverse transcription using SuperScript® Il Reverse
Transcriptase (Invitrogen) in a total volume of 50 ul. Between 0.2 and 0.5 pl of the reverse
transcription reactions were used for quantitative real-time PCR using SYBR Green | on an
iCycler iQ5 (Bio-Rad Laboratories)."Cycling conditions were as follows: 1x [5 min at 95°C]
and 50x [20 s at 95°C, 20 s at 55°C, and 40 s at 72°C]; fluorescence was measured after each
72°C step. Expression levels were obtained as threshold cycles (Ct), which were determined
by the iCycler iQ Detection System software. Relative transcript quantities were calculated
using the AACt method. The GAPDH, were used as reference genes and were amplified from
the same cDNA samples. The difference in threshold cycles of the sample mRNA relative to
the GAPDH, mRNA was defined as ACt. The difference between the ACt of the untreated
control and the ACt of the SMF-treated sample was defined as AACt. The fold change in
mRNA expression was expressed as 22", The results were expressed as the mean = SD of six

11



experiments.

Table 1. Primer sequences

Symbol Annotation Primer sequence (5* 23”)
GAPDH Housekeeping gene F? ATAGAATTGAAGACCCAGAA
R*:CCACTTTCTCCTCTATAAGTTTTA
L-18 Housekeeping gene F:CAAATGCTACAGCCTACCAGAAG
R:GCCATGTGGATTAGCCTCACTTC
TNF-a Cytokines F: CATGCCGTTGGCCAGGAGGG
R: CAAGCACAGAGGGCACCGCA
1L-6 Cytokines F TCCTTTTTCCTTATCTCTTTGCC
R: GCCTCTAACTCACAGAGATCTTCC
CCL-2/MCP-1 Chemokines F::CACAGTTGCCGGCTGGAGCA
R: CAGGGAGGGCCGGGGTATGT
CCL-3/MIP-1 Chemokines F:GAATTGGCGTGGAATCTTCC
R:TCTGTACCATGACACTCTGC
PECAM Adhesion molecule F: GTCATGGCCATGGTCGAGTA
R: CTCCTCGGCATCTTGCTGAA
VEGF Adhesion molecule F:-TGCCAGACTACACAGTGCATACGTG

R: AAGCCTCTGCGCTTCTCACC

12



Chapter 3: Results and Discussion

3.1 Substrate fabrication and characterization

Nanodot arrays with dot diameters of 10-nm, 50-nm, 100-nm, and 200-nm were
fabricated as described previously by anodic aluminum oxide (AAQ) processing on
tantalum-coated wafer (36). Diameters are 15+2.8 nm, 58.1+5.6 nm, 95.4+9.2 nm, and
211.5£30.6 nm for 10 nm, 50 nm, 100 nm, and 200 nm dot arrays, respectively (Figure
1A,1B). The average height was 11.3+2.5, 51.3+5.5, 101.1+10.3, and 154.2+27.8 nm,

respectively. Dot-to-dot distance was 22.8+4.6 nm, 61.3t6.4 nm, 108.1+2.3 nm, and

194.2+15.1 nm, respectively (39) . Di‘meﬁsiqr}s of_:h%iho‘dots were well-controlled and highly

— il A

defined.

(B) Flat 10nm  100nm  200nm

Figure.l Tantalum-based nanodot arrays fabricated by AAO processing. (A) Schematic

representation for the fabrication of nanodot arrays. (B) High resolution scanning electron

micrographs of nanodot surface: Flat, 10-nm, 50-nm, 100-nm, and 200-nm
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3.2 To quantitatively determine ox-LDL

LDL was isolated from volunteer serum and detected by lowry method to determine the
concentration of protein. The extent of LDL oxidation is determined by measuring the
TBARS using malondialdehyde as a standard. Incubation of LDL with copper resulted in a
significant MDA formation at 2 h, with a time-dependent increase observed up to 10 h. The
extent of lipid peroxidation in oxidized LDL mediated by copper incubation increased the

peroxidation of LDL compared to the control (Fig 2).

