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Chapter 1 Introduction

1.0. Preface

In the past decade, it has been clear that thdaj@went of the next generation of
biomaterials has entered the era of nanotechnoldgy interface between biomaterials
and nanotechnology has enormous potential for éweldpment of novel biomaterials to
improve the prevention, diagnosis, and treatmemiuofierous diseases. This field has
become one of the fastest emerging and developeraa at the intersection of all of
materials science and biology. Nano biomateriateym describing biomaterials with
constituent feature sizes less than 100 nri{ (b)) are not only extraordinary materials
with unique structures and properties to solvernast traditional biomedical puzzles,
but they also provide unprecedented knowledge tsvanderstanding biology, medicine
and materials science. Thus, nanotechnology-debi@daterials have been widely used
in a broad spectrum of biological and biomedicall@ations, from artificial implants to
drug delivery to medical imaging. These nano bi@mals include (but are not limited
to) metals, ceramics, polymers, hydrogels, and Inesléassembled materials with
structures from 0-D (i.e., dots and patrticles)4D 8.e., tissue engineering scaffolds).

Undoubtedly, the rapid development of nano bionm@tehas been creating a new
multidisciplinary area across biology, chemistryatarials science and medicine. The
reason behind the establishment of this new artmisnanotechnology has not only

provided novel materials and tools for biologicatlanedical purposes, but it is also
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reshaping our thinking towards applying these nitem science and technology.
Today, studies on nanostructured biomaterials kawb/ed into more comprehensive
and systematic studies, resulting in the furtheltemstanding of the mechanisms behind
biological responses to materials and the consedpetter design of such materials. It is
clear that the great potential and now well-knownédits of nanostructured biomaterials
will be widely applied in numerous clinical pra@g Representative nano biomaterials
used in disease prevention, diagnosis and treatanendisted in Table 1.1.

The interaction between cells and their extracatlmatrix (ECM) is
complicated, drawing much attention for biomateinéérfacial research since
understanding this interaction will significantlgrdribute to the design of better
implants. In principle, cell adhesion to the ECMyd a crucial role in regulating cell
functions, including cell proliferation, differeation, morphology, apoptosis and gene
expression. Thus, it is desirable to control cediponses at the cell-biomaterial interface
in an expected manner. One approach to achieveotledtregulation of cellular
functions is to modulate the ECM by designing sfiiebiomaterial surface
characteristics [1]. Nanoscale topographies on btenal surfaces are, thus, expected to
provide a platform of regulating cell functions tine fact that most proteins involved in
the ECM have dimensions in the range of severabmaters such as integrins, talin,
fibronectin, laminin, and paxillin. Many studiesvieashown that cells (such as bladder
smooth muscle cells, chondrocytes (cartilage fogaells) and osteoblasts (bone
forming cells)) respond differently to nano-struett poly (lactic-co-glycolic acid)
(PLGA) surfaces compared to nano-smooth surfacgseXample, Rosenberg claimed

(as early as 1962) that nanometer sized featurgsnflaence cell functions [2, 3]. As
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another example, Arnolet al. created nanometer Au nanodot arrays separatedrinus
distances (specifically 28, 58, 73 and 85 nm) anohdl that a separation of 73 nm or
more inhibited MC3T3-osteoblast spreading, affogdingood cue to create
nanostructured patterns to decrease osteobladtdna¢4].

However, little attention has been paid to deteengancer cell responses to nano-
patterned surfaces. A study by Tzvetkova-Chevol&taal. [5] found that nanopillars
and nanolines can strongly modify the dynamicsamicerous (Sal/N) fibroblastic cell
spreading, suggesting that nanofeatured surfacgsegalate cancer cell functions.
Moreover, the significantly altered surface prosrof nanomaterials (i.e., the smaller
feature size, increased surface area, surfaceygreag control initial protein adsorption
from blood, cell spreading, and cell-biomaterigisil pathways, providing the potential
of nanofeatures to decrease cancer cell functiomstefore, this dissertation, for the first
time, investigated lung and breast cancer cell sidheproliferation, morphology,
apoptosis and vascular endothelial growth fact&@¥) secretion on nanopatterned
surfaces compared to conventional nanosmooth sa&fddtis dissertation documents the
methods, findings, analyses and conclusions ottpemeering studies. But first, in
order to understand the role nanopatterns mayipleggulating cancer cell functions, it
is necessary to introduce all relevant backgroaetiding how cancer is formed, is
currently treated, how cancer implants are usedyging their promises and current
failures), material properties pertinent to contrellular responses, and cell sensing to

nanostructured surfaces that can be exploiteddreedse cancer cell functions.



Table 1.1. Nano biomaterials for disease preventd@gnosis and treatment

Material category

Chemical or structurdExamples of applications

features

Ceramics

Iron oxide nanoparticles MRI agents for a large variety of

Dye-doped silica
nanoparticles

Nanoporous
ZrO,/chitosan
composite

imaging and sensing purposes, such as
in vitro location and pathway imaging,
in vivo cancer detection and diagnosis,
drug/cell/gene tracking, sentinel

lymph node (SLN) imaging [6-13]

Low-photobleaching, high-stable
imaging agent [14]

Glucose detection [15]

Quantum dots

Cd/Se/Te-based
quantum dots

Imaging cancer cells, for example,
SLN imaging [16]

CdSe/ZnS In vitro imaging [17]
Polymers Dox-loaded Over 8-fold increase in breast cancer
nanoparticles cell death [18]
Self-assembling Selective tumor uptake, siRNA
nanoparticles with sequence-specific inhibition of protein
SiRNA expression and inhibition ddoth
tumor angiogenesis and growth rate
[19]
Metals Gold nanoparticles Cancer detection, imaging and

Silver nanopatrticles,
nanofilms, etc.

diagnosis [20]

Fluorescence enhancing agents, cancer
detection and diagnosis [21, 22]

Other nanomaterials

Single fluorescent
nanodiamond

Perfluorocarbon

Low-photobleaching labeling agent
[23]

MRI contrast agent for fibrin clots
[24]

Fluorescent polystyrene Visualizing SLN [25]

nanobeads

Carbon nanotubes
(CNT)

Si nanowires

Protein detection [26], antigen and
DNA detection [21]

Streptavidin detection [27]




1.1. Lung and breast cancer formation and current treatments

Cancer is, in essence, a genetic disease. Altesaitiothree types of genes are
responsible for tumorigenesis: oncogenes, tumop®gsor genes and stability genes.
However, mammalian cells have multiple safeguasgwdtect them against the
potentially lethal effects of cancer gene mutati@msl only when several genes are
defective does an invasive cancer develop 28]en cancer develops, cells grow and
proliferate in an uncontrollable way and eventuédiyns a mass beyond some size limit
known as a tumor. Moreover, tumor cells can grogregsively and invade other tissues
of the body, which is termed metastasis.

Lung cancer is one of the most difficult cancergéat, responsible for the
highest percentage of cancer death. Clinical ewdémdicated that lung cancers have
accumulated numerous (perhaps 20 or more) clomatigeand epigenetic alterations as a
multistep process, including the classical geraicormalities of tumor suppressor gene
(TSG) inactivation and overactivity of growth protimg oncogenes [29]. Moreover,
tumor acquired promoter hypermethylation has beeagnized as a mechanism for the
epigenetic inactivation of gene expression [29]iréntly, the most common three
treatments for lung cancer include surgical remo¥ahe tumor, chemotherapy and
radiation therapy. In the medical community, thergeneral agreement that the
definitive surgical treatment is the first choidetlzerapy for all patients with non-small
cell lung cancer limited to the lung, whether iptthmonary nodes are involved or not
(stages | and Il) [30]. Radiation therapy uses tegbrgy ionizing radiation (i.e., X-
rays and gamma rays) to control or kill cancerscé€llhemotherapy involves the use of
medicines or drugs to kill cancer cells or stopghdiferation of cancer cells. Until now,
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surgical removal is still the leading method fanducancer treatment and especially, for
end-stage lung cancer, it is the only way for agpato survive.

Breast cancer is the second leading cause of cdeeén after lung cancer. It has
been observed that elevated levels of serum estsqueceded the occurrence of breast
cancer which bind to estrogen receptors and sti@tie transcription of genes involved
in cell proliferation, creating potential errorsDMNA replication and potential mutations
[31]. In breast cancer, overexpression of leptimsiated cancer cell proliferation [32].
Six types of standard treatments have been dewtlopesaving one’s life from breast
cancer, including surgery, sentinel lymph node syoipllowed by surgery, radiation
therapy, chemotherapy, hormone therapy, and tatgeézapy{33]. Most patients with
breast cancer have surgery to remove the canaartfre breast. Normal types of breast
surgery include lumpectomy (remove a tumor and allsamount of normal tissue
around it), partial mastectomy (remove the pathefbreast that has cancer and some
normal tissue around it), total mastectomy (renmthveewhole breast that has cancer),
modified radical mastectomy (remove the whole drdes has cancer, many of the
lymph nodes under the arm, and the lining overctiest muscles), and radical
mastectomy (remove the breast that has cancet, waltisnuscles under the breast, and
all of the lymph nodes under the arf83].

With this in mind, after the removal of the canfghether lung or breast), it is
important to develop implants to maintain the ar@jiorgan’s function while at the same
time to inhibit cancer cell growth which may be hatally removed by the surgical

process to keep cancer from regrowing.



1.2. Implants after tumor removal

Implants are frequently used after tumor removap@rticular for cancers of the
lung, breast and skin) and have been widely appiiedbuild the corresponding
functions of the excised tissue for saving thedifeancer patients. The development of
artificial lungs and the replacement of breasugsare two of the most common cancer
implants currently being developed due to the Imgidence of these two cancer types.
Currently, lung transplantation is currently théyameatment option for patients with
end-stage lung disease [34]. Procedures includgevezsection (removal of part of a
lobe), segmentectomy (removal of an anatomicakdini of a particular lobe of the lung),
lobectomy (one lobe), bilobectomy (two lobes), nepmonectomy (whole lung) [35].

Similarly, most patients with breast cancer havgeiy to remove the cancer
from the breast. Thus, in order to effectively ema the resected tissues of these cancer
patients, it is necessary to design an ideal rept@nt construct that will decrease
interactions with cancer cells should they havels&n completely removed during
surgery or if they return to the lung/breast tis$tar example, according to the American
Cancer Society (ACS), 11% of women will suffer frémeast cancer recurrence within
five years and 20 percent in 10 years. The Lung@a8tudy Group (LCSG) reported a
recurrence rate of 10.6% per year for patients wath-small cell cancer [36]. In this
manner, biomaterials with anti-cancer propertiesildide an ideal implant after cancer
resection. It is clear that the current plethoranaterials used for breast reconstruction
(i.e., saline implant, silicone gel, or polyuretednam coating) were not originally
designed to inhibit the return of cancer. For exiangilicone implants are dangerous to
the brain as silicone rupture can leak into thenbaad lead to brain tumors in some cases.
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On the other hand, most implants used for othsudis (such as metallic cobalt,
metallic nickel, silicone breast implants, and cg&iaimplants) have a cancerogenic
danger, so it is necessary to have anticancer grepéor implants. For example, reports
of local malignancy after hip and knee joint reglaents with metal implants suggest a
carcinogenic possibility with long-term risks [3@Qoncern regarding the risk of cancer in
women with implants is raised by findings that godyurethane foam cover used to coat
some implants has been found to have the potdatiatleasing 2,4-toluene diamine, a
demonstrated carcinogen of liver cancer in laboyatoimals [38, 39]. Also, another
study found that after intratracheal instillatidmackel, significant numbers of
squamous-cell carcinomas and adenocarcinomas afrigavere observed in rats [40].

According to a meeting held to evaluate the cag@mic risks to humans of
surgical implants and other foreign bodies, groaiggossibly carcinogenic materials to
humans were classified as: (1) polymeric implastel as silicones, poly-urethanes,
polymethacrylates, polyethylene terephthalate, prolyylene, and polyethylene)
prepared as thin smooth films (but not poly (glycalcid) or poly (lactic acid), the focus
of this study); (2) metallic implants (such as siess steel) prepared as thin smooth films;
and (3) implanted foreign bodies consisting of ¢plackel and a particular alloy
powder consisting of 66:67% nickel, 13£16% chromiana 7% iron [40]. Thus, in
order to decrease such cancer risks, designingnplamt with anticancer properties (i.e.,
inhibition of cancer cell responses while still prating healthy cell functions) could be
an effective way to prevent the occurrence of caimu@lved in surgical implants. There
are many reasons towards why nanotechnology magakse cancer cell functions and

increase cell functions.



1.3. Cell sensing and responses to nanostructured surfes

Since than vivo contact between cells are not smooth batremno (5-200 nm)
textured, nanotopographies on current implantectnads$ could present a biomimetic
cell-stimulating environment in mediating cell resges and behaviors [1]. Basement
membranes are composed of extracellular matrixepretand are found throughout the
vertebrate body, serving as substrata for overlggitylar structures. The topography of
basement membranes is a complex mixture of padeges, and fibers which have sizes
in the nanometer range [41]. Therefore, nanotoguiges could be an effective
extracellular physical milieu affecting cell behand, without involving biomolecules.
Representative surface nanotopographical featdiesiag cell behaviors are listed in
Table 1.2.

Many studies [42-46] have demonstrated differetitsemsing and responses to
micro- and nanotopographies with regards to baitrapic and anisotropic topographies.
However, in terms of anisotropic topographies saglgrooves, ridges and waves, cell
orientation and migration along the anisotropiediion have long been observed and
examined. As for isotropic topographies, such asfspheres, dots and pillars, studies
have found significant effects of these topograploie collective cell functions and they
have revealed that topographical patterns determina cell functions are regulated and

the topographical scale affects the degree to whiettion is regulated [1].



Table 1.2. The effects of surface nanotopograplézalires on cell functions

Material Nano Structural feature Applications
category biomaterials
Peptide- Branched-PA self- Promoting initial adhesion

amphiphiles (PA) assembling coatings  of primary human bladder

Self-assembly

smooth muscle cells [47]

Polyelectrolyte  Nanoscale porot Significantly promoting
structures . ) g
multilayer multilayers corneal epithelial cell
assemblies (poly(allylamine proliferation and migration
hydrochloride) (PAH), speeds [48]
poly(acrylic acid) (PAA))
Poly(lactic-co-  Nanostructured filr Enhancing endothelial,
glycolic acid) smooth muscle and bladder
(PLGA) smooth muscle cell
attachment [49, 50]
Nanc-structured PLGA Enhancing cell adhesion and
scaffolds growth, promoting elastin
and collagen production
[51]
NaOl-treated PLGA Increasing chondrocyte
scaffolds attachment, total
intracellular protein and
extracellular matrix
synthesis [52]
Polymers
PLGA/nano- Increasing MSC attachme
hydroxyapatite viability and proliferation
hybrid scaffolds [53]
Poly(ether Nanostructured film Increasing bladder smooth
urethane) (PU) muscle cell attachment [49]
Poly(€- Honeycomb-patterned Enhancing cell survival and
caprolactone) film yield of rat small
(PCL) hepatocytes [54]
Poly(dimethyls- Nanorough filn Increasing endothelial cell
iloxane) (PDMS) adhesion and elongation
[55]
C . Alumina Nanoporous membrar Decreasing platelet adhes
eramic [56]
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Titanium Nanotubular anodize =~ Enhancing chondrocyte

titanium adhesion [57]
Metals Gold Thin films with nanoscaléncreasing embryonic stem-
roughness cell-derived neural

precursors adhesion and
differentiation [58]

Silicon Nanc-island silicon Increasing insulinoma cell
adhesion and insulin
secretion [53]

Semiconductor

Silica nanoparticle- Enhancing osteogenic
modified surfaces differentiation of human
mesenchymal progenitor
cells [59]
Diamond Ultra-nanocrystalline  Induction and regulation of
Carbon : . : o
diamond films the differentiation of neural
nanostructures

stem cells [60]
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Many studies [42-44, 61] have also demonstratdddeintation and migration
along the anisotropic direction of surface topograp such as grooves and ridges. For
example, a study found that rat dermal fibroblast and 5 pum grooves orpaly
(dimethylsiloxane) (PDMSgast of silicon were elongated and aligned pdradlgrooves
[42, 62]. Moreover, Dunn et al. indicated that edgidth was more important that
groove width in determining fibroblast alignmentahe alignment of cells inversely
proportional to ridge width [43]. In addition tolkerientation, orientation and alignment
of actin flaments and microtubules have also hdentified as the first and primary
event in contact-guided cell alignment [1]. Oakéewl. reported that on V-shaped 15 pm
wide, 3 um deep grooves on Ti-coated silicon, ntidyales of human gingival
fibroblasts were the first element to become aliyaethe bottom of grooves after 20
mins, actin alignment was observed first at thd-wdde edges after 40-60 mins and
after 3 h most of the cells exhibited aligned famahtacts [61]. Another study also
demonstrated that microfilaments and vinculin fr@ndermal fibroblasts oriented along
2 um grooves on PDMS casts of silicon and bovirtkeardogeneous fibronectin and
vitronectin were also oriented along the directbigrooves [44]. However, most of
these early studies used topographies with pmsdale to the limitation of fabrication
techniques for nano sized topographies.

Recently, some advances have been made conceamogppography regulation
of cell functions. For example, Welebal. [63] prepared 130 nm-4.01 um wide, 100 nm-
1.17 um deep grooves on poly-D-lysine coated chrplated quartz using a laser
holographic technique. It was found that rat opgcve oligodendrocytes were highly

aligned along surface contours as small as 100eep dnd a 260 nm repeat spacing.
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Moreover, oligodendrocytes showed no high-ordectiraytoskeletal network but
aligned optic nerve astrocytes showed a strikingreyement of actin stress fibers.

The size scales of anisotropic topographies playn@ortant role in determining
the degree of cell orientation. Generally, celeatation and alignment increase with
increasing groove depth but decrease with incrgasidth. For example, Clardt al.

[64] observed that BHK (baby hamster kidney) caligned on all groove topographies
with features 130 nm wide and 100, 210, or 400 eepdyrooves, but the degree of
alignment increased with increasing groove deptB QW (Madin-Darby canine kidney)
cells aligned and elongated to grooves, but elooiganly increased with increasing
depth. Another study also found that human corepthelial cells elongated and aligned
along patterns of grooves and ridges with featureedsions as small as 70 nm and the
percentage of aligned cells increased with groepahd Also, actin microfilaments and
focal adhesions aligned along the substrate topbgea and the width of focal adhesions
was determined by the width of the ridges in theéeaulying substrate [65]. Fredrét al.
investigated axonal outgrowth on nano printed pastéen polymethylmethacrylate
(PMMA)-covered silicon chips consisting of paraligboves with depths of 300 nm and
varying widths of 100-400 nm. Axons from neuronsptiyed contact guidance on all
patterns, but the nerve cell processes preferrgdote on ridge edges and elevations in
the patterns rather than in grooves [66]. Thes#iesundicated that anisotropic
topographies from micro- to nanoscale can profopatfect cell shapes. However, cell
functions at the molecular level, such as geneesgion, differentiation, apoptosis and
examination of cancer cells as well on such cellfees need to be more extensively

examined.
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(h)

Fig. 1.1. Examples of surface topographical featuf@) poly(L-lactic acid) (PLLA)
aligned nanofibers, (b) poly(lactic-co-glycolic)i@¢PLGA) nanofiber scaffold, (c)
silicone sharp-tip nanotopography, (d) quartz sgfaith grooves, (e) silicon nanopits,
(f) polystyrene (PS) nanopillar surfaces, (g) argirgheine-aspartic acid (RGD)

nanoislands and (h) PLGA nanospheres (images atlapteredraw from [67-73]).

In regards to isotropic micro- and nanotopograpfireguding uniformly or
randomly distributed pits, nods, pillars, pore)esps, cylinders, etc.) with no directional
guidance, cell orientation and alignment have meenbobserved, however, the control of
other cell functions, such as cell proliferatiomgrphology and apoptosis, has been
revealed [1]. Moreover, the topographical scaledetermined whether and to what
degree cells alter specific functions and, thusyeate control of topographical size is an
important consideration in regulating cell funcgofor example, human abdomen
fibroblasts on 2 um and 5 um diameter nodes sh@nedcreased rate of proliferation

and increased cell density than that on 2 um guohdvells on PDMS casts of silicone
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[74]. However, another study by Huettal. [75] found no significant stimulation on
neutrophil movement with no effects on fibroblgsteading on uniformly arrayed nodes
7, 25, or 50 um wide and 0.5, 1.5, 2.5 um highinkaijo et al. [46] fabricated a
micropatterned polystyrene surface with settlingiples in diameters of 0.86-0.63 pm
when the temperature raised from 25 td@7and found that neutrophil-like induced HL-
60 cells loosely adhered but did not spread orspinerical coated surfaces.

Recently, the development of polymer demixing aoitbaal lithography has
made it possible to produce large areas of nangtapbical surfaces with reasonable
uniformity. Junget al. [76] investigated human foetal osteoblastic cedponses to
randomly distributed nanoisland topographies wahying heights (11, 38 and 85 nm)
produced by a polystyrene (PS)/polybromostyrengrpet-demixing techniques. Cells
cultured on 11 nm high islands displayed signifttaenhanced cell adhesion, cell
proliferation, cell spreading, cell dimensions, atihline phosphatase (nhon-specific
metalloenzyme which hydrolyzes phosphate estetsjitgcthan cells on larger
nanoislands or flat PS control. Also, cell sigmahsmission (such as focal adhesive
vinculin proteins and cytoskeletal actin streseif#) was more pronounced for cells
cultured on the smaller nanoisland surfaces. Giheties by Dalbt al. [77]
demonstrated increased fibroblast responses (suchllssignaling, proliferation,
cytoskeleton, and production of extracellular magrioteins) to 13 nm high polymer
demixed islands than on planar controls. However control of phase separation in
polymer mixtures is difficult and results in sonamdomly arrayed nanopatterns.

In a much more simple and versatile process obwtl lithography, colloidal

particles can be arranged into an array (an ordgradture) through self-organization
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and have been used as templates to produce nagoappees [78]. Specifically, Ann-
Sofieet al. [79] reported that human bladder carcinoma ceilsiced on hemispherically
structured surfaces prepared by colloidal lithoggaf100 nm high, 168 nm in diameter)
decreased IL-6 (mediator of acute inflammatory oesgs) and IL-8 (induction of
chemotaxis) cellular production and were less shrieags round and more stellate (larger
dispersion) compared to flat control surfaces.nather study, human fibroblasts were
observed trying to endocytose nanocolumns (160-igim A00-nm diameter, and 230-nm
center-center spacing) produced by colloidal litiaplpy and a small population of the
cells changed to unusual morphologies with macrgeHhike processes and a highly
disrupted cytoskeleton [80]. These results implrezlpotential of nanotopography on
decreasing cancer cell functions.

Some other randomly oriented nanometer rough sesfean also be fabricated by
acid etching, electropolishing, sandblasting, aladmpa spraying, demonstrating large
effects on cell functions. For example, Masiral. studied rough titanium (Ti) surfaces
and observed that electropolished surfaces had MGg&S osteoblast cells while Ti-
plasma-sprayed surfaces had less cells than ttssuee polystyrene (TCPS), thymidine
incorporation, and alkaline phosphatase produaiaept on coarse blasted Ti [41, 46].
Peritoneal macrophages accumulated preferentiallpoghened polystyrene surfaces
while fibroblasts preferred smooth surfaces [8d]simmary, micro- and
nanotopographical features can clearly mediatebtethaterial interactions controlling
cell functions for specific applications. A tentatitrend can be drawn that smaller
nanotopographical features can stimulate cell fonstgreater than smooth surfaces and

such effects decrease with increasing topograpfeaslires [1]. However, all of these
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studies have not provided a systematic, extenasight into the effects of
nanotopography on cancer cell behaviors and whetmsstopographical features could
be used as an implant to regenerate healthy tefserecancerous tissue is removed.

A thorough review of the effects of surface topgipiaal features on various cell
functions has implied the potential applicationsmahotopography on regulating cancer
cell functions. In order to better understand tbklsiomaterial interactions, we first must

examine several important material properties eeléd cell biological behaviors.