300 —

250 -

xon -

150 —

TBARS({nmol'mg protein)
1

h
L=
1

-1 o 1 2 3 4 4 ] T ] a 10 "

Cus 04treamalt time

Fig.2. Oxidation level of LDL on Cu*-induced lipid peroxidation. LDL is isolated and
incubated with 15y M CuSO,4 for 0~10 h at 37" C. The data’s are from three repeats from

independent experiment for each group.
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3.3 Nanotopography modulated morphology of macrophage and foam cell

Oxidized low-density lipoprotein (oxLDL) has previously been thought to promote

atherogenesis through foam cell formation. Hence we demonstrate the effect of nanodot

arrays on oxLDL-induced foam cell formation by the Oil-Red O and hematoxylin staining

method. In contrast to control cells, cells treated with ox-LDL (100u g/ml) (TBARS

approximately 250 nmol/mg protein) exhibits extensive Oil-Red O droplets (Fig. 3).

Compared to its native shape on flat controls after 48 h culture, it seems that macrophage

grown on 50-nm nanodot array showed more extended morphology with apparent larger

surface area for each cell and foam cell also haver more extended surface area on 50-nm

nanodot array. However, macrophage and foam cell"grown on 100-nm exhibited distorted

morphology with shrinking surface. The"apoptosis-like appearance and the reduction in

spread area are mostly enhanced for cells seeded on 200-nm nanodots arrays. We also counted

the oil number in foam cell with each nanodot arrays (Fig. 4) . We found that 10-nm has more

oil distribution than nanodot sizes.

Macrophage and foam cell were still examined by SEM to observe cell morphology (Fig. 5

and 6). It could be clearly observed that macrophage and foam cell culture on 50-nm surface

had 1.5-fold increase in spread area and significantly decrease on 200-nm surface ompared to

flat.

In Fig 7, we showed the statistics of macrophage and foam cell surface area on different
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size nanodot. The statistics revealed that 50-nm increased significantly 25.7% cell adhesion
area and 200-nm decreased apparently 14.7% compared with flat surface. Foam cells
increased 12.4% cell adhesion area on 50nm surface and decreased 7.8% on 200-nm surface
compared with flat surface. We also measured the lamellipodia length of macrophage and
foam cell (Fig. 8). Macrophage and foam cell showed the more lamellipodia length on
100-nm and 200-nm surface, and decreased with nanodot sizes reduction. We might infer that
macrophage and foam cell were sensitive to larger nanodot sizes to execute their immune
function. When seeding on the surface of 100-nm and 200nm, macrophage and foam cell
might want to stretch their arm to engulf the particle of nanodot, in which might the reason for
cells on 100-nm and 200-nm with disterted morphology.

To a brief summary, macrophage and-foam cell seeded on 50-nm nanodots showed most
extended morphology, with largest surface area. However, cell grown on 200-nm surface,
with significant reduction in the surface area, and it represented that 200-nm surface promoted

unhealthy cell growth.
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Macrophage Foam cell

Fig. 3. Macrophage and foam morphology change on topographical surface with hematoxylin

and Oil Red 0 staining. Macrophage were grown on Flat ,10-nm ,50-nm ,100-nm ,and 200-nm

nanodot arrays for 3days and their morphology imaged by optical microscopy
17
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Fig. 4. Oil numbers of foam cell .Foam cell were grown on Flat ,10-nm ,50-nm ,100-nm ,and

200-nm nanodot arrays for 3days and their oil number counted by image j pro.
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10000X

50-nm

100-nm

10.0um

200-nm

Fig. 5. Morphology of macrophage cultured on nanodot arrays .Macrophage were grown on

Flat ,10-nm ,50-nm ,100-nm ,and 200-nm nanodot arrays for 3days and their morphology

imaged by scanning electron microscopy
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10000X

100-nm

Fig. 6. Morphology of foam cells cultured on nanodot arrays .Foam cells were grown on