1.4. Surface properties of nanomaterials relevanotbiological effects

1.4.1. Brief overview of biological responses to jplants

Nanomaterials possess numerous unique propertiegared to bulk
conventional materials (e.g., materials with mitnestured features in the micron or
larger sizes) that can influence cell functionsn{uch larger surface areas and resulting
increased surface reactivity; (ii) greatly enhancesthanical properties (such as high
ductility and high yield strength) due to variouschanisms depending on their
chemistry (such as increased grain boundary slidimyshort—range diffusion-healing);
(iif) exceptional magnetic, optical and electripabperties due to stacking, alignment and
orientation of nanoscale building blocks (grainggeyrmolecules, etc.); and (iv)
homogeneity and high purity in composition anddtite because of reaction or mixing
at the molecular and atomic levels. Specificalpnoscale materials and structures
provide a few other important properties to a bitarial. First is their structural

similarity to natural tissues or biological systewtsch have nanoscale hierarchical
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components. Second is the comparable size of naleosraterials to biomolecules and
bio-microstructures, which enables researchergtect, manipulate and mediate these
bio-components. Lastly, nanostructured materiatsb@areadily tailored to reveal
extraordinary variations in surface properties.

Compared to the understanding of nanomaterial ptiegeand the ability to
control these properties, what occurs at the iaberbetween nanomaterials and
biological systems (e.g., cells and tissues) have@en completely understood to date. A
general consensus is that there are a sequeneerdsavhich occurs at the interface
between biomaterials and a cell [82, 83]: (a) qokson of proteins from blood and tissue
fluids onto the nanomaterial surface (usually protesorption also occurs at the same
time); (b) tissue cells and/or inflammatory celigpeoach the material; (c) possible
targeted release of matrix proteins from the bi@mal and selected adsorption of
specific proteins; and (d) adhesion of cells ansm@ncement of subsequent cell
functions (e.g., proliferation, differentiation, gujocytosis, etc.). These events happen at a
time scale from milliseconds (e.g., protein adsorptto even years (foreign body
granuloma reaction). Besides these host respoos@sds nanomaterials, conversely,
material responses to the host (like material dgmsition and release) also exist at the
cell-biomaterial interface [83]. All of these intacial events are crucial for the success of
nano biomaterials, because they are closely retatathterial cytocompatibility
properties and immune or inflammatory host respetisat ultimately determine the
efficacy and safety of nano biomaterials.

For cancer implants, there are several importast tesponses or mechanisms

which occur after implantation. These responsédsidecinflammatory processes,
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coagulation and hemolysis, adaptation, chemicalfaredgn-body carcinogenesis and an
allergic foreign-body response. Inflammation igponse to trauma, infection, local cell
death, presence of cancer cells, intrusion of fprenaterials, or an adjunct to immune
responsef84]. During tissue responses to implants, a secpiehevents arise such as
acute and chronic inflammation, granulation tisgeereration (the proliferation of new
small blood vessels and fibroblasts), foreign baghction (composed of foreign body
giant cells, macrophages, fibroblasts, and capmlan varying amounts, depending upon
the form and topography of the implanted materady fibrous encapsulation (scar
formation)[85]. The chronic inflammatory response to biomatsris confined to the
implant site, whereas the foreign body reactiorwitanulation tissue development is
considered the normal wound healing response ttaimgd biomaterials (i.e., the normal
foreign body reaction).

For implants, the surface properties (such as csteyniopography and
roughness, rigidity, surface energy and surfacege)af the medical device, prosthesis,
or biomaterial can determine the composition artdre>of the foreign body reaction
[86]. Thus, surface modification strategies of batemials have been developed to reduce
implant failure. Besides inflammation, implant nré&iks (especially smaller-sized
materials such as particles) may trigger respofiegsimmune cells (such as monocytes,
macrophages, dendritic cells and natural killelsgelhich recognize and differentiate
these “foreigners” from the host, and protect thstlirom exposure by destroying these
foreign substances through acid chemical secretisingresent, immune responses to

implants have been widely reported including hypesgivity related to peacemakers,
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dental implants, artificial organ, and orthopednplants[87-89]. Therefore, suppressing
inflammation and an immunological response of imfdas a topic of great interest.

In addition, infection is another common probleraaasated with an implant.
Normally, three types of infection are distinguisleaincluding a superficial immediate
infection, deep infection and late infection [98]superficial infection is the growth of
organisms on the skin in association with an implsinch as suture infections. A deep
infection is usually seen after surgery as theds&c{mostly skin dwelling bacteria) are
carried into the implant site during the surgicalgedure. A late infection may happen
years after surgery in sites with no history oeutfon. It represents a major problem in
many procedures, such as total joint replacemermtoehopedic implantation and great
difficulty may be encountered in treatment of thiection once established.

Another consideration when using implants is thele in carcinogenesis. A
startling finding was that many agents not previptisought to be carcinogens could
incite dramatic neoplasm (an abnormal proliferatbuoells) formation when implanted
in a solid form rather than injected or fed in &ubte or dispersed form, which is called
foreign body carcinogenesis [90]. As early as &0k and 1950s, investigators found
that solid materials without chemical carcinogeamtivity can induce a variety of
neoplasms and the induction activity generallye@ases with the size of the implant.
Furthermore, the induction activity varies inveysa$ the inflammatory response; that is,
well-tolerated materials are better foreign-bodrsciceogens in the long term [90].
Alexander and Horning proposed that the most likebcess for foreign-body materials
to be carcinogenic would appear to be that theamplters the normal environment of

the neighboring cells in such a way as to favorildection (or selection) of
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discontinuous variations leading to malignancy [@0. That is, the viable products of
normally occurring cell damage or mutation are doomefavored by the presence of the
implants and protected from physiological processgs they are ready to enter the
rapid growth phase characteristic of malignancy.[9@o conditions have been
recognized to impact the carcinogenesis of implajgemetric (including topography
and roughness) condition and the chemical andreglactonditions near an implant-
tissue interface [90]. For example, a very highdgrat electric field has been suggested
to play a role in carcinogenesis. Therefore, thiéase modification of biomaterials can
control these interface properties, rendering tnglants less carcinogenic.

Although understanding the interfacial interactibesveen nanomaterials and
biological systems is still under progress, medgtellular or tissue responses on
nanomaterials is not a complete mystery. Generedlys and tissues recognize
(subsequent to initial protein interactions) baihface and bulk properties of
nanostructured materials vivo andin vitro, so cell and tissue responses can be altered or
controlled to some extent by manipulating theseenntproperties [92-94]. Surface
properties often refer to surface chemistry anagdnamaterial topography and surface
energetics, while bulk properties are closely szlab cell or tissue responses including
inherent chemistry, stiffness, porosity and so®@99]. Fig. 1.2. illustrates the
nanomaterial-cell interface and the interactiontsvben cells, proteins and material
properties. Nanomaterials have successfully dematesit the ability to modulate cell and
tissue responses vitro andin vivo due to their extraordinary properties. Here, w&t fi
review several important surface properties of bamaterials relevant to biological

responses.

21



protein  protein  protein

rotein rotein :

Interface & B Proteins/
beahw . receptars

etween protein  protein protein  protein  protein
tissue cells
and a ; ;

: gy Functional ) Material
biomaterial in e.9.R,. groups +- receptors s } sudface
an aqueous Tsv properties

environment )
mmmp Material bulk

\ ) \ ] \ J properties

Grain and grain Chemistry and Wettability and
boundary, charges/polarity surface
topography and energy
roughness

Fig. 1.2. Schematic illustrating the potential faeial interactions between a cell (or
tissue) and nano biomaterials. Double arrows indiggeractions among surface
properties of nano biomaterials. In the schematiamples of nanomaterial surface
properties include: root mean square roughnegg)(Rurface electrical charges (+/-),
contact angledd], interfacial tension between solids and vapgsg)( interfacial tension

between solids and liquidgs(), and interfacial tension between liquids and vaggy).

1.4.2. Size and surface area of nanobiomaterials

Nanomaterials is a field that studies material$iwbrphological features on the
nanoscale dimensions, which is usually definedhasdlsr than one hundred nm in at
least one dimension, though it is sometimes alsd s materials smaller than one
micrometer. A basic aspect of nanomaterials isithenatically increased surface area to
volume ratio as a result of such small featuressizée increased surface area of

materials creates some specific material propefsiesh as high plasticity, enhanced
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catalytic property, superparamagnetism, etc.) emtimoscale, enabling unique
applications for nanomaterials compared to conweatimicron-scale materials. For
nano biomaterials, the specific surface propertiag result in numerous distinct
biological responses, including the adsorptionrotgins, cell and bacteria adhesion and
subsequent proliferation, and enzymatic biologieakttions. Therefore, due to the
specific properties related to the nanoscale, bienes may have potential for anti-
cancer, anti-infection, cardiac, and other tisswavth applications as will be described

next.

1.4.3. Topography and roughness of nanobiomaterials

Surface topography is an important property towaaigrolling cell behavior and
responses as discussed in Section 1.2. Topograpblvés various anisotropic or
isotropic micro- and nanostructures, such as gmawdges, wells, pores, pillars, and
columns, in mediating cell-biomaterial interfac€gnerally, roughness is a widely used
parameter to describe surface topography, suchoasrean square (RMS) height which
is a statistical variation in the height of thefage around some mean value. Many
studies have demonstrated the extensive rolesabrand nanotopographied surfaces in
regulating cell behaviors such as adhesion, pralifen, differentiation, migration, and
apoptosis. Specially, anisotropic surface topogydphch as grooves, ridges) has been
widely identified in regulating cell orientation @migration along the anisotropic
direction; while isotropic surface topography (sashislands, dots, wells, and spheres) is

recognized to affect collective cell functions dhd topography scale determines the
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degree to which the specific function is affect€dus, surface topography is an effective
physical method in affecting cell behaviors withowolving biomolecules.

Currently, the mechanisms behind topographicaliplated cell behavior and
responses are still not clear because of the coatpll combination of cell type,
topography style and substrate material. Howevé@as been proposed that the
adsorption and conformation of cell adhesive praésuch as fibronectin and
vitronectin) may be altered on nanotopographicebses. Increased surface area of
nanotopographical features could contribute todased select protein adsorption. On the
other hand, nano topographies may induce altesabbsurface wettability and surface
energy, possibly affecting local protein adsorptidlso, cell adaptation may be an
important process in mediating cell response togogphies. Cells may adapt to physical
topographical cues by conditioning growth environtsesuch as secreting and
modulating ECM proteins [1]. For example, Crebal. proposed that substratum surface
topography alters cell shape and modulates fibtamegnthesis at the transcriptional and
post-transcriptional levels, as well as the amadfitbronectin assembled into the ECM

[100].

1.4.4. Surface chemistry of nanobiomaterials

Biomaterial surface chemistry is another importarg in directing cell behavior
since it is highly related to other surface projpsrtike surface wettability, surface free
energy and surface charge. Thus, surface chemgtdylates in vitro and in vivo cell
responses and further regulates cell and hostmesgdo implanted devices, biological

integration of biomaterials and tissue-engineemtstructs [101]. For example,
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biologically active surfaces can be produced bgrady surface chemistry with ECM
proteins such as fibronectin, vitronectin, lamirand collagen to render the surface
biofouling. Keselowskyt al. [102] produced different surface chemistries usiek
assembled monolayers of alkanethiols on gold andddhat OH- and NHterminated
surfaces enhanced osteoblast-specific gene expnesdkaline phosphatase enzymatic
activity, and matrix mineralization compared witlhrfaces presenting -COOH and -€H
groups. Surface chemistry is also involved in adhesive protein adsorption (i.e.,
fibronectin and vitronectin) and subsequently affeell functions. For example, low
protein adsorption has been observed on a chit@gamdte multilayer, for both chitosan

and alginate as top laydd03].

1.4.5. Surface wettability and surface energy of mobiomaterials

Surface wettability and surface energy play an irtgma role on protein
adsorption and subsequent cell adhesidater contact angle®) have been used to
determined surface wettability (i.e., the surfachydrophilic or hydrophobic) andéa
less than 65suggests a hydrophilic surface [104]. The confdioneand biological
activities of cell adhesive proteins (such as filectin and vitronectin) can be altered by
surface wettability and resultant cell functionsueged. For example, Altankeval.
[105] showed that fibroblasts on hydrophilic sugaenay reorganize fibronectin in an
extracellular matrix-like structure whereas on loghobic surfaces no rearrangement of
fibronectin occurs. Moreover, it was demonstrateat there are significant differences in

the morphology of fibroblasts adhering to hydroghéind hydrophobic surfaces.
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Surface wettability and surface energy can beeabanged by surface
chemistry. However, surface topography may alseriete with surface wettability. For
instance, roughening a hydrophobic surface canraehiés nonwetting properties into
superhydrophobicity and topographical effects daa anhance partial wetting by a
given liquid into complete wetting to create supetting [106]. Moreover, surface
energy demonstrates a close relationship with senfeettability. The most common
methods for the calculation of the surface freeg@nef solids are to use the results of
the contact angle measurements. A greater surfeargyemay involve more hydrophilic
surfaces for hydrophilic materials but more hydmiph surfaces for hydrophobic
materials. Hydrophilic surfaces (higher surfacergneelative to hydrophobic) have
indicated a higher affinity for cell adhesive piateand subsequently, a strong ability to

affect cell behavior.

1.4.6. Surface charge of nanobiomaterials

Surface charge has been correlated to protein ptisoiand cell adhesion since
most proteins and cell membranes are charged.iRsatentain both carboxyl and amine
groups which are ionizable to render proteins ob@drgell member charge is determined
by the cumulative effect of charged lipid headguthin the plasma membrane itself.
Both cationic and anionic functional groups congdliimn the lipid headgroups contribute
to the net electric field at membrane surfaces J[19@dies have demonstrated that
charged surfaces can affect the adhesion and moghof a variety of cell types

through the mediation of electric charge and/oogatson of biological molecules. For
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example, Qitet al. [108] reported that rat marrow stromal cell attaent was enhanced
in serum-supplemented and serum-free media oniyEgitharged substrate. However,
cell spreading, alkaline phosphatase activity, @stdopontin were observed to decrease
in cells grown on positively charged surfaces. Btigly also revealed that although cell
adhesion is critical in subsequent cell developmegit adhesion alone is not an adequate
indicator of biocompatibility when a specific furar is required [83]. Another study by
Hallabet al. [109] measured the adhesion strength of fibroblager a range of charge
densities and the fibroblasts showed charge amtrield potential-dependent adhesion
maxima.

In summary, surface properties of biomaterials playmportant role in
regulating and mediating the cellular and subsegigsue responses. In this dissertation,
cancer/healthy cell responses to nanotopograpsidetrates were completely
investigated on PLGA surfaces and were correlatedibstrate surface properties,
providing insights towards inhibiting cancer cethaviors by manipulating precise

surface nanotopography.

1.5. Outline of the dissertation

The goals of this dissertation were to: (i) fahteccontrollable PLGA
nanopatterned substrates and investigate thewusproperties; (ii) investigate
lung/breast cancer/healthy cell responses on ndteoped substrates; (iii) chemically
modify nanopatterned substrates to optimize sulestnati-cancer properties; (iv)

investigate the correlation of surface propertié warious cell functions; and (v)
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provide guidance and cues to design ideal bionstetierfaces for specific purposes.
The central hypothesis of this dissertation is thad to altered surface properties,
specific PLGA nanopatterns could decrease lungoaeast cancer cell functions whiling
increasing respective healthy cell functions ahdst could be used as anti-cancer
implants after tumor removal. To verify this hypesis, biological responses (including
cancer cell and healthy cell) on various nano-simaotl nanopatterned PLGA surfaces
with altering surface properties were investigatadthermore, this dissertation
determined which specific PLGA nanopattern sizdaoegulate which cancer cell
function and for the first time, provided a thorbugnderstanding of cancer cell
responses to nanotopographic surfaces. The dissartansists of the following parts.

In Chapter 2, a simple and effective processhdltdescribed to prepare
nanopatterned PLGA surfaces with an orderly arfespberical patterns on a large
surface area. More importantly, cytocompatibilitpgerties and lung carcinoma cell and
lung healthy cell functions (including adhesiomlgeration, viability, apoptosis and
vascular endothelial growth factor (VEGF) secretiiil be described on various nano-
smooth and nanopatterned PLGA surfaces. The efbéthe surface properties
(including roughness, pattern size and wettabibty)such biological responses will be
discussed, providing insights towards controllingd cancer cell responses by changing
PLGA surface nanotopography.

Chapter 3 will systematically report on anotharae cell line, breast
adenocarcinoma cell functions (including adhespoaliferation, apoptosis, viability and
VEGF secretion) and healthy breast epithelial pedliferation on PLGA surfaces with

altered pattern sizes. This part of the study pritlvide an understanding towards the
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generality of nanotopographically controlling cancell functions, which will enable the
determination of topographical effects of PLGA sods on other cancer cell lines.

In Chapter 4, chemical modification of nanopatterR&GA surfaces by using a
layer by layer (LBL) self assembly method (speaillig, alginate and chitosan
monolayers) will be reported. The impact of PLGAface chemistry-induced property
alteration on cancer cell and healthy cell proéitem and VEGF secretian vitro will
also be reported.

In Chapter 5, various surface properties (includoughness, pattern size, surface
area, surface chemistry, surface charge, surfatabiéy and surface free energy) of
nanopatterned PLGA surfaces will be described ttetstand the role nanotopographies
play in mediating cancer cell functions and thedescbehind the observed biological
responses to biomaterials. More importantly, progelsorption (fibronectin and
vitronectin) will be reported to elucidate the wayface topography mediates cell
responses. This part of the study will help toHartunderstand how surface topography
regulates cell functions and will provide insigtdgvards the design of ideal implants
after tumor removal.

Chapter 6 will conclude with the major scientifindings of this dissertation and
provide the future directions of this work towans/eloping implants that can decrease
cancer cell functions and promote healthy cell fioms without the use of

chemotherapeutics.
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Chapter 2 Lung Carcinoma Cell Functions on

Polymer Nanometer Surface Features

2.0. Preface

Since nanotopographies play an important role idiatimg cellular behavior and
tissue responses, for the first time, lung carcia@ell functions on polymer nanometer
surface features were investigated in this chaptaly (lactic-co-glycolic acid) (PLGA)
has been widely used as a biomaterial in regeneratedicine due to its good
biocompatibility and biodegradability propertiesddmas been approved by the US FDA.
Previous studies have shown that cells (such alslbiasmooth muscle cells,
chondrocytes and osteoblasts) respond differeathaho-structured PLGA surfaces
compared to traditional smooth surfaces. Therefanderstanding and controlling lung
carcinoma cell responses on nanopatterned PLGAgrertant and necessary before
their use to regenerate lung tissue after lungeraremoval. For this reason, the
hypothesis of the work described in this chaptes that lung epithelial carcinoma cells
might respond differently to various sizes of naattgrned PLGA surfaces. To test this
hypothesis, in the present study, nanopatterned®difaces with different feature
sizes were fabricated by an effective nano castrremlhnology. Atomic force
microscopy (AFM) as well as electron spectroscapychemical analysis (ESCA) was

used for topographical and surface chemistry charaation, respectively. Surface
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wettability was characterized with contact angRassults revealed that the PLGA surface
pattern size, surface roughness and wettabilitybesaltered by adjusting the size of
polystyrene spherical beads used during the nastencald process. Furthermore, lung
epithelial carcinoma cell adhesion, proliferatiardanorphology results indicated less
cell growth and spreading on nano-smooth and 408umface featured PLGA compared
to any other substrates (23 nm and 300 nm). Maggoitantly, results demonstrated
decreased lung epithelial carcinoma cell VEGF (adw@wth factor secreted for
vascularization of tumors) synthesis on the 23 arfase featured PLGA compared to
the nano-smooth substrates for up to 5 days. Imsany these results provided the first
insights into understanding the role PLGA nanotepphy may play in inhibiting lung

carcinoma cell functions for a wide range of apgiens in regenerative medicine.

2.1. Introduction

Clearly, there is now a plethora of studies [4,48,,48] to show that
nanotopography can regulate cell functions (inelgdaidhesion, proliferation and
differentiation), probably due to the correlatiogtlWween surface topography and the
adsorption of endogenous proteins (specificallyidinection and vitronectin) that
regulate cell behavior. However, despite this redomn of the importance of substratum
topography on promoting tissue growth, relativélyel is known concerning the effects
of nanometer topographical features on cancebeglavior [41]. For example,
micropillars (1000 nm diameter and 800 nm high) amctolines (750 nm wide) have

been shown to strongly modify the dynamics of cames (Sal/N) fibroblastic cell
31



spreading [5], but the effects of nanotopograpkyg lan 100 nm on cancer cell
functions have been seldomly reported which iddleas of this study.

Lung cancer is the most common cause of cancetecetieath in men and
women. Surgical removal of a lung tumor is the nmagthod for the treatment of lung
cancer. In order to effectively replace the resbtidag of these cancer patients, it is
necessary to design a lung tissue replacementrachghat will decrease interactions
with lung carcinoma cells should they have not bemnpletely removed during surgery
or if cancer returns to the lung. With this in miadkey design parameter for the
potential regulation of lung cancer cell functisrthe material surface nanotopography.
Synthetic biodegradable polymers (such as polyiflacid), poly (glycolic acid), poly
(lactic-co-glycolic acid), etc.) with nanotopogragdhare potential candidates due to its
good biocompatibility and biodegradability for adeirange of applications from drug
delivery to regenerative medicine in such form&®B&A nanopatrticles and PLGA
scaffolds.

For these reasons, the objective of this partefdissertation was to create
uniform nano-spherical topographical surfaces o®&RIby using a polystyrene (PS)
bead self assembled process with different diameted to evaluate lung carcinoma
epithelial cell responses on such surfaces. Thidyshvestigated lung carcinoma cell
interactions (including not just density, but atedl death and viability, and VEGF
secretion) with nanopatterned PLGA for up to 5 d#tywas an important objective of
thisin vitro study to determine what size of nanopatternedmefysurfaces decreases

specific lung cancer cell function without usingeatotherapeutics.
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2.2. Experimental

2.2.1. Fabrication of nanometer surface PLGA films

PLGA (poly-lactic-co-glycolic acid) films with namaeter spherical surface
features were created by improving a method prelWodescribed by Carpentetral.
[110]. The fabrication conditions of the variousiopatterned PLGA surface are
summarized in Table 2.1. Specifically, 18mm diambtwosilicate glass (BG) cover
slips (Fisher Scientific, Agawam, MA, USA) were atteed and degreased by soaking in
acetone for 10 minutes, sonicating with a sonic@8500A-DTH, VWR, Radnor, PA)
in acetone for 10 minutes, washing several timél dit,O (distilled water), soaking in
70% ethanol for 10 minutes, sonicating in 70% eth&or 10 minutes, and washing
several times with d}D. A 10 wt% suspension of polystyrene (PS) beaditer either
23 nm (15Qul), 190 nm (30Qul), 300 nm (30Qul), 400 nm (30Qul), or 530 nm (30Qul)
in diameter (Bangs Labs, Fishers, IN, USA) was ttlispersed onto the coverslips and
allowed to evaporate in ambient air for 48 hous. $mooth PLGA surfaces, no PS
beads were used in the process with all the otbpsghe same to improve the
consistency between the smooth and nanopatternédPL

PS monolayers were secured onto a 1 cm high x 1&lmmeter glass pillar
using a commercially available glass adhesive (6glpe, The Original, Rancho
Cucamonga, CA, USA), which was in turn fixed to Hutom of a borosilicate Petri dish
(100 mm diameter x 15 mm height, Fisher Scientfigawam, MA, USA) using that
same adhesive. These constructs were then usethpkates to create inverse PDMS

(polydimethylsiloxane) molds, as depicted in FigRrée. [110].
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PDMS (Sylgard 184 silicone elastomer, Dow Corniglland, MIl, USA) was
then mixed at a curing agent/base volume ratidd then exposed to a vacuum oven
(1400E, VWR, Radnor, PA) at 25 inches of mercury2® minutes to remove bubbles
created during the mixing process. The resultingtumé was then poured over the PS
bead/glass constructs described above, filling?ie dishes, and then was allowed to
cure for 48 hr at room temperature. PDMS molds wleza peeled away from their
respective substrates, inverted, and placed indker of a borosilicate Petri dish.
Additional PDMS was poured around the edge toHexmolds onto the Petri dishes,
preventing deformation due to organic solventscigigally chloroform. All molds were
then rinsed several times with chloroform to remang residual PS beads. This process
created a series of 18 mm diameter x 1 cm deep P®&IIS with highly ordered,
inverse casts of nanoscale PS beads, which coediié used to create PLGA surfaces
with spherical nanoscale surface features.

For this, PLGA (50:50 wt:wt%, mol. wt. 12-16 x>1§), Polysciences, Warrington,
PA, USA) was then dissolved by sonicating a 4 %mdfibrm solution for approximately
10 min, or until fully dissolved. The resultantstbn was poured over the PDMS molds
described above, then allowed to evaporate forot8shat room temperature. PLGA
films were then peeled off of their molds, cut id® mm diameter discs and put on the
top of 12 mm diameter BG cover slips (Fisher SdientAgawam, MA, USA). All
surfaces were then stored under a vacuum at 2@smafhmercury until use. Prior to cell
experiments, all of the PLGA films were cleanedsbgking in 70% ethanol for 20 mins

and sterilized by UV light exposure for 4 hours.