Flat ,20-nm ,50-nm ,100-nm ,and 200-nm nanodot arrays for 3 days and their morphology

imaged by scanning electron microscopy
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Macropage (B) Foam cell (C) Macrophage compared with foam cell
days. The viable cells are counted and percent adhesion area relative to cells cultured on a flat
surface (0 nm) is calculated and graphed against the nanodot diameter. The graphs show
lamellopodia length of macrophage and foam cells. Each value is averaged from at least 6

independent experiments. The error bars are the standard errors. The curves for best fit are

derived using original software.
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Fig. 8 Cell lamellopodia length versus dot diameter for cells cultured on the nanodot arrays.
(A) Macropage (B) Foam cell (C) Macrophage compared with foam cell Cells are cultured
for 3 days. The viable cells are counted and percent lamellopodia length relative to cells
cultured on a flat surface (0 nm) is calculated and graphed against the nanodot diameter. The
graphs show lamellopodia length of macrophage and foam cells. Each value is averaged from
at least 6 independent experiments. The error bars are the standard errors. The curves for best

fit are derived using original software.
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3.4 Nanotopography modulated cell adhesion and cytoskeleton organization of macrophage

and foam cell

To evaluate cell adhesion and cytoskeleton reorganization, immnostaining specific to

vinculin and actin filaments was performed on nanodot arrays (Fig. 9 and 10 ).

Immunostaining of vinculin showed that well distributed for macrophage grown on on the

10-nm, with highest density of vinculin occurred to cells grown on 50-nm nanodots arrays

(Fig 11). Nevertheless, the amount of vinculin staining decreased on 100-nm nanodot array

and almost disappeared for 200-nm nanodot arrays. For foam cells, the mount of vinculin

significantly decreased than macrophage in all nanodot size. It revealed that foam cell had few

focal adhesion molecules than macrophage when-grown on nanodot arrays and might have the

destiny of apoptosis. Immunostaining of actin filaments indicated that well organized actin

filaments were visible for macrophage grown on flat, on 10-nm, and on 50-nm nanodot array

but gradually lost for 100-nm and completely disappeared for 200-nm arrays. For foam cells,

it also could be observed that cytoskeleton arrangement was gradually lost for cells grown on

100-nm and completely disappeared for 200-nm arrays.

Immunostaining indicated that in the range of 10-nm to 100-nm nanodot promoted cell

adhesion and cytoskeleton organization for macrophage and foam cell. Best adhesion

occurred at 50-nm. Nanodots of 200-nm retarded the formation of focal adhesions and

inhibited the organization of cytoskeleton.
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vinculin merge

Flat

50-nm

100-nm

200-nm

Fig. 9. Immunofluorescent staining shows distribution of vinculin in macrophage cultured

on nanodot arrays. Macrophage were seeded on Flat ,20nm ,50nm,100nm and 200nm nanodot

arrays for 2 days and their morphology observed by Confocal micoscopy. Scale bar = 25um.
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vinculin merge

Fig. 10. Immunofluorescent staining shows distribution of vinculin in foam cells cultured on

nanodot arrays. Foam cells were seeded on Flat ,10nm ,50nm,100nm and 200nm nanodot

arrays for 2 days and their morphology observed by Confocal micoscopy. Scale bar = 25um.
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Fig. 11. Cell focal adhesion versus dot diameter for cells cultured on the nanodot arrays. (A)
Macrophage (B) Foam cell Cells are cultured for 3 days. The viable cells are counted and
percent focal adhesion relative to cells cultured on a flat surface (0 nm) is calculated and
graphed against the nanodot diameter. The graphs show focal adhesion of macrophage and
foam cells. Each value is averaged from at least 6 independent experiments. The error bars are

the standard errors. The curves for best fit are derived using original software.
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3.5 Nanotopography modulated cell density

To evaluate the cell density of macrophage and foam cells on varied nanodots, cell were

seeded on nanodot arrays with flat control. Macrophage and foam cell were cultured for 72hr

then DAPI staining was performed to verify cell numbers on each nanodot arrays and flat (Fig.