34



12 mm diameter BG cover slips were used as conffbls BG was cleaned and
degreased by soaking in acetone for 10 minutescatomy in acetone for 10 minutes,
washing several times with dB, soaking in 70% ethanol for 10 minutes, sonigatm
70% ethanol for 10 minutes, and washing severagimith dHO., then etched in 1 M
NaOH for 1 hour. The cover slips were then washeatH,O and sterilized under UV

light for 24 hours.
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Fig. 2.1. Production of PDMS (polydimethylsiloxameplds and casting of nano

structured PLGA films: (A) 23 nm, 190 nm, 300 nrfAp4m, and 530 nm PS
(polystyrene) beads were dispersion deposited assgloverslips; (B) Coverslips were
fixed to equal diameter glass rods (green); (C)eZslip / glass rod fixed to petri dish;
(D) PDMS (orange) poured to fill the Petri dish) @DMS from the previous step was
removed from the Petri dish, inverted, and placed liarger Petri dish (red), with
additional PDMS (orange), leaving a well in PDMSh({#®) with a nanotextured bottom;
(F) PLGA in chloroform (blue) poured into well thallowed to evaporate; and (G) Dried
PLGA removed from the well and inverted, leaving@A\_surfaces with spherical

nanometer surface features (adapted from [111]).
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Table 2.1. Fabrication conditions for the varioas@patterns on PLGA surfaces

PS volume for self assembly

Name* PS diameter (nm)
on glass coverslips (ul)
PLGAO - -
PLGAZ23 23 150
PLGA190 190 300
PLGA300 300 300
PLGA400 400 300
PLGAS30 530 300
BG - -

* PLGAO: nano-smooth PLGA surfaces without nanagrati; PLGA23: PLGA surfaces
with 23 nm featured nanopatterns; PLGA190: PLGAaas with 190 nm featured

nanopatterns; PLGA300: PLGA surfaces with 300 natuieed nanopatterns, PLGA400:
PLGA surfaces with 400 nm featured nanopattern&A330: PLGA surfaces with 530

nm featured nanopatterns; BG: borosilicate glass.

2.2.2. Surface characterization (AFM, ESCA and watecontact angle analysis)

Atomic force microscopy (AFM) was used to visualibe surface topography of
all of the PLGA films created here in ambient amg a PSIA XE150 AFM (Park
Systems Inc, Santa Clara, CA). The AFM operatatbm-contact mode at a frequency of
roughly 300 kHz, a scan rate of 0.8 Hz, and 25€sliscan. The scan area wag2x 2
um for all images. The scan rate was chosen depgdirthe quality of the image. Of
course, a lower scan rate leads to a higher qualittye image. However, due to the
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drifting effect during the scanning process, tlsate tip will drift out of range during a
long time scan, the scan rate has to be chosertlsatcthe scan can be finished before
the tip drifts out of range. Therefore, 0.8 Hz whssen as the scan rate in this situation.
Finally, the scan size and scan rate determinértteeof scan. An XEI image processing
program (version 1.7.1; Park Systems) was usedalyze the resulting images. For the

analysis of the topographical parameter, root nsegare roughness (&=

>0 %’

n

, Where xis the measured surface heights xhe mean height and n is the

number of measurements) and the same scan lengthnofwere used for all the
samples and at least three regions on the samdesamae scanned and averaged.

Electron spectroscopy for chemical analysis (ES@A3 performed on all
samples using a Perkin EImer 5500 Multitechniqud&se Analyzer. An aluminum £ »
monochromatized X-ray source was used to stimplateoemission of the inner shell
electrons of the samples. The energy of the elestwas then recorded and analyzed to
identify the surface chemistry.

Contact angles on PLGA surfaces were measuredé&ssishe wettability and
energetic states of PLGA. Before measurements, PsiBfaces were cleaned by
soaking 70% ethanol and deionized water. Ethared usthis procedure is widely
applied for biomaterial surface cleaning purpodd<], as such cleaning removes the
residual contaminants attached to the materiaasarby physico-absorption but does not
change the chemically bonded molecules on thesirfaontact angles on PLGA
surfaces were measured through the sessile drge shethod under ambient conditions.

For this, a drop of deionized water|(B) was placed on the PLGA surfaces and its
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profile was recorded immediately by a drop sha@dyaer (Easy Drop FM40, Kruss).
Contact angles were then calculated by computéwacé (DSAL, Kruss) based on the
recorded profile of the water drop. At least fivBatent spots on each sample were

measured for statistical purposes (N=5).

2.2.3. Cell assays

2.2.3.1. Cells

Lung carcinoma cell A549 (CCL-185, ATCC) and prignamall airway normal
epithelial cells (PCS-301-010, ATCC) were purchasech ATCC and used without
further characterization. Upon arrival, the cedlwas thawed by gentle agitation in a
37°C water bath and removed from the water baoas as the contents were thawed.
Then, the vial was decontaminated by dipping ispraying with 70% ethanol. After
that, the vial contents were transferred to a deige tube containing 9.0 ml complete
culture medium and spun at approximately 125 xdfto7 minutes. Then, cell pellet
was resuspended and cultured with the recommerataglete medium. Lung carcinoma
cells were cultured in Kaighn's Modification of Hanfr-12 Medium (F-12K, ATCC)
supplemented with 10% fetal bovine serum (FBS, btye) and 1%
penicillin/streptomycin (P/S, Hyclone) under stamdeell culture conditions (5% GO
humidified air at 37C). Small airway normal cells were cultured in agnepithelial cell
basal media (PCS-300-030, ATCC) supplemented wagtmall airway epithelial cell
growth kit (PCS-301-040, ATCC) under standard celture conditions. The cells were

cultured until 80 ~ 100% confluence on cell cultpodystyrene flasks (75 chsurface

38



area, Corning Inc.) before conducting the cellstelstscribed below. Cell population

numbers between 2 and 7 and were used for folloa@ticgassays.

2.2.3.2. Lung carcinoma cell adhesion assay

For the cell adhesion, lung carcinoma cells wdtedifrom the cell culture
polystyrene flask with trypsin-ethylenediaminetatretic acid (trypsin-EDTA, Hyclone)
after reaching confluence, and were dispersedighkmedium supplemented with 10%
FBS and 1% P/S. Cell density in the suspensionmeasured by a hemocytometer
(Fisher Scientific) according to standard procedu8pecifically, with a cover slip in
place, 10 pl of the cell suspension was transfaoedchamber on the hemocytometer
using a pipette. This was done by carefully toughire edge of the cover-slip with the
pipette tip and allowing the chamber to fill by digpy action. Then, the cells were
counted in the 1 mm center square and the fourec@auares. The count was repeated
using the other chamber of the hemocytometer. Equhre of the hemocytometer (with
cover slip in place) represents a total volume.frint. Since 1 criis equivalent to 1
ml, the cell concentration per ml would be detemdias the average count per square x
10* cells/ml. Then, lung carcinoma cells were seed#d the various PLGA surfaces at a
density of 3,500 cells/chin F-12K medium supplemented with 10% FBS and 1% P
After seeding on the PLGA surfaces, cells wereucatt under standard cell culture
conditions (5% C@95% humidified air and 3T). After 4 hrs, non-adherent cells were
removed by rinsing in phosphate buffer saline (PB8e times while adherent cells
were fixed with 10% formalin (Fisher Scientific)rfdO mins. Then, the formalin was

removed and the cells adherent on the substratesstaned with 4’,6-diamidino-2-
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phenylindole (DAPI, Sigma Aldrich) for 10 mins. Aftstaining, samples were
transferred to a fluorescence microscope (Axio266M, Zeiss) and adherent cells were
counted under 10X magnification. For counting, fisedom areas on each sample were
selected or photographed, and cell numbers invaldreas were counted and averaged.
The adhesion assay was conducted in triplicate)(ar@ was repeated at least three

separate times (N=3).

2.2.3.3. Lung carcinoma cell proliferation assay

For proliferation assays, sample cleaning, thegnamn of cells as well as the
counting of cells to determine seeding density, thassame as that just described in the
adhesion assay. Lung carcinoma cells were seededt@various PLGA surfaces at
1,000 cells/crhin F-12K medium supplemented with 10% FBS and 1% Phe cells
were then cultured under standard cell culture tmms (5% CQ, 95% humidified air,
37°C) for 1 and 3 days. Cell culture media was chargyesly other day. After the
prescribed time periods, lung carcinoma cells viieesl, stained and counted in a similar
way as described above. The proliferation assayceaducted in triplicate (n=3) and

was repeated at least three separate times (N=3).

2.2.3.4. Lung carcinoma cell morphology

Lung carcinoma cell morphology on the various PLfd#s was observed by
fluorescence microscopy. For this, cells were séada density of 5,000 cells/érand
cultured for 12 hrs on the various PLGA substraids- 12K medium supplemented with

10% FBS and 1% P/S. Adherent cells on the substradee washed with PBS and fixed
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with 4% formaldehyde for 10 mins. After fixatiomet cells were stained with fluorescent
phalloidin conjugates (Alexa Fluor® 555 phalloidinyitrogen). The fluorescent
phalloidin conjugates can label F-actin in cellsal@ing the fluorescence microscopy
observation of cytoskeleton morphology as well &t alignment in cells. For further
determining cell density on the substrate, therugtlei were stained with DAPI.
Fluorescence microscopy images of the stained eeltbe substrates were obtained
using magnifications of 20X and 40X for quantificat and imaging purposes,
respectively.

20X fluorescence microscopy images were analyzddiage J (free resource
from http://rsbweb.nih.gov/ij/) for the quantifican of unit cell spreading area (area per
cell). For each image, total cell spreading area quaantified by threshold processing on
the phalloidin stained image and cell density wasted from the DAPI stained image,
and then spreading area per cell was calculatelbast three images per sample were

analyzed and over 50 cells per sample were averaged

2.2.3.5. Lung carcinoma cell apoptosis assay

The measurement of phosphatidylserine (apopoteg@ession using
fluorescein-labeled (FITC) Annexin V-Programmed delath (apoptosis) was conducted
by flow cytometry using a Sigma-Aldrich apoptosetettion kit (APOAF). In apoptotic
cells, the membrane phospholipid phosphatidyls€i® is translocated from the inner
to the outer leaflet of the plasma membrane, theeaposing PS to the external cellular
environment. Annexin V is a 35-36 kDaZdependent phospholipid-binding protein

that has a high affinity for PS, and binds to celith exposed PS. FITC Annexin V
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staining precedes the loss of membrane integritglwéiccompanies the latest stage of
cell death through apoptosis and necrotic proce$4€€ annexin V was used with the
vital dye propidium iodide (PI) to separate the lahd early apoptotic population of the
cells. When apoptosis happens over time, celldeanacked from FITC Annexin V and
Pl negative (viable), to FITC Annexin V positivedaR| negative (early apoptosis,
membrane integrity is present) and finally to FIA@nexin V and Pl positive (end stage
apoptosis and death). This assay does not disthdngtween cells that have undergone
apoptotic death versus those that have died asu#t o a necrotic pathway since in
either case, the dead cells will be both Annexin€=and PI positive. The experiment
was performed according to the manufacturer’s urgsitons. Briefly, approximately 5 x
10°lung carcinoma cells weseeded onto the various substrates in 24 wellplaiih 1

ml of media. Then, cells were cultured in a simiteanner to that described in the cell
proliferation section. After 1, 3 and 5 days, cellsre washed with PBS. The cells were
then lifted from the substrates with trypsin-EDTo&ntrifuged and resuspended in 1x
binding buffer. 5 pl of FITC-Annexin V and Pl weadded to the cell suspension and
incubated at room temperature for 10 minutes. Bfis were analyzed with flow
cytometry (BDBiosciences FACSAria) and the resaitalyzed by BDBiosciences DiVa
5.0 software. The apoptosis assay was conductegblicate (n=3) and was repeated at

least three separate times (N=3).

2.2.3.6. Lung carcinoma VEGF cellular assays
The quantikine human VEGF (vascular endotheliaiviindactor) immunoassay

kit (R&D systems) was used for determining VEGFaamtration. The medium for the
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VEGF measurements were collected after 1, 3 aral/5 df the culture process for the
apoptosis assay. The experiment was performedd@ogao the manufacturer’s
instruction. Briefly, 200 ul standards (preparegtirthe kit) and sample medium were
pipetted into the 96-well plate (from the kit) andubated for 2 hrs at room temperature.
After washing with a binding buffer, an enzyme-kakpolyclonal antibody specific for
VEGF (from the kit) was added to the wells. Follog/ia wash to remove any unbound
antibody-enzyme reagent, a substrate solution (treakit) was added to the wells and a
color developed in proportion to the amount of VEGind in the initial step. Color
development was stopped by adding a stop solutan the kit and the intensity of the
color was measured by a micro plate reader (Mos&ddévices). The VEGF
concentration was determined from a standard cofredsorbance versus known
concentrations of VEGF solutions (prepared fromkitherun in parallel with the
experimental samples. The VEGF assay was condircteglicate (n=3) and was

repeated at least three separate times (N=3).

2.2.3.7. Primary small airway epithelial cell MTT assay

Primary small airway epithelial cells were usecda®ntrast to lung carcinoma
cells. The method of culturing cells and countiet density for seeding purposes were
the same as described above. For the MTT assall,@may epithelial cells were
seeded on the PLGA surfaces at a density of 15@G;808cnf. After seeding, the cells
were cultured under standard cell culture cond#i(@?o CQ, humidified air at 37C).
After one-, three- and five days, the viable celiniber was determined using the Celltiter

96 Non-radioactive Cell Proliferation Assay (G41B@mega) that measures the
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reduction, by living cells only, of the 3-(4,5-Dithglthiazol-2-yl)-2,5-
diphenyltetrazolium compound (MTT). Shortly, aftare-, three- and five days, medium
was removed from the wells and the cells were washth PBS twice. Then, all the
samples were transferred to new unused 24 welidisslture plates and 1 ml of fresh
growth medium was added to each well. 150 pl ofiyeesolution (from the cell
proliferation assay kit) was added to each well duredplates were incubated at’@7in a
humidified, 5% CQatmosphere. After 4 hrs, 1 ml of the Solubilizat®woiution/Stop

Mix was added to each well and the plates weravalibto stand overnight in a
humidified atmosphere to completely solubilize ttvanazan crystals. After overnight
culture, the contents of the wells were mixed tbageniformly colored solution and
transferred to 96 well plates (215 pl per well)eTdbsorbance at 570 nm was recorded
by using a microplate reader (Molecule DevicesB&¥).The value of the background
absorbance at 570 nm without cells run in paralith the experimental samples was
subtracted to yield a corrected absorbance. Tleeckd number was determined from a
standard curve of absorbance versus known contiensaf live small airway epithelial
cell solutions run in parallel with the MTT ass&yl. the experiments were performed in

triplicate (n=3) and repeated three times (N=3).

2.2.3.8. Statistical analysis
All experimental results are presented as the ntesiandard error of the mean
(SEM) and analysis of variance (ANOVA) was usedheck statistical significance

between means.
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2.3. Results

2.3.1. Topographical evaluation of nanopatterned PGA surfaces

AFM images of the various PLGA surfaces demongirdiferent nanometer
roughness, which provided evidence of the intersgdebrical surface topography on the
PLGA surfaces using the methods described aboge ZR2). The PLGA nano-spherical
particle size corresponds to the PS sphericalgbarize used. Quantitative roughness
values (Rng) and local geometric area &) surface areas of the various PLGA surfaces
are listed in Table 2.2. Specifically, PLGA surfaedth RMS values of 3.73 nm, 10.78
nm and 24.11 nm were obtained using PS beads veitheders of 23 nm, 300 nm and
400 nm, respectively. Nano-smooth PLGA surfacesltvadr roughness value (RMS ~
0.54 nm) than nanopatterned PLGA surfaces. PLGRR&A300 and PLGA400 had
much higher surface roughness as a result of tfi@cgunanopatterns compared to nano-

smooth PLGA.
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Fig. 2.2. 2D and 3D AFM images of PLGAO (a and B)GA23 (b and b’), PLGA300 (c

and c¢’) and PLGA400 (d and d).
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Table 2.2. Surface roughnessq({R local geometric area ¢&) and static water contact

angles9(H,0) on the various PLGA films

Substrate Rims (NM) Syeo (M) 8(H-0) ()

PLGAO 0.54 4.0 98.1+0.4
PLGA23 3.73 4.0 93.8+1.8
PLGA300 10.78 4.1 91.6+1.6
PLGA400 24.11 4.1 96.6 £ 0.5

2.3.2. Surface chemistry of nanopatterned PLGA filra

Surface chemistry of the various PLGA films waslgred by ESCA and the
spectra are shown in Fig. 2.3. Clearly, the spaxftreano-smooth PLGA and nano
surface featured PLGA (created by PS beads) shtdveeshme chemistry. This result
indicated that there was no silicon contaminatioriree PLGA cast surfaces through the
use of the PDMS mold process. The two peaks wiilibg energies at ~285 and ~532
eV were assigned to carbon atoms of saturated bgdyons, carbon atoms with a single
bond to oxygen (O—C-C=0 or —-C—-0O—-C=0) and carbomsia carbonyl groups (-
C=0) [113]. The two very weak Si peaks were attalduo the borosilicate glass
substrate used in the ESCA experiment since theAPd&Bnples were very thin or the
borosilicate glass substrates weren't totally ceddry the PLGA samples. The same
chemistry permitted a focused exploration of tifea$ of the PLGA surface
nanotopography alone in regulating cell functicegpecially important cancer cell

functions such as apoptosis and VEGF secretion.
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Fig. 2.3. ESCA spectra for nano-smooth (PLGAO) madopatterned PLGA (PLGA23,
PLGA300, and PLGA400) surfaces. These four spéinaved the same peaks, indicating

the same surface chemistry.
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2.3.3. Wettability of nanopatterned PLGA surfaces

Static water contact angle measurements indicataths results on the various
PLGA surfaces, as shown in Table 2.2. All of thegRALfilms were hydrophobicd(>
90%, with water contact angles 98.93.8% 91.6, 96.6 corresponding to the nano-
smooth, 23 nm, 300 nm and 400 nm nano-featured PéuhAtrates, respectively. The
similar hydrophobility on nano-smooth and nanopatd PLGA surfaces may be due to
the same surface chemistry described above, witgls pn important role in affecting
surface wettbility. However, surface free energliioh can be calculated utilizing the
results of the contact angle measurements, cousdibstantially influenced by surface

topography and will be discussed in Chapter 5.

2.3.4. Lung carcinoma cell adhesion and proliferatin

Four-hour lung carcinoma cell adhesion results.(Ei4.) showed that lung
carcinoma cells responded differently to the vaginanopatterned PLGA surfaces,
indicating the possibility of nanotopography toedir cancer cell behaviors. Specifically,
PLGAO showed the least number of adherent lungreamta cells than that on any other
PLGA surface. Comparing PLGA surfaces with nan@past, PLGA400 had
significantly lower cell adhesion density than PLE® and PLGA530. The highest
adhesion density was observed on PLGA530 withatgekt size surface pattern in this
study. When comparing nano-smooth and nanopattéth€dh surfaces, four-hour lung
carcinoma cell adhesion results demonstrated drapatterned surfaces increased the
initial lung cancer cell adhesion and the sizeescélthe nanopattern could have specific

effects on cell adhesion. In addition, compareB®& various PLGA substrates except
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PLGA530, showed lower lung cancer cell adhesiorsidgrnsuggesting that lung cancer
cells may be prone to decrease cell interactiotis RILGA.

Here, PLGA23 had the smallest pattern size (lems #®0 nm) in the nano scale
and more pronounced effects on cell functions i@iad on topographical surfaces with
decreasing nanometer size. PLGA400 both showed ladieesion density compared to
other nano scale patterns, indicating the possilofidecreasing cancer cell functions.
Moreover, a transition in lung cancer cell adheslensity happened between PLGA300
and PLGA400. Therefore, in the following study, PAZ3, PLGA300 and PLGA400
were chosen from the various nanopatterned PLGfases and a complete study of
cancer cell functions (including proliferarion, bibty, apoptosis and VEGF secretion)

were conducted on these nanopatterned PLGA surfaces
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Fig. 2.4. Four-hour lung carcinoma cell adhesiovamous PLGA surfaces and BG
controls. The seeding density was 3500 cell§/@ata=meabSEM; N=3; * p<0.01
compared to PLGA23, PLGA190, PLGA300, PLGA400, P1538 and BG; ** p<0.05

compared to PLGA300 and PLGA530.

One- and three day cell proliferation results andiferent nanopatterned PLGA
surfaces are shown in Fig.2.5. After one day, PLBRAHad less cell density than
PLGAO, PLGA23 and PLGA400, while no significantfdifence existed between
PLGAO and PLGA23. Among the nanopatterned PLGAa@$, PLGA300 had greater
lung carcinoma cell proliferation density than PLZ3A One day cell proliferation results
indicated that the PLGA400 inhibited lung carcinoredl proliferation compared to any
other PLGA surface. After three days, PLGA400 adpid significantly lower cell
density than PLGA23 and PLGA300. PLGA300 showedhigbest cell density among

all the PLGA substrates. These cell density resndteated that PLGA400 decreased

52



lung carcinoma cell proliferation compared to n@anwoth and other nanopatterned
PLGA surfaces, while PLGA300 promoted lung carciaasell proliferation.
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Fig. 2.5. One- and three-day lung carcinoma celliferation on various PLGA surfaces
and BG controls. Data=meaBEM; N=3; *p < 0.01, **p < 0.05 and ***p < 0.1
compared to PLGAO at the same time pdiptg 0.01p < 0.05 and™p < 0.1
compared to PLGA23 at the same time pdipt< 0.01 compared to PLGA300 at the

same time point. For all the samples, all time {soare statistically different from each

other.

2.3.5. Lung carcinoma cell morphology
Cell spreading morphologies on the various sulegrabserved by fluorescent
microscopy are shown in Fig. 2.6. Spreading arezg@éwas quantified on each

substrate and the results are shown in Fig. 2.If's @@ PLGA300 spread out more than
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those on the nano-smooth and 400 nm surface febRUr&A. Cells spread 33% more on
the 300 nm surface featured PLGA than on the nammeth PLGA, and cell spreading
on PLGAO, PLGA23 and PLGA400 showed no significdifference. Thus, cell
proliferation on the PLGA substrates had a sigaiftaelationship with the cell
spreading, as more spreading may result in higlaedifgration. The morphology of
phalloidin-stained F-actin networks in cells on 8@ nm surface featured PLGA
exhibited more and thicker contractile filaments amore cell-cell connections than on
any other substrates, indicating stronger cell-satesinteractions or active cell
movements on this substrate. The morphology oftif-aetworks on other PLGA
substrates (PLGAO, PLGA23 and PLGA400) showed amfillament spreading and not

many cell-cell connections were observed.
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Fig. 2.6. Flueescent microscopy images (40X) showing lung caapéhelial cell
morphology orthe various PLGA substrates after 12 hrs at a sgeti#nsity of ,000
cells/cnf: (A) PLGAO, (B) PLGA23, (C) PLGA300 and (D) PLGAO. The scale bar i

50 micrometers.
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Fig. 2.7. Lung carcinoma cell area on the varioulGR substrates after 12 hrs at a
seeding density of 5,000 cells/enData were expressed as mean + SEM, N=3. * p ¥ 0.0

compared to PLGA23, PLGA300 and PLGA400.

2.3.6. Lung carcinoma cell apoptosis

Cell numbers alone are not accurate to determithaatévity since some cells
may be dead. Therefore, cell apoptosis was invasiigto determine apoptotic/dead/live
cell percentages. Three day cell apoptosis reatdtshown in Fig. 2.8. After three days,
the 23 nm and 300 nm surface featured PLGA showgaifisantly higher apoptotic cell
percentages compared to the nano-smooth PLGA, 262P206%, respectively.
However, there was no significant difference betw® nano-smooth and the 400 nm
surface featured PLGA substrates. For dead catepéages, the 23 nm surface featured
PLGA had significantly higher dead cell percentag@spared to the PLGAO, PLGA300
and PLGA400 substrates: 209%, 172% and 168% nmespectively. These results

indicated that after three days, PLGA23 exhibitgdificantly higher apoptotic and dead
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cell percentages than any other PLGA substratgyestigg that cell apoptosis was
induced by 23 nm surface patterns, resulting irelogell viability.