12 ). Statistics of cell density compared with flat control was shown on Fig 13. Macrophage

were 27.3%, 49.7%, and 6.0% increment of viable cells for 10-nm, 50-nm, and 100-nm,

respectively, but 34.3% reduction observed on 200-nm. For foam cells, 15% increment was

observed on 50-nm, and 36.8% dramatically reduction occurred on 200-nm.

To sum up, for macrophage and foam cells, the cell:density reached the maximun on 50-nm

nanodot and droped significantly on 200-nm surface: It-might reveaded that 50-nm surface

promoted cell to adhesion and 200-nm surface prevented cell from growth.
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Macrophage Foam cell

Fig. 12. Immunofluorescent staining shows distribution of DAPI of foam cells cultured on

nanodot arrays. Foam cells were seeded on Flat ,10nm ,50nm,100nm and 200nm nanodot

arrays for 3 days and their morphology observed by fluorescence micoscopy.
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Fig. 13 Cell density versus dot diameter for cells cultured on the nanodot arrays.(A)
Macrophage (B) Foam cell Cells are cultured for 3 days. The viable cells are counted and
percent density relative to cells cultured on a flat surface (0 nm) is calculated and graphed
against the nanodot diameter. The graphs show viability of macrophage and foam cells. Each
value is averaged from at least 6 independent experiments. The error bars are thestandard

errors. The curves for best fit are derived using original software.
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3.6 Effect of Nanotopography on the expression of inflammatory mediators.

The cytokine gene profile of macrophaage and foam cell cultured on nanodot arrays was

measured at 72 hr using RT-PCR. The cytokines examined were categorized into TNF-a, IL-6

(Gene expression of the inflammation) and CCL-2, CCL-3(Gene expression of acute

inflammation and PECAM, VEGF (Gene expression of the adhesion molecules). Figs. 13 ~ 14

and 15 show the relative gene expression of topography-induced normalized to flat (O nm),

respectively. During the 72hr stages of cell adhesion and morphology change, macrophage

show the more gene expression of inflammation on 10-nm and 200-nm nanodot arrays,while

the difference was not significant compare with flat and could be ignored. Foam cell showed

the most inflammation gene expression on 200-nm, we might infer that foam cell on 200-nm

might have the pathway of apoptosis.. The common acute inflammation gene expression of

CCL-3 responded significantly to topography of 100-nm and 200-nm nanodot arrays for

macrophage, and it revealed that macrophage in the larger size would the situation of acute

inflammation. However the foam cell showed the most acute inflammation on the 10-nm, it

might be relative to the amount of LDL engulfed by macrophage. Topographical effect on

VEGF gene expression of macrophage showed that the smaller size nanodot arrays might

have more adhesion molecules. For foam cell, the PECAM gene was an index to judge the

level of macrophage engulfed ox-LDL and we found that 10-nm has the more oil distribution

than other size.
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Figure. 14. Gene expression of the Cytokines, (A) Macrophage (B)Foam cell with cells
cultured on nanodot arrays with different sizes for 72 hours. Real-Time RT-PCR results of the
cytokine (IL-10, TNF-a and IL-6), Each value is averaged from at 3 independent experiments.

The error bars are the standard errors.
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cultured on nanodot arrays with different sizes for 72 hours. Real-Time RT-PCR results of the
Adhesion molecules CCL-2,CCL-3), Each value is averaged from at 3 independent

experiments. The error bars are the standard errors.
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The error bars are the standard errors

33



Chapter 4: Discussion

Adhesion, cell spread area, cell lamellipodia length, and cell density of macrophage and
foam cell to its underlying topography was clearly observed on nanodot arrays. We also
observed distinctive trends in morphology of macrophage and foam cell changed to the
topography. Macrophage and foam cells studied in our system showed that cell spread area
increased with decreasing topography, but only to a limit of 50 nm before the trend diverged.
However, the cell lamellipodia length showed the more on 100-nm and 200-nm. So
macrophage and foam cell appeared to be relatively sensitive to nanotopography in the range
of 100-nm to 200-nm, preferring to respond ta:200-nm. The phenomenon appears to mirror
that of phagocytosis, where macrophages preferentially internalize particulates in the micron
range over the nanometric range, with ‘peak phagocytosis observed with particles of
approximately 2 g m in diameter(40). With the size increased, we might postulate that
macrophage and foam cell preferred to stretch their arm and wanted to engulf the particles on
nanodot arrays in size dependent.