Furthermore, the trend in five day cell apoptossutts was consistent with the
three day results but the difference became smatheng the various PLGA surfaces.
Specifically, compared to the nano-smooth PLGA, RRG, PLGA300 and PLGA400
all had significantly higher apoptotic cell percages, 202%, 180% and 127% more,
respectively, as shown in Fig. 2.9. Among the nattepned PLGA surfaces, the 23 nm
and 300 nm surface featured PLGA had higher apioptell percentages than the 400
nm surface featured PLGA, 159% and 142% more, otispdy. For dead cell
percentages, only PLGA23 showed significantly 15&hér dead cell percentage
compared to PLGAO. In summary, the five day ceti@psis results further confirmed
that the 23 nm surface featured PLGA substratascendl the largest percentage of lung

cancer cell apoptosis, decreasing lung carcinorhaiaility.
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Fig. 2.8. Three day apoptotic/dead cell percentaf&sg carcinoma cell populations
cultured on the various PLGA substrates. The p¢éagenstands for the ratio of
apoptotic/dead cells to the total cells examinedldoy cytometry. Data are expressed as
the mean + SEM; N=3. ** p < 0.05 and *** p < 0.1ropared to PLGA0*p < 0.05

compared to PLGA23.
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As for the live cell percentages after gettingaicapoptotic and dead cells, all
nanopatterned PLGA substrates showed significamther live cell percentages
compared to the nano-smooth PLGA substrates #itee tdays (Fig. 2.10.). Moreover,
consistent with the dead and late apoptotic cslllts, the 23 nm surface featured PLGA
showed significantly lower live cell percentagespared with PLGA300 and PLGA400
after three days. However, after five days, onlysA23 revealed significantly lower live

cell percentages compared to nano-smooth PLGA rsuést
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Fig. 2.10. Three- and five day live cell percentagklung carcinoma cell populations
cultured on the various PLGA substrates. The péagenstands for the ratio of live cells
to the total cells examined by flow cytometry. Data expressed as the mean + SEM,;
N=3. * p < 0.01, ** p < 0.05 and *** p < 0.1 compat to PLGA0*p < 0.05 compared

to PLGA23.
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2.3.7. Lung carcinoma cell VEGF secretion

VEGF is secreted by lung carcinoma cells drivingpau angiogenesis (the
formation of new blood vessels) and controls tugrowth. VEGF secretion after one-,
three- and five days of cultured lung epithelialca@oma cells is shown in Fig. 2.11. The
same trend was revealed at each time point. Spaityfi after one day, lung carcinoma
cells on the 23 nm surface featured PLGA secratgdfisantly less VEGF than PLGAO,
PLGA300 and PLGA400: 40%, 46% and 38% less, resdgt However, no significant
difference was observed among other PLGA substratese day results also showed
the lowest VEGF concentration on the 23 nm surfaatured PLGA compared to any
other PLGA substrates. Moreover, the 400 nm suffieaired PLGA had significantly
lower VEGF synthesis from lung epithelial carcinoceis than the 300 nm surface
featured PLGA. Five day results further showedsdnme trend as one- and three-day
concentrations and PLGA23 again had significarttydr VEGF concentration than
PLGAO, PLGA300 and PLGA400: 30%, 34% and 24% lesspectively. VEGF results
indicated that cells on the 23 nm featured PLGAstalbes secreted the least amount of
VEGF, suggesting decreased lung carcinoma celligctn such nanopatterned PLGA
surfaces. Therefore, the 23 nm surface featured®in@y have potential applications

for inhibiting lung cancer cell function.
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Fig. 2.11. One-, three- and five day VEGF secrelipitung carcinoma cells cultured on
the various PLGA substrates. Data are expresstteasean + SEM; N=3. * p < 0.01
and ** p < 0.05 compared to PLGAO at the same fimiat; “p < 0.01,"p < 0.05 and™
p < 0.1 compared to PLGA23 at the same time p&fnp; < 0.05 and** p < 0.1
compared to PLGA300 at the same time point. Fahallsamples, all time points are

statistically different from each other.

Furthermore, after normalizing VEGF concentratiod aell density on PLGAQO,
nominal VEGF per cell were obtained on the variBuSA surfaces and results are
shown in Table 2.3. After one- and three-day, aati$’LGA23 had the lowest nominal
VEGF per cell and had only 0.52 and 0.38 nominaG¥Eper cell compared to nano-
smooth PLGA. This result indicated that cells om28surface featured PLGA were

significantly less bioactive and secreted much Y4&S&F compared to PLGAO.
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Table 2.3. One- and three-day nominal VEGF per kangcer cell on the various PLGA

films
Sample PLGAO PLGA23 PLGA300 PLGA400
Normalized VEGF
1.00 0.61 1.12 0.98
concentration (one day)*
Normalized total cell density
1.00 1.17 1.54 0.82
(one day)**
Nominal VEGF per cell
1.00 0.52 0.73 1.18
(one day)***
Normalized VEGF
1.00 0.61 1.11 0.92
concentration (three day)
Normalized total cell densit
1.00 1.61 2.80 1.12
(three day)
Nominal VEGF per cell
1.00 0.38 0.39 0.82

(three day)

*Normalized VEGF concentration obtained by normaligzall the VEGF concentration
on PLGAO, PLGA23, PLGA300 and PLGA400 to the coricion on PLGAO;
**normalized cell density obtained by normalizingtae total (live and dead) cell
density on PLGAO, PLGA23, PLGA300 and PLGA400 te tbtal cell density on
PLGADO; **nominal VEGF per cell obtained by dividinthe normalized VEGF

concentration by normalized cell density.
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2.3.8. Primary small airway lung epithelial cell MTT assay

Prior results concerning lung carcinoma cells shbthat the nanopatterned
PLGA surfaces could inhibit cancer cell functiomsnpared to nanosmooth PLGA
surfaces. Cancer cell functions including adhegpoaljferation, apoptosis, morphology
and VEGF synthesis have been thoroughly investigael the results indicated the
anticancer function of the nanopatterns withoutube of chemotherapeutics. When
biomaterials are in contact with human tissue ¢@nerate healthy tissue where cancer
tissue once was, they might interact with both eagells and healthy cells. Thus, it is
necessary to investigate healthy cell growth omptlo@osed nanopatterned PLGA
surfaces.

The cell viability of small airway lung epitheliaélls after one- and three-days
was investigated by an MTT assay and the resudtslaomwn in Fig. 2.12. Importantly,
the total live cell numbers on the nanopatterne@RIsurfaces were significantly larger
than that on the nanosmooth surfaces. Specificallgr one day, the total live cell
numbers on PLGA23 and PLGA300 were significanthgda than that on PLGAO.
Moreover, the PLGA23 had significantly more healllg cells compared to PLGA400.
On average, small airway epithelial cell growthRIrGA23, PLGA300 and PLGA400
resulted in 81%, 65% and 27% more live cells tlah on PLGAO after one day,
suggesting that nanopatterned PLGA surfaces caybdave healthy cell growth. After
three days, live cell numbers on PLGA23, PLGA300 BhGA400 were significantly
larger than that on PLGAO, separately, with 23%62Zind 19% more live cells
compared to PLGAO. The increased healthy cell litgland resultant total live cell

numbers indicated that the nanopatterned PLGA sesfaould be ideal candidates for
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anticancer implants, since it possesses a novdledunction of inhibiting cancer cell

function while improving healthy cell growth withbtihe use of pharmaceutical agents.
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Fig. 2.12. One- and three-day total live cell nursh primary small airway lung
epithelial cells cultured on the various PLGA sufiits. Data are expressed as the mean
+ SEM; N=3. * p<0.01 and ** p<0.05 compared to PLGAt the same time poirft,

p<0.05 compared to PLGA400 at the same time pBortall the samples, all time points

are statistically different from each other.
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2.4. Discussion

2.4.1. Control of PLGA surface properties (topograpy, wettability and chemistry)

Surface characterization studies on the variousAt@faces exhibited the
successful fabrication of nanopatterned PLGA sedagith pattern sizes as small as ~ 20
nm. AFM images demonstrated that the intended gg#ieranotopographical surfaces
had highly orderly arrays with extended surfacasr&loreover, the gradually increased
pattern sizes also explained the trend that Walues gradually increased as the use of
self assembly PS sphere diameter increased (froom2® 400 nm), the patterns on the
surface became larger and consequently made tfaesumore rough (from 3.73 nm to
24.11 nm). On the other hand, a comparatively smBaiGA surface was fabricated
without the use of PS beads, but still with somgrele of nanoroughness {&0.54 nm)
and, thus, these surfaces were termed nano-smba&tA Burfaces.

Many methods have also been used to create naeopattsurfaces, but some
problems exist with the various approaches. Fomgt@, one problem with optical
lithography is the limited resolution of opticahlography (mostly in micro scale), e-
beam lithography involves high cost and is veryeticonsuming, while the polymer
demixing technique is limited to the copolymer wiinase separation ability. In this
study, the method used to fabricate nanopatterh&RFsurfaces is extremely easy and
inexpensive and does not alter the molecular weaghinctional chemistry of the cast
polymer. A further advantage of this techniquehat it can be expanded to polymers
beyond PLGA (considering only if the solvent usegsinot adversely affect the PDMS
mold) [110]. In this manner, many different polymeenaterials can be created to have

diverse nanopattern features to investigate a vaidge of cancerous cell responses. For
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example, silicone substrates, photopolymers, ahgt@prolactone, etc., with order
nanopattern arrays have been produced by this agpfd14-116]Importantly, this
method implies the possibility that topographieadtiires of nanopatterned PLGA
surfaces (including, but not limited to, pattermesand surface roughness) can be simply
controlled by altering the self assembly monolajescribed here.

In addition, ESCA results showed the same chemisityveen all PLGA surfaces
created in this study (including nano-smooth antbpatterned PLGA surfaces). ESCA
spectra showed the same peaks on various PLGAcssifandicating that there was no
silicon contamination on the various PLGA castacek through the use of the PDMS
mold process. Thus, the only difference betweesdlmeaterials was the surface
topography as created by the different sizes offineerical features. Therefore, this
study fabricated two types of PLGA films (nano-siioand nanopattern) with different
surface topographies but same chemistry. This aldbfer a focused investigation
concerning the effect of PLGA topography alone egutating lung carcinoma cell
functions, suggesting that the differences in @dponses can be attributed to the surface
topography and surface roughness.

Furthermore, static water contact angle resultsveldaslightly different
hydrophobicity as all the PLGA samples were hydoipt © > 9¢). Considering all the
PLGA surfaces had same chemistry but differeniasgrtopography, similar wettability
can be contributed to the same surface chemistrweier, surface topography may still
interfere with wetting of hydrophobic surfaces, the effects of topography on surface

wettability may not be as significant as surfacerolstry.
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Again, the results above suggest that surface tapbg can be precisely
controlled by the method proposed in this studjhe®surface properties can be de-
convoluted, making surface topography an indepenaEiameter on mediating cancer
cell responses. In this sense, a more completéhandugh understanding of the effects

of nanotopography on cancer cell functions canX{peeted.

2.4.2. Lung carcinoma cell adhesion and proliferatin

Lung carcinoma cell adhesion results indicated aiahe nanopatterned PLGA
surfaces increased lung carcinoma cell adhesioweMer, among all the nanopatterned
PLGA surfaces prepared in this study, lung canels showed least adhesion density on
PLGA400 than any other nano pattern size, sugggtiet the topographical pattern can
regulate cell responses and the topographical sealaffect the degree to which the cell
behavior is regulated. In addition to pattern si#ferences, it is important to emphasize
that PLGAO, PLGA23, PLGA300 and PLGA400 had velffjedent pattern features that
also influenced surface roughness, surface areawafate free energy. As pattern size
increased and the resultant surface roughnessndtisurprising that more cancer cell
adhesive proteins (such as fibronectin) may hagerbgéd on nanopatterned PLGA
surfaces to induce better lung carcinoma cell adhesmportantly, many studies have
been conducted to determine why tissue growth (asdbone, bladder, and neural tissue)
is enhanced on nanostructured surfaces whetherasadmf polymers, metals, ceramics,
or composites [117]. Such studies have focusedtered initial protein adsorption and

bioactivity when adsorbing on nanostructured comgao microstructured or smooth
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surfaces. Since the A549 cell has been found toess fibronectin receptor, but not
vitronectin receptoavp3 [118], fibronectin adsorption is important for #&cell
adhesion. Although the greater cell adhesion cbaldttributed to the increased surface
area on nanopatterned surfaces, in this studyasidrea showed no significant
difference, only PLGA300 and PLGA400 had slightighter surface areas. However, the
adherent cell density was still lower on PLGA40Gakhhad slightly higher surface area.
Therefore, in addition to protein adsorption, otheperties influenced by
nanotopography (such as protein patterning, sudaoenetry features, etc.) may further
affect initial cell adhesion. Moreover, althoughl eglhesion is important in subsequent
cell development, cell adhesion alone can't prefdittire cell responses and functions.
Nanotopography has also been shown here to affiegtdarcinoma cell
proliferation. After one- and three-days, lung aamma cells grew less on PLGA400,
while the highest cell proliferation was observedioe 300 nm surface featured
substrates. Obviously, the proliferation differebetween nano-smooth and
nanopatterned PLGA surfaces was much smaller tteaadhesion difference and again,
PLGA400 exhibited lower cell proliferation than amther PLGA surface. This decrease
can be in part attributed to the lower cell adhesio PLGA400, but the lowest cell
adhesion on PLGAO did not lead to largely decreasdicproliferation. Inversely,
PLGAZ23 did not show dramatically different cell pieration compared to PLGAO
although they had much higher cell adhesion densiticating the decreased cell
proliferation rate on PLGA23. Some other surfacspprties related to lung cancer cell
proliferation (such as protein adsorption, surfliee energy, and surface topography)

will be discussed in Chapter 5.
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2.4.3. Lung carcinoma cell functions

Cellular interactions with biomaterial surfaces sagulated by surface properties
which play an important role in mediating cell beioas. Some studies have shown that
nano-features can affect cancer cell behaviorsy as@dhesion, proliferation,
morphology, orientation and migration [79, 119-1Z2)r example, El-Said al. [121]
found that Hela cancer cells exhibited better @dliesion and proliferation on
nanoporous alumina coated with polypyrrole nanosvinan traditional flat substrates.
Moreover, the focal contacts of cells indicated ttedl migration on the polypyrrole
nanowires/nanoporous alumina surface may be eastehave higher motility than the
cells on smooth surfaces. Another study indicated the number of adherent lung
carcinoma and Hela cells and their proliferatiaesaexhibited a maximum on
moderately rough (Ra ~ 10-45 nm) electrochemicatiiied silicon substrates [119].
However, no general trend was found concerningeracel| functions on topographical
surfaces. In yet another example, human hepatobtastells spread and grew
confluently with elongated and aligned morpholofpng nano-grooves/ridges with
various widths (from 100 to 500 nm) and depthsn(frt00 to 380 nm), while albumin
synthesis and urea conversion decreased with siagegroove depths [120]. Andersson
et al. [79] found that human bladder carcinoma cellsureli on hemispherically (167 +
6 nm average diameter) nano-structured surfacesexha decrease in IL-6 and IL-8
production and were less spread, less round and steltate (larger dispersion). All
these studies suggest that cancer cell functiomeaip or down regulated by nano-
features. In this study, increased lung canceragiptosis and decreased VEGF

secretion has been found on 23 nm topographictdas.
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Cell morphology was investigated by fluorescentroscope to further elucidate
the PLGA topographical effects on lung cancer cé&lfem fluorescent images, cells on
PLGAO, PLGA23, and PLGA400 demonstrated less sjpmgatian those on 300 nm
surface featured PLGA, indicating that cell expansvas related to surface topography.
This observation also supports the findings of enkd bioactivity including cell
adhesion, proliferation, apoptosis and VEGF semmnettian any other substrates.
Filopodia sensing of the topographical featuresk®sesn proposed as a cell adaptation
mechanism to surface topography [123]. It is pdedifat cell filopodia extension and
cell spreading can be affected by the lateral dsimrs or height of nanometer surface
features. In the present study, the alteratiorebfspreading on nanotopographical
surfaces exhibited dependence on the pattern sizes.

Furthermore, apoptosis assays were conducted anlisrendicated that after
three and five days, lung cancer cells on the 23uarface featured PLGA substrates had
higher apoptotic and dead cell percentages thahalthers, therefore resulting in a
lower live cell percentage among all the substraigsptosis is the process of
programmed cell death and can be induced by bioidatiend biophysical events.
Topography could provide an extracellular physstathulation and lead to cellular
apoptosis. For example, Pagtkal. [124] found that mesenchymal stem cell adhesia@h an
spreading were severely impaired on nanotube layiginsa tube diameter larger than 50
nm, resulting in dramatically reduced cellular atyi and a high extent of programmed
cell death. Another study also reported that hufoegskin fibroblasts exhibited
significantly smaller cell size and lower proliféaoa on needle-like nanoposts [67]. In

this study, the 23 nm PLGA surface topography wah & cell-stimulating cue that it
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induced more lung carcinoma cell apoptosis comptardide nano-smooth PLGA
surface. The possible mechanism may be that 23unface topography doesn’t support
cell focal contact formation (including integrinsasbly and actin filament assembly)
and cell signaling to nucleus, thus leading to apsip[124].

Lastly, lung cancer cells on the 23 nm surfaceuteat PLGA substrates secreted
less VEGF than all the other samples, represeatipgssible critical detrimental step in
tumor development through which the tumor estabBsin independent blood supply,
consequently facilitating tumor growth [125, 1Z6khis result can be attributed to the
aforementioned higher apoptotic and dead cell p¢ages on the 23 nm surface featured
PLGA substrates. Furthermore, after normalizing VE®ncentration and cell density
on PLGAQO, cells on PLGA23 had the lowest nominalGFeper cell. This result
indicated that cells on 23 nm surface featured Pl&fe significantly less bioactive and
secreted much less VEGF which could largely litné growth of tumors, considering the
essential role of VEGF on tumor growth. Importandithough the relatively little higher
cell adhesion and cell proliferation on PLGA23 tilaat on PLGAO, PLGA23 showed a
pronounced potential towards inhibiting cancer fielctions as lung carcinoma cells on
PLGA23 showed a higher percentage of apoptosislaath and decreased ability to

secrete VEGF.

2.4.4. Primary small airway epithelial cell viabilty
Primary small airway epithelial cell representsgumealthy cells in contrast to the

previously tested lung cancer cells. Lung carcinaglaresponses on nano-smooth and
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nanopatterned PLGA surfaces (including adhesiaslifpration, morphology, apoptosis
and VEGF secretion) have been thoroughly investtjahd PLGA23 showed the highest
potential anticancer property. However, lung heatthll responses on the various PLGA
surfaces are also important since the positivecteffef nanopatterns on healthy cell are
expected at the same time of inhibiting cancerfaeittions. Therefore, the viability of
primary small airway cells was studied on the wasi®LGA surfaces by MTT tests.
One- and three-day results indicated that PLGAZBRIIGA300 both enhanced lung
healthy cell viability and had more live cells caangd to nano-smooth PLGA.
Collectively, this result revealed that PLGA23 emted lung healthy cell proliferation
and viability but inhibited lung cancer cell furarts. The reasons for the enhanced lung
healthy cell proliferation may relate to variousfage properties and will be discussed in
Chapter 5. Therefore, the 23 nm PLGA surface patteuld be an ideal biomaterial
topography compared to nano-smooth and other la@sopatterned (PLGA300 and
PLGA400) surfaces.

In this manner, without changing the chemistry aftenials, cancer cell functions
may be selectively minimized on 23 nm topographiiaGA surface features which

could contribute to the design of better materiatsa wide range of cancer applications.

2.5. Conclusions

A simple and effective method was developed and hsee to create various
nanopatterned PLGA surfaces with the same surfaesistry and similar wettability.
For the first time, these fabricated PLGA surfasese systematically tested for lung

carcinoma and primary small airway epithelial ceponses. The results of cell adhesion
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and proliferation showed that total (live and delad¥y lung carcinoma cells grew on the
400 nm surface featured PLGA compared to the athiestrates, while the highest total
cell density was observed on the 300 nm surfaderea substrates. However, cell
apoptosis assays indicated that after three aeddfays, cells on the 23 nm surface
featured PLGA substrates had higher apoptotic @ad dell percentages than all the
others, therefore possessing a lower live cellgrgage among all the substrates. VEGF
assays also showed decreased lung carcinoma catitlviity on PLGA23. In addition,
the investigation of lung normal cell growth on tfeious PLGA surfaces showed
increased healthy cell proliferation and viabilty nanopatterned PLGA surfaces, which
can be fundamental and critical information for theher investigation of
nanotopographies for ideal anti-cancer implantiappbns. Obviously, different cell
lines could have different responses to the sawmdtierials. Thus, to investigate the
universality of nanopatterned PLGA substrates Iibih numerous cancer cell functions,
breast adenocarcinoma epithelial cell (MCF-7) fiore on the various PLGA surface

will be described in the next chapter.
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Chapter 3 Breast Adenocarcinoma Cell
Functions on Polymer Nanometer Surface

Features

3.0. Preface

In Chapter 2, the effects of PLGA surface proper{gpecifically, pattern size,
surface topography and wettability) on lung caroiacand lung normal cell functions
(including adhesion, proliferation, morphology, ppmsis and VEGF secretion) were
systematically identified. Results demonstrateditie first time, decreased lung
carcinoma epithelial cell functions on 23 nm sueféeatured PLGA compared to
traditional nano-smooth PLGA. However, clearlyfeliént cell lines could have different
responses to the same biomaterials. Thus, to igeésthe universality of nanopatterned
PLGA substrates to inhibit numerous cancer celtfioms, here, breast adenocarcinoma
epithelial cell (MCF-7) adhesion, proliferation,cggosis and VEGF secretion were
determined on the same PLGA nanometer surface tapbigs created and tested in
Chapter 2To isolate surface nanotopographical effects frtrather surface properties,
PLGA surfaces with various nanotopographies butlaimshemistry and hydrophobicity
were fabricated here. Atomic force microscopy (ARMYJified the varied

nanotopographies on the PLGA surfaces prepardddrstudy.lmportantly, results
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demonstrated for the first time significantly dexged breast adenocarcinoma cell
functions (including decreased proliferation ratereased apoptosis and decreased
VEGF synthesis) on 23 nm featured PLGA surfacespaoed to all other PLGA surface
topographies fabricated (specifically, nano-smo8€@f nm and 400 nm surface featured
PLGA surfaces). In contrast, healthy breast epdhetlls proliferated more on the 23
nm featured PLGA surfaces compared to all other Rs@mples. In summary, these
results provided further insights into understagdime roles PLGA surface
nanotopographies can play on cancer cell functmasmore importantly, opens the
possibility of using polymer nanotopographies favide range of anticancer applications
(without chemotherapeutics) from drug deliveryissiie engineering after breast cancer

removal.

3.1. Introduction

According to ACS, it is estimated that about 1 wd@men in the US (12%) will
develop invasive breast cancer (cancer that spasidile the membrane of the lobule or
duct into the breast tissue) over the course ofitetime. For women in the United
States, breast cancer is the second leading cheasecaer death after lung cancer. An
estimated 226,870 new cases of invasive breasecane expected to occur among
women in the US during 2012; about 2,190 new casegxpected in men (ACS, 2012).
Most patients with breast cancer have surgeryrntmwe the cancer from the breast, such
as lumpectomy and mastectomy. If a patient hassiati@my, breast reconstruction
(surgery to rebuild the breast’s shape after aectminy and lumpectomy) may be used.

At present, most of the reconstructed breast isenfiaain an implant, such as a saline
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implant, silicone gel, or polyurethane foam coafih®7-129]. Thus, it is important to
have cytocompatable biomaterials to avoid canaarrrence and implant failure. Clearly,
even if all the breast cancer is removed at the tifrthe surgery, there is still a
possibility that the cancer will return, called &secancer recurrence. According to the
ACS, 11% of women will suffer breast cancer reauceewithin five years and 20% in 10
years following the initial treatment. In this ma&annbiomaterials with anti-cancer
properties would be an ideal implant after breastcer resection. It is clear that the
current plethora of materials used for breast retrantion, were not originally designed
to inhibit the return of cancer. For example, btéaplants with polyurethane foam
covers can leak toluene diamine, a demonstrateihogen in animals [38] and silicone
implants can release platinum into tissues adjacesiticone breast implants [130].

It is now known that cancer cells respond diffelsetd nano structured (albeit
large nanofeatures) compared to nano smooth topbigs For example, Keah al.
[131] constructed flat or nanostructured polymefaes (400 nm pillars, 400 nm
perpendicular and 400 nm parallel lines with respethe direction of flow) on the
bottom of PDMS microfluidic channels to exploit thehesion differences between
normal breast epithelial cells (MCF-10A) and breastinoma cells (MCF-7). It was
found that MCF-10A cells adhered in higher amouinés MCF7 cells regardless of
culture time and surface nanotopography at all flates (from 10 ml/min to 1200
ml/min). Another study conducted by this group g smaller nanostructures (50 nm
pillars, 50 nm perpendicular and 50 nm paralletdimvith respect to the direction of flow)
out of PDMS microfluidic channels and showed thredlthy cells adhered in greater

forces than cancer cells [132]. In this way, theapatterned PLGA surfaces could be an
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ideal biomaterial interface which has a weak inteoa with breast cancer cells and
strong interaction with breast healthy cells. Aligh at the micron scale, Baatral. [133]
fabricated numerous well-defined micron-sized sitie topographies (1Qdm lines, 10

um wide and 2Qum spaced pits, andbn wide and 1um spaced pillars) to examine
breast tissue-derived fibroblast interactions.dsviound that these micron topographies
were capable of inducing differences in fibrobkadhesion and directional control of cell
growth with alterations in cell shape and phenotylpestrating that fibroblast adhesion
and functions on silicone can be manipulated byetipographies to enhance
biointegration between the implant and the brasstie. Lastly, Matthewt al. [134]
presented the first data of an intracellular signgainolecule RACK1 (a multi-functional
signaling adaptor protein) involved in the reguatof cell contact guidance on large
scale nanometric growth polycaprolactone surfat25(um line patterns, 353 nm deep).
It was found that on nanometric grooves, over-esgiod of RACK1 in human breast
cancer cells (MCF-7) led to a pro-adherent morpimpknd limited responses of cells to
contact guidance. RACK1 therefore exerts a toridbitory effect on cell contact
guidance, while positively promoting a cell adhesphenotype.

These studies collectively indicated that the galbstopography (both large
nanometer and micrometer) can induce various carakeand healthy cell behaviors.
The topographically patterned substrates could opgortunities for understanding and
tailoring various cell growth, and further contmog cell functions. However, relatively
little attention has been paid in terms of desigriissue engineering materials
(specifically, PLGA) with true nanometer featuresrthibit breast cancer function and

promote healthy breast cell functions, criteridical for regenerating healthy breast

78



tissue after breast cancer tissue removal. In iaddiéxamining cancer cell functions
beyond density (such as VEGF synthesis) on vamanstopographies are necessary,
and currently missing.

For the above reasons, in this study, breast adeciooma cell functions (such as
adhesion, proliferation, apoptosis and VEGF syngh&s various nanopatterned PLGA
surfaces were investigated and compared to nanotbnR®L.GA surfaces without
nanopatterns. All the PLGA surfaces were prepayeithé same procedure to allow for
identical surface chemistry and similar wettabitymparisons but with different
topographies, enabling the exclusion of other serfaroperties (such as surface

chemistry and surface wettability) from the surfaea@otopographical effect.

3.2. Experimental

3.2.1. Fabrication of nanopatterned PLGA surfaces

PLGA surfaces with various nanotopographies wesedated using the same
method described in Chapter 2 Section 2.2.1. ABRLsurfaces were stored under a
vacuum at a pressure of 20 inches of mercury usél Prior to cell experiments, all of
the PLGA films were cleaned by soaking in 70% etth&or 20 mins and sterilized by

UV light exposure for 4 hours.

3.2.2. Cells
A breast epithelial adenocarcinoma cell line MCEHTB-22, ATCC) was

purchased from the ATCC and used without furtheratterization. Cells were cultured
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in Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclehsupplemented with 10%
fetal bovine serum (FBS, Hyclone) and 1% penidilireptomycin (P/S, Hyclone) under
standard cell culture conditions (5% &@umidified air at 37C). Human mammary
epithelial cells (HEMpiC, ScienceCell, 7610) remmsng healthy breast epithelial cells
at population numbers less than 5 were used foifhi€ assay. HEMpiC from
ScienceCell were isolated from normal human briessie. Mammary Epithelial Cell
Medium (MEpiCM) consisting of basal medium (Scie@e#, 7611), mammary
epithelial cell growth supplement (MEpiCGS, Scigbel, 7652) and
penicillin/streptomycin (P/S, ScienceCell, 0503swaed to culture HEMpIC cells. The
cells were cultured until 80 ~ 100% confluence dhadture polystyrene flasks before
conducting the cell tests described below. Cellytaipn numbers between 2 and 7 and

were used for following cell assays.

3.2.3. Breast adenocarcinoma cell adhesion assay

After reaching confluence, MCF-7 cells were liffeaim the tissue culture
polystyrene flask with trypsin-EDTA and were disged in DMEM supplemented with
10% FBS and 1% P/S. Cell density in the suspensamsmeasured by a hemocytometer
(Fisher Scientific) according to standard proceduF®r adhesion assays, MCF-7 cells
were seeded onto the various PLGA surfaces andub&traites (controls) at a density of
3,500 cells/crhin DMEM supplemented with 10% FBS and 1% P/S. Aseeding on
the PLGA surfaces, cells were cultured under stahdell culture conditions (5%
C0O,/95% humidified air and 3T) for 4 hrs. After the prescribed time period, ©hion

adherent cells were removed by rinsing in phospbatier saline (PBS) three times
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while adherent cells were fixed with 10% formalisher Scientific) for 10 mins. Then,
the formalin was removed and the cells adhererthedPLGA surfaces were stained in
4’, 6-diamidino-2-phenylindole (DAPI, Sigma Aldricfor 10 mins. After staining,
samples were transferred to a fluorescence micpas@M, Axiovert 200M, Zeiss) and
adherent cells were counted under 10X magnificati@n counting, five random areas on
each sample were selected or photographed, andwgbers in all five areas were
counted and averaged. The adhesion assay was teddiudriplicate (n=3) and was

repeated at least three separate times (N=3).

3.2.4. Breast adenocarcinoma cell proliferation agy

For the breast adenocarcinoma cell proliferati@agscells were seeded onto the
various PLGA surfaces at a density of 5x&6lls/well in 24 well tissue culture plates
(treated by vacuum gas plasma, FALCON) in DMEM sdemented with 10% FBS and
1% P/S. The breast adenocarcinoma cells were edlfior four-hours, as well as one-,
three- and five-days under the standard cell caillt@nditions described above. After the
prescribed time period, MCF-7 cells were liftednfrthe substrates with trypsin-EDTA
and dispersed in DMEM supplemented with 10% FBSXdP/S. The PLGA substrates
were examined under fluorescence microscopy aftpsinization to determine that all
cells were lifted. Cell density in the suspensiaswneasured by a hemocytometer
according to standard procedures. The proliferagsay was conducted in triplicate
(n=3) and was repeated at least three separate (M¥3).

Furthermore, the cell growth equation was obtaimgglotting the cell density

over time to generate an exponential equation lasafe [135]:
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tINoe" (Equ. 3.1.)
where N(t) is the number of cells present at tinM tis the population cell number at
time O,r determines the rate at which the population grand, e (or Euler’'s number) is
a transcendental number where e = 2.7182. Celllshgutime can be obtained by using

equation 3.2:

Th=(In 2)k (Equ2)
where T, is the doubling time (hours) and r is the ratevlaich the population grows

obtained by Equ. 3.1.

3.2.5. Breast adenocarcinoma cell apoptosis assay

Measurements of phosphatidylserine (apopotosigesspn using fluorescein-
labeled (FITC) Annexin V-Programmed cell death (@psis) was conducted by flow
cytometry using a Sigma-Aldrich apoptosis deteckitfAPOAF). FITC Annexin V
staining precedes the loss of membrane integriiglwaiccompanies the latest stage of
the cell death through the apoptosis and necroticgsses. FITC annexin V was used
with the vital dye propidium iodide (PI) to separ#te late and early apoptotic
population of the cells. The experiment was perfmtraccording to the manufacturer’s
instruction. Specifically, 5 x ®reast adenocarcinoma cells weeeded onto the
various substrates in 24 well plates with 1 ml raedhen, cells were cultured in a
similar manner to that described in the cell peshtion section. After three- and five-
days, cells were washed with PBS. The cells welletpd and resuspended in 1x binding

buffer contained in the kit. 5 pl of FITC-Annexinahd Pl were added to the cell
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suspension and incubated at room temperature faridGtes. The cells were analyzed
with flow cytometry (BDBiosciences FACSAria) ancetresults analyzed by
BDBiosciences DiVa 5.0 software. The apoptosisyas&ses conducted in triplicate (n=3)

and was repeated at least three separate timeg.(N=3

3.2.6. Breast adenocarcinoma cell VEGF immunoassay

For the breast adenocarcinoma cell VEGF assay welte seeded onto the
various PLGA surfaces and polystyrene well platéeses at a density of 5x10
cells/well in 24 well tissue culture plates in DMESpplemented with 10% FBS and 1%
P/S. The breast adenocarcinoma cells were culforezhe-, three- and five-days under
standard cell culture conditions. The media for\fle€sF measurements were collected
after 1 day. The quantikine human VEGF (vasculaogémelial growth factor)
immunoassay kit (R&D systems) was used for detangiEGF concentration. The
experiment was performed according to the manufactuinstruction. Briefly, 200 pul
standards (prepared from the kit) and sample mediare pipetted into the 96-well plate
(from the kit) and incubated for 2 hrs at room tenapure. After washing with a binding
buffer, an enzyme-linked polyclonal antibody spiediér VEGF (from the kit) was
added to the wells. Following a wash to removewamyound antibody-enzyme reagent, a
substrate solution (from the kit) was added towleds and a color developed in
proportion to the amount of VEGF bound in the alistep. Color development was
stopped and the intensity of the color was meashiyeaimicro plate reader (Molecular
Devices). The VEGF concentration was determinenh faostandard curve of absorbance

versus known concentrations of VEGF run in paraili¢gh the experimental samples. The
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VEGF immunoassay was conducted in triplicate (res8) was repeated at least three

separate times (N=3).

3.2.7. Breast healthy epithelial cell MTT assay

Human mammary epithelial cells (HEMpiIC, ScienceC#l10) representing
healthy breast epithelial cells at population nuralbess than 5 were used for the MTT
assay. HEMpiC from ScienceCell were isolated frammmral human breast tissue.
Mammary Epithelial Cell Medium (MEpiCM) consistirng basal medium (ScienceCell,
7611), mammary epithelial cell growth supplemenEMCGS, ScienceCell, 7652) and
penicillin/streptomycin (P/S, ScienceCell, 0503swsed to culture HEMpIC cells. For
the MTT assay, HEMpiC were seeded on the PLGA sagat a density of 100,000
cells/cnf. After seeding, the cells were cultured underdsaa cell culture conditions
(5% CQ, humidified air at 37C). After one-, three- and five-days, viable celimbers
were determined using the Celltiter 96 Non-radivacCell Proliferation Assay (G4100,
Promega) the same as described in Section 2.ZBe7live cell number was determined
from a standard curve of absorbance versus knoweettrations of live small airway
epithelial cell solutions run in parallel with tMTT assay. All the experiments were

performed in triplicate (n=3) and repeated threeets (N=3).

3.2.8. Statistical analysis
Results were analyzed using one-way analysis avee (ANOVA) and data

were expressed as the meastandard error of the mean (SEM).
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3.3. Results

3.3.1. Breast adenocarcinoma cell adhesion

Four-hour breast adenocarcinoma cell adhesiontse@dtiy. 3.1.) showed
different breast cancer cell adhesion on variouSRkurfaces compared to lung
carcinoma cells. Specifically, PLGAO did not shagnsficantly different cell adhesion
density compared to the nanopatterned PLGA suriacasding PLGA190, PLGA300,
PLGA400 and PLGAS530. They all had similar cell aslba densities after four hours
although distinctly altered surface topographiesweEver, when the pattern size
decreased to the nano scale, the effect of sunf@cetopography on breast
adenocarcinoma cell adhesion was observed. PLGA&3He highest breast cancer cell
adhesion density than that on any other PLGA sag#@ncluding PLGAO, PLGA190,
PLGA300, PLGA400 and PLGA530). As the size of steftopography increased,
PLGA400 had significantly lower adhesion densitynpared to PLGA300. This
transition concerning cell adhesion density algopeaed to lung carcinoma cells. These
results demonstrated that surface topography qaajdan important role in breast
cancer cell adhesion as nano scale patterns hanleapronounced effect than 300 nm
and 400 nm patterns. In addition, compared touhg tarcinoma cell adhesion results,
although they are both cancer cells, the respdosgsecific nanotopographied PLGA
surfaces were distinctly different, indicating titas necessary to separately study the
behaviors of lung cancer and breast cancer celtk@nanotopographied PLGA surfaces

in this dissertation.
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Fig. 3.1. Four-hour breast adenocarcinoma cell sidheon various PLGA surfaces and
BG controls. Data=me&$EM; N=3; ** p<0.05 PLGA23 and BG compared to PLGAO
PLGA190, PLGA300, PLGA400 and PLGA530; *** p<0.1 8R400 compared to

PLGA300.

3.3.2. Breast adenocarcinoma cell proliferation

Breast cancer cell proliferation on the various RLSEIrfaces is shown in Fig.
3.2. After one day, breast cancer cell proliferattm PLGAO and PLGA23 substrates
were significantly higher compared to that on PLGAZNd PLGA400. As a result, both
of the PLGAO and PLGA23 had higher breast candédeeasities than PLGA300 and
PLGAA400 after one day. Specifically, PLGA23 had 2&86 23% more cells compared
to PLGA300 and PLGA400. For PLGAQO, results indidai®% and 13% more cells than
that on PLGA300 and PLGA400. However, there wasignificant difference between

PLGAO and PLGAZ23 after one day of proliferation.vitver, after three days, the breast
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cancer cell proliferation results showed no sigaifit difference among the various
PLGA surfaces. Interestingly, the cell densitigsrathree-days of culture on the various
PLGA surfaces were similar as that after one-dagutitire and the reasons for this
abnormality will be further discussed later. Affere days, the breast cancer cell density
on PLGAO was significantly smaller than that on AZ3. However, no significant
difference existed among all the nano-patterned & k@faces. Considering that the
various PLGA surfaces had identical surface cheynatd hydrophobicity properties but
their topographies were different, these changesant-term breast cancer cell

interactions (adhesion and proliferation) can beatated to the variations in surface

topography only.
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Fig. 3.2. MCF-7 four-hour adhesion and one-, theel five-day proliferation on
PLGAO, PLGA23, PLGA300 and PLGA400. Data are exgpedsas meastandard

deviation of the mean (SEM); N=3. * p<0.01 and ®(005 compared to PLGA23 at the

same time point** p<0.05 compared to PLGAO at the same time point.
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Fig. 3.3. shows the relative proliferation densifyoreast cancer cells (normalized
to four-hour breast cancer cell adhesion density’bGAO, PLGA23, PLGA300 and
PLGA400. The breast cancer cell doubling time oGRQ, PLGA23, PGA300 and
PLGA400 was 64.2 hrs, 62.5 hrs, 53.7 hrs and 5% 0Oréspectively. The proliferation
rate of breast cancer cells on each substratecéteti by the slope of the best-fit line)
demonstrated the smaller breast cancer cell pratiten rate on PLGAO and PLGA23.
PLGA300 showed the highest proliferation rate (2tigher than PLGAO) although it
had relatively low cell densities at all the timangs. In summary, PLGA300 and
PLGA400 had a higher breast cancer cell proliferatate than PLGAO and PLGA23,
suggesting that smaller nanotopographical surfde&A0 and PLGA23) could inhibit
breast cancer cell proliferation compared to adasige scale of nanotopographies

(PLGA300 and PLGA400).
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Fig. 3.3. Relative proliferation density of breaancer cells (normalized to 4-hr breast

cancer cell adhesion density) on PLGAO, PLGA23, RBG) and PLGA400.
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3.3.3. Breast adenocarcinoma cell apoptosis

Although the previous section demonstrated higbgal humbers of breast cancer
cells on PLGA23, results of this part of the stagynonstrated that of those numbers, a
higher number of breast cancer cells on PLGA23 wes& or apoptotic, resulting in a
lower number of live cells compared to PLGA300 &.@5A400. Specifically, PLGA23
had 96% more apoptotic cells than PLGA300 aftezdldays (Fig. 3.4.). As for
PLGA400, results showed almost no apoptotic cdiés ghree days. For PLGAO, results
also showed higher percentages of apoptotic dedls PLGA400, and thus a lower
percentage of live cells on PLGAO. These resuliecated that the nanotopographies on
PLGAZ23 induced cancer cell apoptosis more easdp ttn PLGA300 and PLGA400. In
addition, since apoptosis is an expected cell de@tbess, the larger percentages of
apoptotic cancer cells indicated that on PLGA28abt cancer cell growth was inhibited
and weakened by a 23 nm PLGA surface nanotopografpérythree days.

In addition, the five-day apoptotic and dead celigentage results were shown in
Fig. 3.5. For dead cells, nano-patterned PLGA (PRGALGA300 and PLGA400)
showed average higher percentages compared tosmaoath surfaces (PLGAQ). When
comparing apoptotic cells, PLGAO, PLGA23 and PLGA&Xhibited significantly
higher apoptotic cell percentages than that on PA@AThis result was consistent to the
three-day results that cells on PLGA400 showed atmo early apoptotic trend.

The difference among dead and apoptotic cell p¢éages on the various PLGA
surfaces led to the different live cell percenta@eg. 3.6.). PLGA23 had significantly
lower live cell percentages compared to PLA300Rb&A400 after three days. This

difference largely resulted from the higher dead apoptotic cell percentages on
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PLGAZ23. PLGAO also showed lower percentages ofdelés compared to PLGA400.
The high live cell percentages on PLGA400 coulcthebuted to low apoptotic cell
percentages. In addition, after five days, allRh& A surfaces had lower live cell
percentages compared to three-day results, indg#tat as the culture time increased,

more breast cancer cells were induced to die.
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Fig. 3.4. Three-day apoptotic/dead cell percentafi®CF-7 (breast adenocarcinoma
cells) populations cultured on the various PLGAs{tdies. The percentage is the ratio of
apoptotic/dead cells to the total cells examinedldoy cytometry. Data are expressed as
the mean + SEM; N=3. *** p<0.1 compared to samé alue on PLGA300; ## p<0.05
and ### p<0.1 compared to the same cell value @A3BD0; & p<0.01 and && p<0.05

compared to the same cell value on PLGA400.
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Fig. 3.5. Five-day apoptotic/dead cell percentaf@dCF-7 (breast adenocarcinoma
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compared to the same cell value on PLGA400.
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Fig. 3.6. Three- and five-day live cell percentageMCF-7 (breast adenocarcinoma
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compared to the same cell value on PLGA400.
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3.3.4. Breast adenocarcinoma cell VEGF immunoassay

VEGF is produced by cancer cells to stimulate agg@sis and it is critical in
cancer growth and metastag\ter one day, VEGF secretion by breast adenocancan
cells on PLGA23 was about 10% significantly lowart that on PLGAO and PLGA400
(Fig. 3.7.). Comparing nanopatterned PLGA surfaP&§A23 stimulated less VEGF
synthesis than that on PLGA400. However, there wersignificant difference between
PLGA23 and PLGA300. In contrast, PLGAO showed sigantly higher VEGF
concentrations (specifically, 10%, 11% and 4%) tthet on PLGA23, PLGA300 and
PLGAA400, respectively, indicating that nanotopogjiap on PLGA surfaces inhibited
VEGF synthesis by breast adenocarcinoma cells. @angpthe different surface
topography sizes among PLGA23, PLGA300 and PLGAslfstrates, a smaller
nanotopographical surface feature size (PLGA23)ehailonger ability to inhibit breast
adenocarcinoma cell VEGF synthesis than largessREGA300 and PLGA400). After
three days, PLGA300 had significantly lower VEGRoentrations than that on
PLGA400. On the average, PLGA23 showed a sliglotiyek VEGF concentration than
PLGAO, PLGA300 and PLGA400, although the differesnagere not statistically
significant. Furthermore, five-day VEGF resultsealed no statistically significant
difference among all the PLGA surfaces, but, onaverage, PLGA23 and PLGA300
again showed lower VEGF concentrations than PLGADRLGA400. The possible
reasons for the slight difference between thred-fame- days will be discussed in

Section 3.4.4.
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Fig. 3.7. VEGF secreted by MCF-7 (breast adenogansa cells) cultured on the various
PLGA substrates after one-, three- and five-daydal@re expressed as the mean = SEM,;
N=3. *p < 0.01 and **p < 0.05 compared to PLGAQl& same time point; ##< 0.05

and ### p<0.1 compared to PLGA400 at the samepoi. For all the samples, all

time points are statistically different from eadhey.

Furthermore, after normalizing one- and five-dayGHReconcentration and cell
density on PLGAO, nominal VEGF per cell values wabéained on the various PLGA
surfaces and are shown in table 3.1. After one-faeeday, groups of cells on PLGA23
had the lowest nominal VEGF per cell at 0.84 a® ®lominal VEGF per cell compared
to nano-smooth PLGA, respectively. This result ¢atied that the group of cells on 23
nm surface featured PLGA had significantly decrddseactivity to secret much less
VEGF and thus could largely limit the growth of tara considering the essential role of

VEGF on tumor growth.
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Table 3.1. One- and five-day nominal VEGF per hireaacer cell on the various PLGA

films
Sample PLGAO PLGA23 PLGA300 PLGA400
Normalized VEGF
1.00 0.91 0.90 0.96
concentration (one day)*
Normalized total cell density
1.00 1.08 0.87 0.88
(one day)**
Nominal VEGF per cell
1.00 0.84 1.04 1.09
(one day)***
Normalized VEGF
1.00 0.94 0.94 1.02
concentration (five day)
Normalized total cell densit
1.00 1.25 1.19 1.18
(five day)
Nominal VEGF per cell
1.00 0.75 0.80 0.86

(five day)

*Normalized VEGF concentration obtained by normaligzall the VEGF concentration
on PLGAO, PLGA23, PLGA300 and PLGA400 to the coricion on PLGAO;
**normalized cell density obtained by normalizingjtae total (dead and live) cell
density on PLGAO, PLGA23, PLGA300 and PLGA400 te tiensity on PLGAO;
***nominal VEGF per cell obtained by dividing norireed VEGF concentration by

normalized cell density.
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3.3.5. Breast healthy epithelial cell MTT assay

Prior results from this study indicated that theiamas sizes of nanotopographies
on PLGA surfaces can affect cancer cell functiomsli{ding cell adhesion, proliferation,
apoptosis and VEGF synthesis). However, for catisgene replacement by healthy
tissue, it is also important to investigate theiattions of healthy breast cells on
nanopatterned PLGA surfaces. For this, live HEMp&@ numbers were determined
using the CellTiter 96 Non-Radioactive Cell Praigtton Assay (MTT) kit following
protocols by the manufacturer (Promega). Resultstaf live cell numbers on the
various PLGA surfaces are presented in Fig. 3.&rAfne day, more live HEMpiC cells
were measured on PLGA23 and PLGA300 than on PLGAOPA.GA400. Specifically,
after one day, PLGA23 and PLGA300 had 24% and 25%¥erive healthy breast cells
than that on PLGAO. Compared to PLGA400, PLGA23 Bh&A300 also had
significantly higher live cell numbers. Howevereth was no significant difference in
living breast healthy cells after one day of cidtbetween PLGAO and PLGA400. After
three days, the number of live cells on PLGAO wgasiBcantly less than that on
PLGA23 and PLGA300, but no significant differencasmbserved between PLGAO and
PLGA400. As for five-day results, PLGA23 had sigrahtly higher breast healthy cell
numbers compared to PLGAO and PLGA400. The resuljgested that PLGA23
enhanced live healthy cell growth compared to ahgronano-smooth and nanopatterned
PLGA surfaces up to five days. This finding furtitenfirmed the large potential
PLGAZ23 has for anticancer breast implants, sincé soaterials can inhibit cancer cell

functions and at the same time, improve healthlygreivth.
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Fig. 3.8. One-, three- and five-day total live ¢celmbers of HEMpiC (normal breast
epithelial cells) cultured on the various PLGA dudites. Data are expressed as mean *
SEM; N=3. * p<0.05 and ** p<0.1 compared to PLGAQle same time point; ## p<0.1
compared to PLGA400 at the same time point. Fahallsamples, all time points are

statistically different from each other.