In the part of RT-PCR, TNF-a and IL-6 gene has been implicated in inducing apoptosis
of adherent macrophage and foam cell on biomaterials(41). By measuring the functional
response of macrophages and foam cell, our results showed that macrophages and foam cell
does not have significant respond to topographical in TNF-a and IL-6 genes. CCL-2

(macrophage chemoattractant protein-1), a chemokine that recruits macrophage and promotes
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migration, our results showed that still does not have significant respond to topographical in

CCL-2 genes. While CCL-3 was involved in chemotaxis and recruitment of monocytes and

leukocytes during the inflammatory response, and the trend of CCL-3 expression to

macrophage and foam cell were contract to nanodot size. In macrophage, CCL-3 gene

expression showed the more on 100-nm and 200-nm, and it meant macrophage on the surface

might have acute inflammation. However, in foam cell, CCL-3 gene showed the more on

10-nm, and it might be relative to the amount of ox-LDL engulfed by macrophage (Fig 4).

Topographical effect on VEGF gene expression of macrophage showed that the smaller size

nanodot arrays might have more adhesion.molecules. For foam cell, the PECAM gene was an

index to judge the level of engulfing ox-LDL by macrophage and we found that 10-nm has the

more oil distribution than other size.

Our results suggested that smaller size topography (10-nm to 50 nm) limits macrophage

activation and inflammation related processes but topography-induced sensitivity increased at

50-nm to 200-nm. Smaller topography (10-nm to 50-nm) might share the same adhesion and

motility kinetics that result in the conventional macrophage adhesion, and spreading observed

on nanodot arrays. On larger topography (50-nm to 100-nm), macrophage would play its role

of scavenger to stretch its arm in order to engulf the particle of nanodot arrays. Foam cell on

smaller size topography (10-nm to 50-nm) topography shows normal adhesion but acute

inflammation, and the reason may be caused by the amount of OX-LDL engulfed by
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macrophage. Macrophage desensitization to nano-topographical cues below 50 nm could be
an advantage in motility and movement into different tissue types. The consistent cellular
response to nanodot arrays with different sizes in our studies confirmed that topography
dictates changes in macrophage and foam cell behavior. Topography-induced changes using
our model surfaces could be examined at a greater number of time points and over a longer
period of study to elucidate the complex cross-talk between cells and cytokines that varies

temporally and spatially throughout the inflammation and wound healing process.
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Chapter 5: Conclusion

This study suggests that topography may modulate the phenotypes of macrophages and foam
cell in the context of foreign body reaction. The response to topography in the form of
nanodot arrays in the range of 10-nm to 200-nm has revealed a distinctive pattern, and
topography indeed affects cell morphology, density, cytokine, and adhesion compared to flat
controls. The changes in cell morphology were observed in five different sizes of nanodot
arrarys, indicating that the findings in this study are topography-mediated. We found that
macrophage and foam cell in the range of 10-nm to 50-nm are insensitive and did not play
their innate role to stretch their arm. And-cell-on.100-nm and 200-nm, it could be apparently
observed that their stretch their arm and in-order to engulf particles. By using
topography-induced change in macrophage and foam behavior provided an opportunity to
influence its phenotypic response such as cell activation, motility, and maturation in the
foreign body response. The role of topography in modulating implant tissue reaction would
require further elucidation; this study suggests that it is a fruitful direction that might impact

biomaterials design.
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