3.4. Discussion

A previous study in Chapter 2 on biomaterial-ceferactions between
nanopatterned PLGA surfaces and lung epitheliaicama cells demonstrated the
inhibition of lung cancer cell functions on 23 naGA surface features. Here, in order
to investigate the anticancer properties of PLGAatapographies on other cells, cell

functions of another cell line, breast cancer d@dlI€F-7) (including short-term
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adhesion, proliferation, apoptosis and VEGF synghegere systematically investigated.
Similarly, this study fabricated two types of PLGArfaces (nano-smooth and
nanopatterned) with different surface topograpbigsalmost identical chemistries. This
permitted a focused exploration of the impact ef BLGA surface topographies alone in
mediating cancer cell behaviors, especially impdrtzll functions including apoptosis
and VEGF secretion. On Chapter 2, ESCA resultsigealvevidence that the method
used here to fabricate nano-smooth and nanopatt@in@A surfaces did not influence

surface chemistry.

3.4.1. Impact of nanotopography on breast cancer teadhesion and proliferation

Obviously, breast adenocarcinoma cells showedrdifteresponses to various
nano feature PLGA surfaces compared to lung caredks; although they are both cancer
cell lines. Complicated cell responses based eneglttopographic size, shape,
uniformity and cell lines largely increase the iduilty of investigating the mechanisms
behind topographically regulated cell behaviors msonses. In this dissertation, our
study focused on orderly arrayed semisphericakpatvith different sphere diameters
but several different cell lines (including cancells and healthy cells) were extensively
studied.

Breast cancer cell adhesion results demonstragg@8inm surface features
improved cell adhesion compared to PLGAO, PLGA30@ RLGA400. However, after
one day of proliferation, cancer cell densitieseveot significantly different between
PLGAO and PLGA23, whereas cancer cell densitieBIOAA300 and PLGA400 were

still significantly smaller than that on PLGAO aRtGA23. This study showed that a
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nanotopography with pattern sizes less than 10Qspecifically 23 nm) promoted
selective breast cancer cell adhesion compareatdgei pattern sizes (300 nm and 400
nm). Due to pattern size differences, it is impotrta emphasize that PLGAO, PLGA23,
PLGA300 and PLGA400 have very different topographfeatures that also influence
surface area, surface wettability, surface enestyy,However, based on the water
contact angle and surface area measurements mdser@hapter 2, there was no
significant difference between the various PLGAfates. Thus, better cancer cell
adhesion on the PLGA23 could be attributed to tlrease nanotopography, which may
have influenced protein adsorption and conformafsuch as fibronectin, vitronectin,
etc.). Topographical surface features whose sideshape corresponds to the size and
shape of the protein can lead to increased adearpt the protein finds suitable “dock-
in” sites [136]. Normally, most protein size dima&ms are in the nanometer scale and
fold into nano-structured globalular domains [13[4}is size and shape significantly
corresponds to the size and shape of the 23 nmrésbPLGA surfaces. Thus, increased
select protein adsorption and subsequent breasercaall adhesion were observed on
PLGAZ23 surfaces.

This study also showed that PLGA23 enhanced boaaster cell proliferation
compared to PLGA300 and PLGA400 after one day. €hlsancement may be attributed
to more breast cancer cell adhesion on PLGA23. Wewehe proliferation difference
after one day was largely smaller than the adhesiiéerence between PLGAO and
PLGAZ23. After three days, surprisingly, cell deiesiton the various PLGA surfaces
showed no distinct change compared to one-daytsediile possible reason for this may

be that cells cultured for this time point had lagtivity or cell culture condition was
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changed compared to other time points. Furtherraxpats will be needed to identify
accurate reasons. Five-day cell proliferation tss@vealed that PLGA23 promoted
breast cancer cell proliferation compared to nanoeth PLGA. Furthermore,
proliferation rate results suggested that cell®b&A23 had relatively lower
proliferation rates (doubling time 62.5 hrs) thaatton PLGA300 and PLGA400
(doubling time 53.7 hrs and 55.0 hrs, respectivelgy, thus, although the initial cell
adhesion was large on PLGAZ23, cells proliferateavstesulting in similar cell densities
on PLGA23, PLGA300 and PLGA400 after five days. rEere, it is the cell adhesion
density as well as proliferation rate together ttetermined subsequent cell densities.
In summary, breast adhesion and proliferation tesntlicated that PLGA300
and PLGA400 decreased breast adenocarcinoma oéfepation compared to PLGAO
and PLGA23. But PLGA23 showed a relatively low geshtion rate, although it had a

high initial cell adhesion density.

3.4.2. Impact of nanotopography on breast cancer tdéunctions

Importantly, upon further investigation, it was falithat a significant number of
breast cancer cells on the 23 nm PLGA surfaces desd or apoptotic after three days.
Apoptosis is an active, inherently programmed phasmon, which has been shown to be
initiated or inhibited by a variety of environmelngéimuli, both physiological and
pathological [138]. Apoptosis is programmed cehlitheand, thus, is expected for cancer
cells. Three-day apoptosis results showed that P233Aduced more cells to enter the

apoptosis process compared to PLGA300 and PLGA48Q|ting in an overall lower
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live cell percentage compared to any other nanotieddsubstrate in this study.
However, after five days, PLGA23 and PLGA300 ondkerage showed lower live cell
percentages than any other substrate. After funtivesstigating the origins of this low

live cell percentage on PLGA23 and PLGA300, it feasd that this decrease on
PLGA23 and PLGA300 resulted from a higher percemtafgotal apoptotic and dead
cells after five days. According to the principtdghe apoptosis assay, cells in the dead
phase have experienced the loss of membrane ityt@drich accompanies the latest
stages of cell death resulting from either apoptotinecrotic processes. Therefore, a
single observation indicating that cells are ireadiphase, in of itself, reveals little
information about the process by which the celldarwent their demise. Thus, it is
reasonable to put more emphasis on apoptotic esdeptages, which indicated that cells
were undergoing programmed cell death. In additiesults demonstrated that after five
days, the dead and apoptotic cell percentagesasedeon nano-patterned PLGA surfaces
compared to the three-day results. These reswisied that PLGA nanotopography was
a continuous external stimulus to induce breasteacell apoptosis. This apoptosis
study also highlights the importance of not jusgirgy on cell numbers, but also
examining cell viability to determine cell respossehich was not done in many other
cell research.

Moreover, tumors cannot grow beyond a few millimeteithout an adequate
blood supply. For this, cancer cells secrete VEG#rive tumor angiogenesis (the
formation of new blood vessels), growth and metasfd 39]. Results of the present
VEGF assay further demonstrated that nanotopogeagbpecifically, 23 nm) may have

anticancer properties as breast cancer cells orARBGEPLGA300 and PLGA400
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synthesized significantly less VEGF than PLGAO.tRermore, after one- and five days,
group of cells on PLGA23 had the lowest nominal \F5&&r cell (0.84 and 0.75,
respectively) compared to nano-smooth PLGA. Thssiltendicated that the group of
cells on the 23 nm surface featured PLGA had diantly decreased bioactivity to
secret much less VEGF and, thus, could largelyt lih@ growth of tumors considering
the essential role of VEGF on tumor growth. It se¢hat although breast
adenocarcinoma cells were prone to adhere on PLGARBequent cell functions (such
as viability and VEGF synthesis) were significantizibited by this nanotopography.
There are a number of reasons for this that reduitker investigation which will be

discussed in Chapter 5.

3.4.3. Impact of nanotopography on breast healthyedl growth

This study also investigated healthy cell growthtmsvarious PLGA surfaces.
Results showed significantly more live healthy Btezells on PLGA23 compared to
PLGAO and PLGA400 up to five days. As a result, R2G up-regulated breast healthy
cell response and promoted healthy cell growth.id\gais effect was highly related to
the nano pattern size since PLGA400 did not ineré&slthy cell viability compared to
PLGA23 and PLGA300. Importantly, combining the lesalready mentioned from
breast cancer cells, PLGA23 and PLGA300 both deegkareast cancer cell functions
and increased breast healthy cell growth. The rdiffeinteraction of cancer cells and
healthy cells deserves some explanation and magidéted to cancer versus healthy cell

stiffness, organization of the cytoskeleton, inttcns with the extracellular matrix,
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initial protein interactions, cell protein secretji@and cell adhesion forces [140]. These
differences result in the significantly differemteven opposite cell responses to the same
nanotopographical substrates. For example, stigi&seonet al. [131] have shown that
healthy, non-cancerous, breast cells (MCF-10A) eathan higher amounts than breast
cancer cells (MCF7) on nanostructured polyurettaomglate (PUA) surfaces (400 nm
pillars, 400 nm perpendicular, or 400 nm paralted$). Here, in this study, this specific
nanometer surface feature size (23 nm) was deédealhich inhibited cancer cell
functions and enhanced healthy cell viability. Thechanism involved in the increased

breast healthy cell response on PLGA23 will be @rachin Chapter 5.

3.4.4. Impact of seeding density on long-term cdlehaviors

In this study, various cell behaviors (includindnadion, proliferation, apoptosis
and VEGF secretion) up to five days were examinih the same experimental methods
at all time points. However, statistically signéditt differences decreased among various
PLGA surfaces for longer term (three- and five dagdl functions. Here, a possible
reason is proposed that seeding density may intkiéme degree of cell-biomaterial
interactions. In order to test the effects of napographies on cancer cell functions in an
extreme situation with limited resources and s@aceell as to increase statistical
accuracy, the seeding density was designed todyehigh for proliferation, apoptosis,
VEGF, and MTT assays. Thus, after a longer timls geew into multilayers and the
cells may not have directly contacted the mateualaces which mean they would not be

significantly affected by the surface nanotopographAlso, they would secrete their
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own ECM to potentially mask nanotopographies. Faately, longer term cell functions
did show some degree of significant difference pe@ugh these differences were not as
distinct as the short term ones. This result indiddhat nanotopography could exert a
durative influence on cell functions. It is alsopontant to mention that short term effects
could play an important role on subsequent celigbinasecretion and result in cell

function increases or decreases.

In summary, this study provides exciting resultstfe potential applications of
nanopatterned biomaterials in cancer regeneratediaime, especially small PLGA
nanometer scale size features such as 23 nm. Thespatterned tissue engineering
materials may be applied on implants inserted gemerate tissue after tumor removal
since they can potentially inhibit the return ofhcar cells yet positively interact with
healthy cells. This study recognized for the finste that 23 nm and 300 nm PLGA

topographies could be one of those ideal implarfasas.

3.5. Conclusions

In this part of the study, various nanopatterne@Rlsurfaces with similar
surface chemistry but different topographies weepared. Breast cancer cell adhesion
and proliferation results indicated higher cell sides on PLGAO and PLGA23 than that
on PLGA300 and PLGA400. VEGF immunoassay resulbsvel significantly lower
VEGF synthesis on PLGA23 and PLGA300 compared yootimer PLGA surface,
suggesting inhibited cancer cell functions on 23amd 300 nm surface featured PLGA.

More importantly, healthy breast cell results iradéed that the same PLGA23 and
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PLGA300 improved healthy breast cell viability gmaliferation. Thus, PLGA23 and
PLGA300 may be ideal surface topographies for antier implants because they
inhibited cancer cell functions and enhanced hgalél growth. In summary, these
results provided further insights into understagdime role surface nanotopographies can
have on cancer cell interactions and more impdstamiay open the possibility of using
such polymer nanotopographies for a wide rangeti¢ancer applications without

chemotherapeutics.
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Chapter 4 Impact of Surface Chemistry
Modification of Nanostructured PLGA on Cancer

and Healthy Cell Functions

4.0. Preface

In the last two chapters, the effects of nanotogplgy on cell functions
(including adhesion, proliferation, apoptosis art€l3F secretion) were studied on both
cancer and healthy cell lines. In this chaptereptimportant surface properties
(specifically, surface chemistry as well as asdediaurface charges) were studied to
comprehensively understand the effects of surfaeencstry and surface charge on
cancer cell functions with a goal of developing PALt further inhibit cancer cell
functions. This study utilized an effective methtayer-by-layer (LBL) self assembly, to
alter PLGA surface chemistry and surface chargeeffyassembling monolayers of
biocompatible alginate and chitosan which havef@auing properties in the hope to
control protein adsorption so that cancer cell fioms will be further decreased without
affecting healthy cell responses. Surface termonaton PLGA after coating with self
assembly monolayers were confirmed by fourier fians infrared spectroscopy (FTIR).
To further understand the influence of these serfaoperties on cell functions, cell

responses (including proliferation and VEGF synig)esere determined on the
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chemically modified nano-smooth and nanopatterig@dA°surfaces using lung cancer
cells, lung healthy cells, breast cancer cellslanedst healthy cell&\ strong dependence
of cell proliferation and VEGF secretion on surfabemistry was observed for lung
cancer cells, breast cancer cells and breast yemdtls. PLGA surfaces which were
modified with an alginate self assembled monolaydribited an anti-cancer property,
significantly decreasing lung carcinoma cell aneldst cancer cell VEGF synthesis.
Furthermore, alginate modified PLGA inhibited btezancer cell proliferation, while
promoted lung cancer cell proliferation. Howevee 23 nm patterned PLGA substrates
(regardless of surface chemistry and self-assenmbtetblayer) promoted lung healthy
cell proliferation. Decreased breast healthy cedliferation was observed on alginate-
and chitosan-terminated PLGA substrates. The esiithis part of the dissertation
provided an important understanding of cell funasionediated by surface chemistry in
addition to surface topography. Alginate-termina®dsA substrates with 23 nm surface
patterns were found to be the best anti-cancerrrabteerall for lung and breast
applications. An effective surface chemistry (aég&) coating on PLGA was discovered
to inhibit cancer cell functions, which expandgghss into designing and fabricating

anti-cancer implants for the lung and breast.

4.1. Introduction

In addition to physical nanotopography, nanosch&istry and electrical
signaling through surface changes can also regadditéunctions by modulating the

extracellular milieu of the cell-biomaterial intade. Surface chemistry is highly related
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to other associated surface properties (such &scewvettability, surface free energy and
surface charge) and thus cell functions can bafgigntly affected. Altered surface
chemistry can produce various defined biologicalames (including protein adsorption,
protein repellent, biofouling, etc.) and in turrieat cell behaviors. Surface charge is
another important factor affecting protein adsanptand cell functions by inducing
attraction or repulsion of proteins or cells depegan their isoelectric point and
charges. For instance, thin polystyrene films iatetl by an electron beam to create
trapped charges were able to immobilize the paditieharged protein, avidin-
fluorescein through electrostatic attractj@d1]. Another study revealed that chitosan
nanoparticles with a high degree of deacetylatiah éxtended conformation because of
charge repulsion, which allowed them to bind meswedily to cell membranes than coiled
chitosan of a lower degree of deacetylation. Assailt, the uptake of chitosan
nanoparticles by A549 cells increased with incregisiegree of deacetylation [142].
Therefore, it is desirable to control protein aggsion and cell functions by altering
surface chemistry and surface charge.

Surface modification of PLGA substrates (PLGAO &id5A23) was developed
here to change surface chemistry and surface clhatgeke advantage of the anti-cancer
properties from the aforementioned 23 nm PLGA camegbéo nano-smooth PLGA.
Specifically, an effort was made to identify prokethat can be coated on such surfaces
to further inhibit cancer cell functions. Polyekatyte layer-by-layer deposition provides
a facile and effective technique for the modifioatbf various surfaces. In this method, a
polyelectrolyte is deposited from an aqueous smtutinto a surface of opposite charges

resulting in a reversal of the net surface chatgeecond, oppositely charged
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polyelectrolyte, can be further deposited due éatebstatic interactions [143]. A
biodegradable pair of polyelectrolytes, alginatégjAand chitosan (Chi) (Fig. 4.1.), has
been used to coat PLGA surfaces because of ttenwial two considerationNd 03, 143]:
(1) an Alg or Chi multilayer coating has antifogiproperties resistant to protein
adsorption and, thus, may lead to decreased caaltedhesion and proliferation. For
example, bovine serum albumin deposition coulda@obbserved on an Alg or Chi
multilayer formed on PLGA nanopatrticles, for botlgAand Chi used as top layers.
Moreover, HepG2 cellular uptake of Chi/Alg coatdd3A nanoparticles was
significantly less compared to the bare nanopagif103]; and (2) an Alg or Chi
multilayer provide many functional groups that @low the covalent attachment of
other functional sequences (such as collagen dindaitid) to achieve specific cell
responses of interest, such as increasing heatlhgahesion and proliferation by

binding specific adhesion proteins for healthyselh Alg- or Chi-terminated surfaces.

(a)
ONa
OH 0= OH
.-{-0 0 0 -0,
HO /\ HO nO‘
0] ONa "
(b)
OH OH OH
HO HO HO OH
NH, NH, NH,
n

Fig. 4.1. Chemical formulas of the biological pdgatrolytes employed here to modify

PLGA substrates: (a) sodium alginate and (b) chitos
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Therefore, identifying appropriate surface chengigtrconjugation with surface
topography on PLGA surfaces and understanding aatesellular responses and
behaviors are important for a wide range of bioro@&dapplications. Specifically, for
anti-cancer implant applications, the protein-rasisability is expected to improve on
nanopatterned PLGA substrates which are desirabléeicreasing the initial protein
adsorption on the nanopatterns and subsequentraagicadhesion and proliferation.
Thein vitro experiments of Chapter 2 and Chapter 3 reveakddlte 23 nm featured
PLGA surfaces showed higher cancer cell adhesidrpesiiferation but decreased
cancer cell functions in terms of apoptosis and ¥E@&cretion compared to other PLGA
substrates. This increased cancer cell adhesiopratiteration may be attributed to the
higher nonspecific protein adsorption (such afilectin and vitronectin).

For example, Mengt al. [144] found that fibronectin induced A549 cell magon and
invasion and A549 cells stimulated by fibronectiowed increased phosphorylation of
focal adhesion kinase.

In addition, alginates of various forms have atedanuch attention due to a wide
range of their pharmacological properties, sucheasostatic agents, antiulcer drug and
acidity-reducing drug [145]. More importantly, algtes have been observed to inhibit
metastasizing of Lewis pulmonary carcinoma andlatdd antimetastatic effect in
combination with cyclophosphamide [145]. Fujihatral. [146, 147] also reported that
sodium alginate showed a considerable antitumarigcagainst various murine tumors
and revealed that the alginate had the abilitynttaece cytostatic and cytolytic activities
of macrophages, and thus the antitumor effect naatjypbe caused by the activation of

macrophages. Moreover, another study by Ottetlali. [148] found that alginates
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stimulated human monocytes to produce high leviellsree cytokines (tumor necrosis
factor-alpha, interleukin-6, and interleukin-1) @adher demonstrated that the
mannuronic acid residues are the active cytokidagers in alginates. These results
suggest that alginate may exhibit antitumor acgégito lung cancer and breast cancer. In
addition, chitosan has also exhibited toxicity &sigus types of malignant cells. For
instance, Qe&t al. [149] found that chitosan nanoparticles (CNP) skaWwigh antitumor
activities to human hepatocellular carcinoma catid induced cell necrosis vitro,

which was mediated by neutralization of cell suefabarge, decrease of mitochondrial
membrane potential and induction of lipid peroxioiat Furtherin vivo study in mice
treated with chitosan and CNP found typical necrotorphological changes of tumor
tissues but no liver abnormalities. Another stugy_im et al. [150] demonstrated that
mice fed with a diet containing chitosan had sigatrfit fewer aberrant crypt foci (one of
the earliest changes seen in the colon that maytteeancer) formation than those fed
with control diet (cellulose). Also, the anti-tungenesis effect of water-soluble chitosan
oligomer was observed as it significantly supprdsaanan colon adenocarcinoma cell
and human gastric cancer cell proliferation, mesbably through the p21/Cip and
p27/Kip (cell cycle-related genes) pathways. Moexpthe conjugates of some kinds of
anticancer agents with chitosan and its derivatiligglay good anticancer effects with a
decrease in the adverse effects of the original due to a predominant distribution into
the cancer and a gradual release of free drug tinenconjugates in cancer chemotherapy
[151]. These results imply the anti-cancer propsrof alginate and chitosan and suggest

their potential in inhibiting lung cancer and brteeencer cell functions.
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Therefore, in this chapter, surface chemical modifon was achieved using a
LBL self assembly method (alginate or chitosan nhayer) and its influence on cell
functions (including proliferation and VEGF secoet) of lung cancer cells, lung healthy
cells, breast cancer cells and breast healthy welte investigated. Furthermore, surface
chemistry modification was conducted on both namoath and 23 nm surface featured
PLGA surfaces to create a combined effect of sertdemistry and surface topography
on cell behavior. The surface chemistry modificataitered surface wettability and
surface free energy which could be related to ofeskdifferences in cell responses. As a
result, a strong correlation between surface chieyrasid cell responses was
demonstrated in this chapter, although PLGA surfapegraphy also played an
important role in mediating cell behaviors previgummphasized in Chapter 2 and
Chapter 3. Moreover, the mechanism(s) of surfaopgaty (surface topography, surface
chemistry and surface free energy) mediated caredefunctions will be reported in

Chapter 5.

4.2. Experimental

4.2.1. LBL deposition onto PLGA surfaces

PLGAO and PLGA23 were prepared according to Fify. @escribed in Chapter 2.
Then, the PLGA films were soaked in 70% ethanoPfdmins to sterilize and remove
the residual contaminants attached to the matauidhces and were placed into
individual wells of sterile 24 well tissue cultypkates. All further treatment steps took

place within a biological safety cabinet using iitgrd solutions. The preparation
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conditions for the various LBL deposited substrateslisted in Table 4.1. First, the
surfaces were aminolyzed using 1 ml per well 0@mg/ml solution of polyethylenimine
(PEI, Mw ~ 2000 Da, Sigma-Aldrich) in water for 60n® and rinsed thoroughly with
0.5 M NacCl three times. Sodium alginate (Alg, ACR@8d chitosan (Chi, Mw ~ 100-
300 kDa, ACROS) were assembled separately at sentnation of 1 mg/ml in 0.5 M
NaCl. The pH value of the Alg and Chi solution veausted to 5 by the addition of
either 1 M HCI or NaOH and was sterized by filtoatipore size 0.22 um, Corning).
Then, the Alg solution was added to the wells (Amll). After 15 mins, the Alg
solution was removed and replaced with 0.5 M Natl @nsed for three times, followed
by replacement with 1 ml of Chi solution for 15 miand rinsed again with 0.5 M NaCl
for three times. This process produced PLGA sutestraith surface monolayers of Alg

or Chi.
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Table 4.1. Preparation conditions for Alg/Chi chstmyi modified PLGA surfaces

Assembly Layer composition Surface
Name*
layers chemistry

PLGAO - - PLGA
PLGAO/Alg 2 PEI/Alg Alg
PLGAO/AIg/Chi 3 PEI/Alg/Chi Chi

PLGAZ23 - - PLGA
PLGA23/Alg 2 PEI/Alg Alg
PLGA23/Alg/Chi 3 PEI/Alg/Chi Chi

* PLGAO: PLGA surfaces with nano-smooth featurdsiGRO0/Alg: PLGA surfaces with
nano-smooth features and alginate surface chemBii@AO/Alg/Chi: PLGA surfaces
with nano-smooth features and chitosan surface &tigmMPLGA23: PGLA surfaces
with 23 nm featured nanopatterns, PLGA23/Alg: PL&Afaces with 23 nm featured
nanopatterns and alginate surface chemistry, PLGXR@&hi: PLGA surfaces with 23

nm featured nanopatterns and chitosan surface sktrgmi

4.2.2. Surface characterization
4.2.2.1. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) images of all the PA@Ims created here were
obtained in ambient air using AFM-MFP3D (Asylum BRach, Santa Babara, CA) and

sharp topped cantilevers with a K value, stiffnealsie, of 0.06 N/M. The AFM operated
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in contact mode at a scan rate of 256 lines/scaat Rean square roughness{r

values of various substrates were calculated fle@rstanning data.

4.2.2.2. Fourier transform infrared (FTIR) spectrosopy

Fourier transform infrared spectroscopy (FTIR) $spgewere measured on a
Nicolet Nexus 670 FTIR spectrometer equipped wikhGI /A detector and a Smart
Aperture Grazing Angle accessory. FTIR spectra weakground corrected by
subtraction of a spectrum of the clean silicon weadad recorded by integrating 300

scans with a resolution of 4 ém

4.2.2.3. Electron spectroscopy for chemical analys{ESCA)

ESCA was performed on all samples using a PerkileEB500 Multitechnique
Surface Analyzer. An aluminumgK; monochromatized X-ray source was used to
stimulate photoemission of the inner shell ele@rohthe samples. The energy of the

electrons was then recorded and analyzed to igahefsurface chemistry.

4.2.2.4. Water contact angle measurements

Water contact angles on the various PLGA surfat@gerest to this part of the
study were measured through the sessile drop shaffed under ambient conditions.
For this, a drop of deionized water|(B) was placed on the PLGA surfaces and its
profile was recorded immediately by a drop shadyaer (Easy Drop FM40, Kruss).

Contact angles were then calculated by computéwvacé (DSAL, Kruss) based on the
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recorded profile of the water drop. At least fivBetent spots on each sample were

measured for statistical purposes (N=5).

4.2.3. Lung cancer and lung healthy cell assays

4.2.3.1. Lung carcinoma epithelial cell (A549) MTTassay

Lung carcinoma epithelial cell AS4ZCL-185, ATCC) at population numbers
less than 7 were used in this study. The methadlbdring cells and counting cells for
seeding purposes were described in Section 2.E8r2he MTT assay, lung carcinoma
cells were seeded onto the PLGA surfaces at atgesf$50,000 cells/ci After seeding,
the cells were cultured in F-12K medium supplemeémigh 10% fetal bovine serum
(FBS, Hyclone) and 1% penicillin/streptomycin (P§clone) under standard cell
culture conditions (5% Chumidified air at 37C). After one day, the viable cell
number was determined using a Celltiter 96 Noneactive Cell Proliferation Assay
(G4100, Promega) that measures the reductionyimglcells only, of MTT. Shortly,
after one day, medium was removed from the welistha cells were washed with PBS
twice. Then, all the samples were transferred to meused 24 well tissue culture plates
and 1 ml of fresh growth medium was added to easlh W50 ul of the dye solution
(from the cell proliferation assay kit) was addectach well and the plates are incubated
at 37C in a humidified, 5% C@atmosphere. After 4 hrs, 1 ml of the Solubilization
Solution/Stop Mix was added to each well and tlagsl were allowed to stand overnight
with a humidified atmosphere to completely sol#althe formazan crystals. Then,
contents of the wells were mixed to obtain a umifigrcolored solution and the solution

was transfered to 96 well plates (215 ul per wélhe absorbance at 570 nm was
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recorded using a microplate reader (Molecule DeyicEhe value of the background
absorbance at 570 nm without cells run in paralith the experimental samples was
subtracted to yield corrected absorbance. The &iedll number was determined from a
standard curve of absorbance versus known contiensaf lung carcinoma epithelial
cell solutions run in parallel with the MTT ass&yl. the experiments were performed in

triplicate (n=3) and repeated three times (N=3).

4.2.3.2. Lung carcinoma epithelial cell (A549) VEGHnmunoassay

The quantikine human VEGF (vascular endotheliaiviindactor) immunoassay
kit (R&D systems) was used for determining VEGFHe#on from cells. The medium for
the VEGF measurements were collected after oneteylture for the MTT assay in
Section 4.2.3.1. The immunoassay was performeddiogpto the manufacturer’s
instruction. Briefly, 200 ul standards (prepareatirthe kit) and sample medium were
pipetted into the 96-well plate (from the kit) andubated for 2 hrs at room temperature.
After washing with a binding buffer, an enzyme-kakpolyclonal antibody specific for
VEGF (from the kit) was added to the wells. Follog/ia wash to remove any unbound
antibody-enzyme reagent, a substrate solution (treakit) was added to the wells and a
color developed in proportion to the amount of VEGInd in the initial step. Color
development was stopped and the intensity of tiher @gas measured at 450 nm by a
micro plate reader (Molecular Devices). The VEGRamtration was determined from a
standard curve of absorbance versus known contiensaf VEGF run in parallel with
the experimental samples. The VEGF assay was ctettluctriplicate (n=3) and was

repeated at least three separate times (N=3).
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4.2.3.3. Primary small airway epithelial cell (lungnormal cell) MTT assay

Primary small airway normal epithelial ce{RCS-301-010, ATCC) at population
numbers less than 5 were also used here. Primaaly amvay cells were seeded on the
various PLGA surfaces at a density of 85,000 aati&/After seeding, the cells were
cultured in airway epithelial cell basal media (P8®-030, ATCC) supplemented with
small airway epithelial cell growth kit compone(BCS-301-040, ATCC) under standard
cell culture conditions (5% COhumidified air at 37C), the same as in Section 2.2.3.1.
After one day, the viable cell number was determhinging the Celltiter 96 Non-
radioactive Cell Proliferation Assay (G4100, Promedghe same as described in Section
4.2.3.1. The viable cell number was determined feostandard curve of absorbance
versus known concentrations of live small airwaigtegdial cell solutions run in parallel
with the MTT assay. All the experiments were perfed in triplicate (n=3) and repeated

three times (N=3).

4.2.4. Breast cancer and breast healthy cell assays

4.2.4.1. Breast adenocarcinoma epithelial cell (MGIF) MTT assay

Breast adenocarcinoma epithelial céHgB-22, ATCC) at population numbers
less than 7 were used for MTT assay. Breast camtlsrwere seeded on the various
PLGA surfaces at a density of 50,000 cell/cAfter seeding, the cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FB$¢lone) and 1%
penicillin/streptomycin (P/S, Hyclone) under stamdeell culture conditions (5% GO

humidified air at 37C). After one day, the viable cell number was dateed using the
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Celltiter 96 Non-radioactive Cell Proliferation Ags(G4100, Promega), the same as
described in Section 4.2.3.1. The viable cell numtees determined from a standard
curve of absorbance versus known concentratiotigeobreast cancer epithelial cell
solution run in parallel with the MTT assay. Aletlexperiments were performed in

triplicate (n=3) and repeated three times (N=3).

4.2.4.2. Breast carcinoma epithelial cell (MCF-7) EGF immunoassay

The medium for the VEGF measurements was collegfted one day of culture
for the MTT assay in Section 4.2.4.1. The quangkimman VEGF immunoassay kit
(R&D systems) was used for determining VEGF conediain, the same as described in
Section 4.2.3.2. The VEGF assay was conductedpircate (n=3) and was repeated at

least three separate times (N=3).

4.2.4.3. Breast healthy cell (human mammary epithil cell) MTT assay

Human mammary epithelial cells (HEMpIC, 7610, Scedell) representing
healthy breast epithelial cells at population nuralbess than 5 were also used in this
study. HEMpiC from ScienceCell were isolated froommal human breast tissue.
Mammary Epithelial Cell Medium (MEpiCM) consistirng basal medium (ScienceCell,
7611), mammary epithelial cell growth supplemenEMCGS, ScienceCell, 7652) and
penicillin/streptomycin (P/S, ScienceCell, 0503swed to culture HEMpiC cells. For
the MTT assay, HEMpiC were seeded on the PLGA sagat a density of 35,000
cells/cnf and were cultured under standard cell culture itioms (5% CQ, humidified

air at 37C). After three days, the viable cell number waeeined using the Celltiter
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96 Non-radioactive Cell Proliferation Assay (G41Pdpmega), the same as described in
Section 4.2.3.1. The viable cell number was deteechfrom a standard curve of
absorbance versus known concentrations of live humammary epithelial cell solutions
run in parallel with the MTT assay. All the expeents were performed in triplicate

(n=3) and repeated three times (N=3).

4.2.5. Statistical analysis
Statistical results were analyzed using one-wayyaisaof variance (ANOVA)

and the data are expressed as the mediandard deviation of the mean.

4.3. Results

4.3.1. Impact of LBL deposition on PLGA surface mophology and chemistry

The chemistry treatments using LBL self assemblyoteyers (alginate and
chitosan) revealed a significant effect on altetimg surface topography of PLGA
surfaces as shown in Fig. 4.2. Clearly, after tagodition of LBL monolayers, the nano
surface pattern of PLGA23 remained, but a notimabhnge in surface topography and
surface roughness of PLGAO, PLGAO/Alg and PLGAO/Elgi was revealed. In
addition, the results of Rs values also confirmed that there were significamtations in
PLGA surface nanotopography (Table 4.2.). The serfaughness increased after the
first layer deposition of alginate (R(PLGAO/AIg)>Rn{PLGAOQ),
RmdPLGA23/Alg>Rn{PLGA23)), but the R,svalues decreaseds the further

deposition of a chitosan monolayer. It is possibl the adding of another self assembly
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monolayer may partly go into the space createdhbyitst deposition and, thus, decrease
surface roughness values. These results reveaeththLBL self assembly treatment
changed surface topography and surface roughnéss same time as changing surface
chemistry. This is an important point in the studyhe effect of surface chemistry on

cell behavior, since the impact of surface rougbmess not ruled out here but the
combined influence of surface roughness and sudlaemistry were presented by the

LBL self assembly treatment.
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Fig. 4.2. 3D and 2D AFM images of PLGAO (a andrR)GAO/Alg (b and e),
PLGAO/AIg/Chi (c and f), PLGA23 (A and D), PLGA23A(B and E) and

PLGA23/Alg/Chi (C and F).
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4.3.2. FTIR spectra

The FTIR spectra for various substrates after dépnf monolayers are shown
in Fig. 4.3. For PLGA, the peak at 1775 twas assigned to the PLGA ester -C=0
stretching. As the PEI aminolyzed PLGA surface,phak at 1775 cthwas observed to
lessen in intensity and a second peak at 163bappeared, which was a characteristic
absorbance peak for the -C=0 stretching of amidel®oln addition, another two new
peaks at about 1590 €rand 1550 crifwere observed which were assigned to the
primary amine N-H and secondary amine N-H bendih Phese results indicated that
PLGA surface was activated by PEI through aminslySurthermore, the FTIR spectra
of PLGA/PEI/Alg showed characteristic peaks at atbli614 crit of alginate from
symmetric -COO stretching vibrations. In addition, the band a2@6ni* from the
symmetric -NH" deformation was observed after the depositiorigihate and chitosan.
However, after LBL assembly, the bands correspomoléide species -CO@nd -NH"
was observed in the FTIR, but their position isirezd as the separate species. Thus,
FTIR cannot be used directly to identify the intdian of -COO with -NHz" and the

presence of polyelectrolyte complexes.
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Fig. 4.3. FTIR spectra of PLGA, PLGA/PEI, PLGA/PAIY and PLGA/PEI/Alg/Chi
from 1000 to 4000 cth Peak 1, 2, 3, 4, 5 and 6 correspond to 1775, di830 cn,

1614 cnt, 1590 cnt, 1550 crit and 1520 ci, respectively.

4.3.3. ESCA spectra

Surface chemistry of the various PLGA films waslgred by ESCA and the
spectra are shown in Fig. 4.4. After the aminolgdiBLGA by PEI, a new element,
nitrogen was added to the surface, and, thus, goeal at ~400 eV corresponded to N1s
was observed in the ESCA of PLGA/PEI. After deposibf alginate, a new peak of

Nals was observed, but the nitrogen peak disapgheackcating that the alginate
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(containing Na) monolayer covered the PLGA/PElacet. Furthermore, the deposition
of chitosan was confirmed by the N1s peak in treesp of PLGA/PEI/Alg/Chi since
chitosan contains nitrogen. Clearly, ESCA resulisficmed the aminolysis of PLGA by

PEI and the deposition of alginate and chitosan.

126



200

400

Binding Energy (eV)

€600

800

+—+—+—t—t+—+—t—t—+—t—t+—t—t—t— gttt +—————+————t———t—1—1 “»"n“““"»““““"n_.[%u
dgTs-
nwﬁ“w
sTO-
1 1
L]
4=
7 ?
-ST0
=
@)
S~
oo | o0
1 = = <
& o o
= o a
< S L=
1 & > 2
= 9 9
a.
[a (a9
.."“L“L,.nG.n.!,iquA S 6 1t = L e =
— -

127

1000

Fig. 4.4. ESCA spectra of PLGA, PLGA/PEI, PLGA/PHEY and PLGA/PEI/Alg/Chi.



4.3.4. Surface wettability of LBL deposited PLGA

Water contact angle measurements are listed ireTaBl Surface wettability
(i.e., hydrophilic or hydrophobic surfaces) hasrbeaditionally determined by water
contact anglesB) according to the definition of hydrophilic suréschaving a water
contact anglef) less than 65by Vogler [152]. Thus, all the PLGA surfaces oégent
study were hydrophobic according to that definitamd the chemistry modification
increased the hydrophilicity of PLGA surfaces. Watentact angle results indicated the
following trend with hydrophobicity: PLGAO>PLGAO/4>PLGAO/Alg/Chi,
PLGA23>PLGA23/Alg>PLGA23/Alg/Chi. These two groupkresults revealed that the
change of surface chemistry had a significant arflte on surface wettability and
alginate and chitosan made the substrates morepiydic. The water contact angle for
PLGAO was higher than that of PLGA23, PLGAO/Alg Inég than PLGA23/Alg, and
PLGAO/AIlg/Chi higher than PLGA23/Alg/Chi. Since PG and PLGA23 (PLGAO/Alg
and PLGA23/Alg, PLGAO/AIlg/Chi and PLGA23/Alg/Chipld the same chemistry, this
difference could be attributed to the altered steftopography and surface roughness.
With the same surface chemistry, increased roughmesanopatterned surfaces
(PLGA23, PLGA23/Alg and PLGAZ23/Alg/Chi) demonstrdt@creased hydrophilicity.
The water contact angle of various PLGA substrats found to have a strong

correlation with both surface chemistry and surfap®graphy.
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Table 4.2. Surface roughnessq({R local geometric areasds (2 pm x 2 um) and static

water contact angles on the various PLGA films

Substrate Rrms (NM) Syeo (nm°) Contact angles
6(H20)

PLGAO 0.54 4.0 98.1+04
PLGAO/Alg 5.38 4.0 90.8+0.9
PLGAO/AIg/Chi 3.31 4.1 87.4+0.6
PLGAZ23 3.73 4.0 93.8+1.8
PLGA23/Alg 7.41 4.0 76.3+2.2
PLGA23/Alg/Chi 5.01 4.0 68.5+1.4

4.3.5. Lung carcinoma cell (A549) responses

4.3.5.1. Lung carcinoma cell proliferation

Viable lung carcinoma epithelial cell results oe trarious PLGA surfaces after
one-day are shown in Fig 4.5. Compared to the pnceated PLGA surfaces, the
chemistry modified surfaces with self assembled oreyers of alginate or chitosan had
significantly more live lung carcinoma cells. Sgiallly, after one-day, the total live cell
numbers on PLGAO/Alg and PLGAO/AIg/Chi were 35% &6 significantly higher
than that on PLGAO, respectively. Similarly, PLGA2R and PLGA23/Alg/Chi both
showed more live cells than PLGA23, 31% and 17%emn@spectively. However, no
significant difference was observed between PLGA®&Nd PLGAO/Alg/Chi or

between PLGA23/Alg and PLGA23/Alg/Chi. Moreover, thie average, substrates with
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nanopatterns (i.e., PLGA23, PLGA23/Alg and PLGA28/&hi) demonstrated
significantly higher viable cell numbers comparedhano-smooth substrates (i.e.,
PLGAO, PLGAO/Alg and PLGAO/Alg/Chi). Thus, both $are chemistry and surface
topography influenced lung cancer cell growth Inet tompetitive interactions of the two

factors need to be further investigated.
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Fig 4.5.0ne-day total live cell numbers of lung carcinorpételial cells cultured on the
various PLGA substrates. Data are expressed asg¢ha + SEM; N=3. *p<0.01 and

**p<0.05 compared to PLGAO; ***p<0.1 compared to ®R0/Alg/Chi.

4.3.5.2. Lung carcinoma cell VEGF synthesis

Although chemistry (alginate and chitosan) modifiddsA surfaces
demonstrated more live lung carcinoma cells tharptire uncoated PLGA surfaces,
VEGF secretion by lung carcinoma cells showed gir@ssive opposite result. Specially,

VEGF secretion results after one-day of culturunggl epithelial carcinoma cells on the
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various substrates are shown in Fig 4.6. Clealiynate modified surfaces showed
significantly lower VEGF concentration comparedte unmodified PLGA surfaces.
Specifically, on the average, cells on PLGAO/Algrseed 12% less VEGF than cells on
PLGAO. Moreover, cells on PLGA23 secreted 8% |leEB&Y¥ than PLGAO and
PLGA23/Alg showed 10% lower VEGF concentration cangol to PLGA23.
Furthermore, cells on PLGA23/Alg exhibited 18% |®€SGF secretion compared to
PLGAO. These results revealed that cells on alginatdified PLGA surfaces (no matter
whether nano-smooth or 23 nm surface nanopattemgted less amounts of VEGF,
suggesting decreased lung carcinoma cell bioagtiMbreover, it is safe to conclude
that a collective effect of surface nanopattern @memistry was achieved on

PLGAZ23/Alg to obtain significant decrease in VEGE€tion.
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Fig. 4.6. One-day VEGF secretion by lung carcin@elés cultured on the various PLGA
substrates. Data are expressed as the mean + SEBM*N p < 0.1 compared to
PLGAQO; ## p < 0.05 compared to PLGA23; ### p < @OBpared to PLGA23,

PLGA23/Alg and PLGAO/Alg/Chi.

4.3.6. Lung healthy epithelial cell proliferation

One-day total live cell number results of healtimyd epithelial cells, primary
small airway cells, are shown in Fig. 4.7. Intaregy, surface chemistry (no matter
whether alginate and chitosan) did not show anyssitally significant influence on lung
healthy cell proliferation. There was no signifitdifference between PLGAO,
PLGAO/Alg and PLGAO/AIg/Chi. Also, no significantfterence was observed between
PLGA23, PLGA23/Alg and PLGA23/Alg/Chi. However, time average, PLGA23 had
33% more viable lung healthy cells than PLGAO, tamio the result in Section 2.3.8 of

Chapter 2. Moreover, PLGA23/Alg and PLGA23/Alg/@iaith showed significantly
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more viable cells, 37% and 25% than PLGAO/Alg ah&RO/Alg/Chi, respectively. The
results revealed that nanotopography can play & manounced role on healthy lung
epithelial cell proliferation, whereas the surfabemistries of interest to this study
showed no significant influence.
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Fig. 4.7. One-day total live cell numbers of prigmamall airway lung healthy epithelial
cells cultured on the various substrates. Dat@gpeessed as the mean £ SEM; N=3. ***
p<0.1 compared to PLGA®? p<0.05 compared to PLGAO/AIG* p<0.1 compared to

PLGAO/Alg/Chi.

4.3.7. Breast adenocarcinoma cell (MCF-7) responses
4.3.7.1. Breast adenocarcinoma cell proliferation

One-day measurements of viable breast adenocaraigethnumbers were
conducted to further investigate the effects ofesz@ chemistry and surface topography
on breast cancer cells in addition to lung carciaamlls. The alginate self assembly

monolayer demonstrated a significant influence i@ast cancer cell proliferation (Fig.
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4.8.). Specifically, PLGAO/AIg had 39% less viabkdls than PLGAO, and 31% less than
PLGAO/AIg/Chi. Similarly, PLGA23/Alg also showedsggnificantly lower live cell
number compared to PLGA23 and PLGA23/Alg/Chi, 3188 41% less, respectively.
However, there was no statistically significanfeliénce between unmodified and
chitosan monolayer modified PLGA surfaces. Furtt@enwhen comparing various
PLGA surfaces with same chemistry but differenctaze patterns, no significant
difference was observed between nano-smooth amapatterned PLGA surfaces.
However, PLGAO/Alg and PLGA23/Alg both showed sigrantly lower breast cancer
cell numbers compared to any other PLGA substkgee, breast cancer cells showed a
pronounced dependence on surface chemistry astdgimhibited breast cancer cell

proliferation the most.

18000

16000 | | I |

14000 | I I

I &k
* |
12000 | "

10000 |

—_—

8000 1 I
6000 -

4000 H

Live breast cancer cell number (cells)

2000

0
PLGAO PLGAO/Alg PLGAOQ/Alg/Chi PLGA23 PLGA23/Alg  PLGA23/Alg/Chi

Fig. 4.8.0ne-day total live cell numbers of breast adenacanca epithelial cells
cultured on the various PLGA substrates. Data gpeessed as mean £ SEM; N=3.
*p<0.01 compared to PLGAO; ## p<0.05 compared t&RQ/Alg/Chi; **p<0.05

compared to PLGA23; # p<0.01 compared to PLGA23/(A\;
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4.3.7.2. Breast adenocarcinoma cell VEGF synthesis

The total VEGF concentration secreted by breast@hecinoma cells after one-
day of culturing on the various chemically modifie@ho-smooth and nanopatterned
PLGA surfaces is shown in Fig. 4.9. Similar to thsults of breast cancer cell
proliferation in Section 4.3.5.1., an alginate sal§embled monolayer modified PLGA
decreased VEGF secretion from breast cancer cedlshaus inhibited the bioactivity of
breast cancer cells. Specifically, PLGAO/Alg showéatistically significant 10% and 6%
less total VEGF content compared to PLGAO and PL@AIChi, respectively.
Similarly, the cells on the alginate modified 23 patterned PLGA surface
(PLGAZ23/Alg) also demonstrated significantly low#EGF concentrations than
PLGA23 and PLGA23/Alg/Chi, 9% and 6% less, respetyi Furthermore, between the
substrates with the same chemistry but differgmbgoaphy, on the average, PLGA23,
PLGA23/Alg and PLGA23/Alg/Chi showed slightly lowREGF concentration than
PLGAO, PLGAO/Alg and PLGAO/Alg/Chi, although thed#éferences were not
statistically significant. Here, surface chemisind surface topography both affected the
VEGF secretion from breast cancer cells, howevafase chemistry played a more

significant role than surface topography when Bathtors were presented.
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Fig. 4.9. VEGF secreted by breast adenocarcinotie(8&CF-7) cultured on the various
PLGA substrates after one day. Data are expressttgtanean £ SEM; N=3. **p < 0.05

compared to PLGAO; ###< 0.01 compared to PLGA23.

4.3.8. Breast healthy cell (HEMpiC) proliferation

Prior results from this study indicated that al¢gnself assembled monolayer
modified PLGA decreased breast adenocarcinomauaiferation and VEGF secretion.
However, for cancer tissue replacement by healdisye¢, it is also important to
investigate the interactions of healthy breastsoslth chemistry modified nanopatterned
PLGA surfaces. For this, live HEMpiC cell numbersrevdetermined and the results are
presented in Fig. 4.10. Comparing the surfaces thgtsame topography but different
surface chemistry, PLGAO/Alg statistically improvét% viable breast healthy cell
number compared to PLGAO/Alg/Chi after one day. ldeer, PLGA23 had significantly

(22%) more viable HEMpiC cell numbers comparedit&GR23/Alg after one day.
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These results revealed that a chitosan self asedmfbnolayer decreased healthy breast
cell proliferation, and alginate also induced gtdlidecrease in healthy breast cell
proliferation. In addition, comparing PLGA subsaswith the same chemistry but
different surface topography, no significant diffiece was observed between nano-
smooth and nanopatterned substrates. Similar sasbaglenocarcinoma cells, surface

chemistry played a significant role on healthy Btezell growth than surface topography.
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Fig. 4.10.Three-day total live cell numbers of HEMpiC (norrba¢ast epithelial cells)
cultured on the various PLGA substrates. Data gpeessed as mean £ SEM; N=3. ***

p<0.1 compared to PLGAO/AIg; ### p<0.1 compareRt&GA23.

4.3.9. Nominal VEGF per cell for lung and breast cacer cells
Furthermore, after normalizing VEGF concentratiod #otal live cell numbers
on PLGAO, nominal VEGF per cell was obtained onwhgous substrates as shown in

table 2.3. After one-day, lung cancer cells ortladl chemically or nanopatterned
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modified substrates exhibited low norminal VEGF pelt compared to PLGAO.
Moreover, lung cancer cells on PLGA23/Alg had thvdst nominal VEGF per cell and
had only 0.43 nominal VEGF per cell compared tooramooth PLGA. These results
indicated that both the surface nanopattern anthigtiey modification decreased lung
cancer cell bioactivity, especially lung cancetceh PLGA23/Alg were significantly
less bioactive and secreted much less VEGF. Howéawéher investigation on breast
cancer cells indicated that the significant de@easalginate self assembled substrates
resulted from the total decreased breast candenwelber, but not from the decreased
VEGF secretion per cell. Another possible reasdhas here only the live cell numbers
were used to calculate the nominal VEGF per cellydver the VEGF collected from the
culture media may have also included the VEGF $edrgy apoptotic or dead cells
before their death. In this way, the VEGF concédidnawas not the real content secreted

by the live cancer cells and, thus, the nominal ¥g@r cell may have been exaggerated.
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Table 4.3. One-day nominal VEGF per cell on theoter substrates

Sample PLGAMPLGAO/Alg PLGAO/AIg/Chi PLGA23 PLGA23/Alg PLGA23/Alg/Chi

Normalized lung
cancer cell VEGF 1.00 0.88 0.91 0.92 0.83 1.04

concentration*

Normalized total live
lung cancer cell  1.00 1.35 1.30 1.48 1.94 1.74

number**

Nominal VEGF per
lung 1.00 0.65 0.70 0.62 0.43 0.60
cancer cell***
Normalized breast
cancer cell VEGF 1.00 0.90 0.96 0.96 0.88 0.93

concentration

Normalized total live
breast cancer cell 1.00 0.61 0.88 0.92 0.63 1.07

number

Nominal VEGF per
breast 1.00 1.50 1.09 1.04 1.39 0.87
cancer cell

*Normalized VEGF concentration obtained by normaligzall the VEGF concentration
on PLGAO/Alg, PLGAO/Alg/Chi, PLGA23, PLGA23/Alg andLGA23/Alg/Chi to the
concentration on PLGAO; **normalized total live kebtained by normalizing all the
total live cell numbers on PLGAO/Alg, PLGAO/Alg/CHRLGA23, PLGA23/Alg and
PLGAZ23/Alg/Chi to the total live cell number on PRG; **nominal VEGF per cell
obtained by dividing the normalized VEGF concemraby normalized total live cell

number.
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4.4. Discussion

4.4.1. Surface chemical modification of PLGA subsétites by LBL deposition

LBL deposition of alginate and chitosan has beenatestrated as a facile and
versatile technique for the chemical modificatidraavide range of surfaces [143, 153].
Moreover, alginate and chitosan have been demaedtta be biocompatible,
biodegradable, antifouling and antitumor, thus,|dde ideal candidates for the chemical
modification of biomaterial surfaces. As demongtdan this study, LBL deposition of
alginate and chitosan on nano-smooth and nanopeatté?LGA surfaces has effectively
altered surface chemistry, surface wettability andace topography. The deposition of
alginate induced an increase in surface roughredsgs on both nano-smooth and
nanopatterned PLGA. However, the further depositibchitosan produced less
roughened surfaces. Moreover, the results hereateti that the LBL depositon
treatment using alginate and chitosan could readligr PLGA surface wettability. The
deposition of alginate and chitosan monolayerseadesad the hydrophobicity of PLGA
which was expected since both alginate and chitasaumydrophilic. This result agrees
with the analysis of surface chemistry on the wasisubstrates (from FTIR), that polar
groups of —-OH, —CO0and —NH were more hydrophilic and rendered the surface les

hydrophobic.

4.4.2. The effects of LBL deposition on lung cancemnd healthy cell functions
In the present study, variable surface chemistmfase wettability and surface

topography were obtained by LBL deposition of adéand chitosan on nano-smooth
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and nanopatterned PLGA surfaces, and moreovemflnence of these surface
properties on lung carcinoma cell behaviors wasueted. One-day cell proliferation
results indicated that more lung cancer cells grawvalginate and chitosan deposited
PLGA surfaces. The increase could be attributeatde@ancreased hydrophilicity of
alginate and chitosan surfaces, considering thaé mgdrophilic surfaces may lead to
better cell spreading and promote cell proliferatim addition, LBL deposition altered
surface roughness and surface charge, thus, treased lung carcinoma cell
proliferation on alginate and chitosan depositdekfates can be the result of the
collective influence of various properties.

Another important significant finding of this studsas that an alginate deposited
surface largely decreased the ability of lung cangia cells secreting VEGF. No matter
whether nano-smooth and nanopatterned PLGA surfaligeate deposited surfaces had
significantly lower VEGF concentration which striywguggested anti-cancer properties
of alginate. Moreover, PLGA23/Alg demonstratedrgda decrease of VEGF from
PLGAO compared to both PLGAO/Alg and PLGA23, sugigesthat surface chemistry
and surface nanotopography both had a remarkafiemte on VEGF secretion of lung
carcinoma cells. Further investigations on the mamVEGF per cell revealed that this
decrease can be attributed to the significantlyetesed lung cancer cell bioactivity on
PLGAZ23/Alg which provided a negative impact on luwgamcer cell growth.

In addition, lung healthy cell responses on variBu§&A surfaces were also
investigated here and interestingly, noticeabl&ediht results were observed. After one-
day of culture, PLGA23, PLGA23/Alg and PLGA23/Aldiall showed significantly

higher viable cell numbers compared to PLGAO, PLG¥) and PLGAO/Alg/Chi, no
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matter the surface chemistry. Obviously, more rosgtiaces increased lung healthy cell
proliferation. However, as the surface roughnesssamface chemistry altered, similar
live cell numbers were observed among PLGAO, PL@#&PAnd PLGAO/Alg/Chi (also
PLGA23, PLGA23/Alg and PLGA23/Alg/Chi), suggestititat alginate and chitosan
may have the ability to decrease lung healthymelliferation. Thus, two opposite
influences of surface roughness and surface chenigéracted together to determine
cell growth. Here, it was further confirmed thama@pography can have positive

influences on lung healthy cell behaviors.

4.4.3. The effects of LBL deposition on breast caecand healthy cell functions
Importantly, in addition to lung cancer and Iureglthy cell responses, breast
cancer and breast healthy cell behaviors on thewstBL deposited surfaces were also
reported. In some aspects, the breast cells dematedia different correlation with
various surface properties compared to lung c@le-day cell proliferation results
indicated that alginate deposited PLGA surfacesnatier surface roughness, inhibited
breast cancer cell proliferation, resulting in giigantly lower viable cell numbers than
pure PLGA and chitosan-terminated PLGA. Alginate baen reported to have anti-
tumor effect depending on the composition of thembpolymer of I,4-linke@-D-
mannuronic acid (MM-block) ang-L-guluronic acid (GG-block) in alginates, i.e.,
alginates with a higher content of MM-block exhdaithigher antitumor activity than
those with a lower content and a high MM-block emrtitmay be required for the
development of the antitumor activity of the polyrfie47]. However, the anti-cancer

properties of alginate to lung cancer and breasterashaven’'t been widely investigated
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and reported. In the present study, the negatiedyged alginate substrates inhibited
VEGF secretion of both lung and breast cancer caliggesting that alginate may be a
potential candidate as surface coating or modiboabn anti-cancer biomaterials. The
secretion of VEGF by lung cancer and breast caralés has been effectively inhibited
by alginate, especially when surface nanopattesrs wresent. On the average, both
lung cancer and breast cancer cells on PLGA23/Algahstrated lower VEGF
concentrations compared to PLGAO/Alg. Therefores gafe to conclude that the
collective effect of nanopatterns and surface chémnhas been achieved on
PLGAZ23/Alg, which allows for the complete contrdlRLGA surface properties to
achieve specific purposes of directing cancerfaelttions. Overall, PLGA23/Alg was
recognized as the best candidate of anti-canckbioehaterial interface to both lung
cancer and breast cancer.

Moreover, breast healthy cell proliferation on vas PLGA surfaces was
investigated and unfortunately, the alginate antbsan both inhibited breast healthy cell
growth. However, although PLGA23 enhanced breasitlingcell proliferation as
described in Chapter 3, the positive effect of &8faatured surface topographies was not
observed here. PLGA23/Alg and PLGA23/Alg/Chi did sbow higher live breast
healthy cell numbers compared to PLGAO/Alg and PD@Ag/Chi. This result
suggested that the nanopattern effect may havernasked by surface chemistry and
breast healthy cells did not successfully sensadmepatterns underlying the self
assembly monolayer. Therefore, further studies ne&& conducted to create the
effective combination of surface chemistry and aceftopography to positively influence

breast healthy cell functions.
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4.5. Conclusions

In this chapter, LBL deposition of alginate andt@ban was used to modify
surface chemistry and surface roughness of nan@tnamd nanopatterned PLGA
surfaces. Results indicated that the LBL self asdgmifectively altered PLGA surface
chemistry, surface topography and decreased th@plydbicity of PLGA surfaces.
Alginate deposited PLGA surfaces exhibited antieeauproperties, significantly
decreasing lung cancer cell and breast canceVE€HF synthesis. Furthermore, alginate
modified PLGA inhibited breast cancer cell prolggon, whereas it showed no
significant influence on lung carcinoma cell pretdtion. However, breast healthy cell
demonstrated a strong correlation to surface tapigr, and the 23 nm surface featured
PLGA surfaces (no matter what surface chemistrginated lung healthy cell
proliferation. The results of this part of the @itation provided important information of
cell responses mediated by surface chemistry iitiaddo surface topography and an
effective surface chemistry (alginate self assemibyolayer) was discovered to inhibit
cancer cell VEGF secretion. It is believed thatate chemistry and surface topography
could be effectively combined to generate expettitdences on various cell lines of

value for healthy tissue replacement of cancensssé.
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Chapter 5 The Correlation of PLGA Nanometer
Surface Properties with Lung and Breast Cell

Functions

5.0. Preface

In the last three chapters, the impact of PLGA tamagraphies on lung healthy
and carcinoma and breast healthy and adenocarcioelifanctions (such as adhesion,
proliferation, apoptosis, morphology and VEGF skarg was systematically studied.
The results over all the time periods tested reagetiiat cancer cells can recognize and
respond differently to nanotopographies compardtht@opographies, as different cell
lines showed dramatically different cell behavionsthe same PLGA nanotopography.
Similarly, the role of nanoscale topography in colting various cell functions has been
observed in an increasing number of studies orr atklines [43, 52, 154-156].
However, the relevant mechanism(s) behind thesdekaviors on nanostructured
material surfaces has not been well understoodceslyefor lung and breast cancer cells.
This study was designed to do just that as it eceairious PLGA surfaces either with i)
different topographies but the same chemistry)atifferent chemistry but the same
topography. Specifically, in the present chaptes,dorrelation of material surface

properties (including surface topography, surfdeenaistry, surface wettability, surface
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charge, and surface free energy) with cell funciere systematically investigated.
First, various PLGA surfaces were characterizedBW to investigate surface
nanotopographies and surface area quantitativedy ieffort towards understanding how
surface properties affect various cell functiorsc@d, PLGA surface wettability and
surface free energy were examined in order to maerdow surface wettability and
surface free energy are related to initial protgsorption that controls cell responses.
Lastly, ELISA experiments were performed to quaniife adsorption of two important
proteins (fibronectin and vitronectin) involveddall adhesion and subsequent cell
functions. In summary, this part of the thesis welbort on nanotopography-mediated
cancer and healthy cell functions in relationsbigurface properties and protein

adsorption, depicting some possible clues behipdgmphy-mediated cell functions.

5.1. Introduction

Great attention has been paid to exploring thernalierial interface in
biomaterial science, as many studies have reveélaéédhe physiochemical properties of
an implant has a large impact on regulating ceildveor and functions [129, 157-159]. In
particular, many studies have shown the effecwibktrate topography or roughness [54,
55, 160], surface chemistry [161], surface chal@®], and surface free energy [161] on
cell morphology, adhesion, migration, proliferatiamd gene expression. Here, the
present studies have demonstrated that nanotogugsafas small as 23 nm) inhibited
both lung cancer and breast cancer cell functiodsemhanced lung healthy and breast
healthy cell proliferation. Also, changing roughséseasier and is more likely to be

cleared by the FDA faster than changing chemiingrefore, topography is of specific
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interest because of the great potential in theiegipdn of ideal anticancer implants.
However, the effect of nanoscale topography on@aand normal cell functions has not
been throughly understood to date. Especiallyirtfieite number of potential
combinations of cell types, biomaterial composisioand topographical patterns have
increased the difficulty in extricating the precisteraction mechanisms between
implants and cell responses [163]. For examplagduttion to the myriad of different
topographical cues intentionally presented to callanaterials contain topographies. In
addition, the functional, behavioral, and morphatagdifferences between cell types
imply that distinct cell types may respond diffefgno topographical cues [164].

A possible mechanism suggests that substrate nasgrtaphical discontinuities
lead to preferential protein adsorption, and subsegprotein patterning [163]. Patterned
protein deposition has been observed on substraidgied to have topographical cues
and such proteins were found to be effective itegpaing cells [165-167]. Particularly, in
this study, the 23 nm PLGA surface topography fetems on a similar size scale as
proteins, which could have an important effect oraing protein deposition due to the
suitable “dock-in” sites. Morever, protein adsooptand subsequent bioactivity are
highly related to cell responses including adhespmoaliferation, morphology, and
apoptosis. For example, it was observed that a@dsorption on polystyrene increased
with surface roughness on nanometer-size topograppatterns most likely caused by
the increase of the effective surface area [136btAer study revealed that significantly
greater quantity of vitronectin adsorbed on nanepla@eramics compared to convetional
ceramics, which, subsequently, may have contribtig¢ede observed enhanced adhesion

of osteoblasts [168]. Similarly, it was also fouhdt more fibronectin (a protein which
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promotes osteoblast adhesion) adsorption occundRINI (rosette nanotubes) coated
hydrogels than uncoated hydrogels and osteoblastsamh and proliferation were
subsequently greatly enhanced on RNT coated biotidmanoscale hydrogels [169]. In
this study, PLGA surface properties (including aoef topography or roughness, surface
chemistry, surface charge, and surface energy) evexeged systematically by creating
different nano size surface features and subseguetgin adsorption may hace been
greatly affected. Therefore, studying the amoungrotein adsorbed on nanotopographies
could be an important clue to uncover the mechansihthe novel topography-mediated
cell responses observed here.

In addition, it is claimed that if the topograpHieffect was assessed using
substrates of same chemistry, the process of @edliisg and adapting to topographies
(such as focal adhesions, protein secretion, gemegsion, cell-matrix signal pathways,
etc.) may play an important role in determiningd tales [1]. Especially, isotropic
nanotopographies could direct more cell functioith welatively less dramatic changes
in cell shape. Specifically, it was found that paation of> 73 nm between cell
adhesive gold nanodots coated with cyclic RGDfKtjepresulted in limited MC3T3-
osteoblast attachment and spreading, and dramwtiedlices the formation of focal
adhesion and actin stress fibers [4]. Another studilatthewet al. [77] indicated that
13 nm high islands increased fibroblast functiommpared to planar surfaces through the
gene up-regulation, notably in the areas of cghailing, proliferation, cytoskeleton, and
production of extracellular matrix proteins. Alsohas been proposed that the cell
nucleus can turn the mechanical cues arising franoriopographically induced

morphological changes into gene changes [170]. Mame during the cell sensing and
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adaptation process, a topographical pattern detesmwhat cell functions are regulated
and the scale affects the degree to which thatifumcs regulated.

With this in mind, studies presented in this chaptere designed to explore the
correlation between the various surface propeamescell behaviors. Specifically, the
impacts and correlation of surface topography amthee chemistry on cell functions
were investigated. Moreover, the surface free gnefgarious substrates was calculated
and its influence on cell functions was evaluatetly, the adsorption of cell adhesion
proteins (fibronectin and vitronectin) was measward a strong relation between protein

adsorption and cell responses was built.

5.2. Experimental

5.2.1. Fabrication of nanometer surface and LBL depsited nanometer surface
PLGA films

PLGA surfaces with various topographies were fabeid following the same
method described in Section 2.2.1. LBL depositatbnzeter surface PLGA substrates

were created using the method described in Sedtiha.

5.2.2. Atomic force microscopy

Atomic force microscopy (AFM) images of all the PA@Ims created here were
obtained in ambient air using AFM-MFP3D (Asylum BRach, Santa Babara, CA) and
sharp topped cantilevers with a K value, stiffnealsie, of 0.06 N/M. The AFM operated

in contact mode at a scan rate of 256 lines/sche.s€an areas weraubh x 2um, 5um
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x 5um, and 1Qum x 10um for each substrate. An image processing softel@ OR
Pro 6.21 was used to analyze the results. Forrthlysis of topographical parameters,
root mean square roughnessdand local geometric area d4) were obtained for all the

samples using images with scan area girhOx 10pum.

5.2.3. Determination of surface wettability and suflace free energy

Contact angles on various nanopatterned and LBbsitgal nanopatterned PLGA
surfaces (PLGAO, LGA23, PLGA300 and PLGA400; PLGRQGAO/AIg,
PLGAO/AIg/Chi, PLGA23, PLGA23/Alg and PLGA23/Alg/@Qhwere measured through
the sessile drop shape method under ambient conslitContact angles of three different
liquids (deionized water, glycerol and formamiderezmeasured (see Table 5.1ulL3
of the test liquid was dropped onto the substratethe liquid drop was photographed
and analyzed by a drop shape analyzer (Easy DrofOFKruss, Germany). Contact
angles on at least three different regions on saatple were measured and averaged.

Owens-Wendt method was used to calculate surfaeeshergy of nano-smooth
and nanopatterned samples utilizing the resulteetontact angle measurements [171].
Briefly, the contact angles of two measuring licuwdould yield two equations in the
form of Eqn. 5.1, with different values of the ctarg coefficients. Therefore, two linear
eqguations are obtained in the following form anddut calculate the surface free energy
of the various substrates:

124 9 rsP 7, P12 (Egn. 5.1)

vsi=(1+c0%) 1.=2 (s y.%)
whereys, is the solid-liquid interfacial energ,is the contact angle between the solid

and the measuring liquig, y.% andy,P are the total, dispersive component and polar
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component of the liquid surface tension, respeltiwehich are listed in Table 5.3
andys” are the dispersive and polar components of salithse tension. It is assumed
that the equalitiegs=y<" + y< andy, =y, %+ y.” are valid while using Eqn. 5.1; that is, the
total surface free energy of a sample is obtaineddding up the dispersive and polar

components of the surfaces [172].

Table 5.1. Liquids and their values of the surfEresion ¢, mN/m) at 20 °C used for
contact angle and surface free energy measuremehsndy,” are the dispersive and

polar components af_, respectively (adapted from [172])

Liquid Specifications yo (MN/M) v ° (MN/m)  v.P (mN/m)
Deionized water Milipore systems 72.8 21.8 51
Glycerol Sigma-Aldrich, >99% 64 34 30
Formamide Fisher 99.5% 58 39 19

5.2.4. Fibronectin and vitronectin adsorption

Adsorption of the cell adhesive protein fibroneand vitronectin on the various
PLGA surfaces (PLGAO, PLGA23, PLGA300, and PLGA4BQGAO, PLGAO/Alg,
PLGAO/AIlg/Chi, PLGA23, PLGA23/Alg, and PLGA23/Alght) was measured by an
enzyme-linked immunosorbent assay (ELISA). For, thilsthe PLGA substrates were
soaked in DMEM supplemented with 10% FBS and 1%(Ritout cells) under
standard cell culture conditions (5% & @umidified air at 37C) for 24 hrs. The PLGA

substrates soaked in DMEM without FBS and P/S wsesl as background controls.
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After 24 hrs, non-specific fibronectin and vitrotiaadsorption on the substrates was
removed by rinsing in phosphate buffered solutB%) and blocked by soaking in 2%
bovine serum albumin (BSA, Sigma-Aldrich) for 1 fihe absorbed fibronectin was then
bound to a primary rabbit anti-bovine fibronectmtibody (Chemicon, AB2047) for 1 hr
and the absorbed vitronectin bound to a primarpitamti-human vitronectin polyclonal
antibody (Chemicon, AB19014) for 1 hr. The samplese further incubated with a
secondary goat anti-rabbit antibody conjugated Witseradish peroxidase (Bio-Rad,
170-6515) for 1 h. After washing with 0.05% Tweénh(3igma-Aldrich), the amount of
fibronectin and vitronectin absorption on variows3A samples was measured with an
ABTS kit (Vector Laboratories, SK-4500). The secamnydantibody binding was detected
using a microplate spectrophotometer at 405 nmdifgdax340PC, Molecular

Devices). Experiments were run in duplicate (n%2heee different times (N=3).

5.3. Results

5.3.1. Surface topography and surface roughness wdrious PLGA films

AFM images of the different surface topographiesariopatterned PLGA
surfaces are shown in Fig. 5.1. For PLGAO, PLGA235A300 and PLGA400, pattern
sizes corresponded to the diameters of the PS hsadsand PLGA23 showed pattern
sizes less than 100 nm. Topographical results médairom AFM confirmed the
evolution of surface pattern sizes increasing Withdiameters of the PS beads.
Quantitative roughness values{8R and real geometric surface areas of the

nanopatterned PLGA surfaces are listed in TableSp2cifically, PLGAO had a much
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smaller Rypsvaluethan PLGA23, PLGA300 and PLGA400, but PLGAO stddhsome
nano scale roughness and, thus, was called nanotsfRbGA surface in this thesis. In
addition, as the pattern sizes increased from 3hen2 to 300 nm and 400 nm, the surface
roughness values (R) increased from 3.73 nm to 10.78 nm and 24.11Although the
diameters of the patterns increased largely fronorszale (23 nm) to submicro scale
(300 nm and 400 nm), the relatively small changeafhness values (R) could be
attributed to the very slight alteration in vertibaights of the patterns when the
horizontal diameters of the patterns were gredthnged. The surface geometric area
values also showed that PLGAO, PLGA23, PLGA300RhGA400 had very similar
surface area values (10n? 100.1um? 100.6um? and102.3um?) and further confirmed
the very small alteration of vertical heights of gpatterns when using largely different
diameters of PS beads.

For the LBL deposited PLGA surfaces, the nanopat@mained on
PLGA23/Alg and PLGA23/Alg/Chi, but the depositiohadginate and chitosan
monolayers changed the surface roughness of PL@GA®PAGA23. Specifically, the
deposition of the alginate monolayer largely insexhthe surface roughness values of
PLGAO and PLGA23. However, the further depositibthe chitosan monolayer slightly
decreased the surface roughness values. Thugyrfaeesroughness measurement
revealed the following trend as: PLGAO<PLGAO/Algi€RALGAO/Alg and
PLGA23<PLGA23/Alg/Chi<PLGA23/Alg. As expected, tbeposition of alginate and
chitosan monolayers altered the surface roughrigdbe aame time as they changed
surface chemistry. For PLGAQO, the LBL depositioraftfinate on the nano-smooth

PLGA surface increased the surface roughness ftémrim to 5.38 nm, but the
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deposition of another monolayer of chitosan de@@dise surface roughness to 3.31 nm.
For PLGAZ23, although the LBL deposition changeddhdace roughness values from
3.73 nm for PLGA23 to 7.41 nm and 5.01 nm for PLGARg and PLGA23/Alg/Chi,
the tightly arrayed surface pattern was still obedrfrom the AFM images of
PLGA23/Alg and PLGA23/Alg/Chi. Again, the surfaceea values of the LBL deposited
PLGA and non-modified PLGA were very similar, bugleght decrease was
demonstrated from PLGAO/Alg to PLGAO/AIg/Chi, frofLGA23/Alg to
PGA23/Alg/Chi. This result also agreed with thet fdvat the deposition of another
monolayer of chitosan decreased the surface rosglofd®LGAO/Alg and PLGA23/Alg.
In this study, the deposition of the alginate ahidosan monolayer not only changed the
surface chemistry, but it also altered the surfacghness.

Table 5.2. Surface roughnessqfRand local geometric areas§ of all the samples

measured by AFM (10x10m? scan area)

Sample Rns (NM) Speo (M)
PLGAO 0.54 100.0
PLGA23 3.73 100.1
PLGA300 10.78 100.6
PLGA400 24.11 102.3
PLGAO/Alg 5.38 100.3
PLGAO/AIg/Chi 3.31 100.1
PLGA23/Alg 7.41 100.3
PLGA23/Alg/Chi 5.01 100.2
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Fig. 5.1. 2 um x 2 pm-, 5 um x 5 pym -, and 10 pb®xm 2D and 3D AFM images of
PLGAO (a, b, cand a’, b’ ¢’), PLGA23 (d, e, f add e’, f'), PLGA300 (g, h, iand g’, h’,
i), PLGA400 (j, k, land j, k' I'), PLGAO/Alg (m,n, 0o and m’, n’ 0’), PLGAO/AIlg/Chi
(p, g, rand p’, g, r'), PLGA23/Alg (s, t, u and 8, u’) and PLGA23/Alg/Chi (v, w, X

and v, w’, X').
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5.3.2. Surface wettability and surface free energy

As shown in Table 5.3., although water contact @anggasurements revealed
slightly different results, the difference among@A0, PLGA23, PLGA300 and
PLGA400 was statistical. All the nano-smooth andapatternd PLGA surfaces were
hydrophobic §420>90°). As nanopatterns were present on the PLGA, tHfases
became more hydrophilic with decreased water coatagles. Clearly, surface
wettability can be influenced by surface topogragiut the observed impact of
topography on controlling PLGA surface wettabilitgs slight while keeping the same
surface chemistry. Surface free energy result@nbrsmooth and nanopatterned PLGA
calculated from Eqgn. 5.1 using water and glyceooitact angles are shown in Fig. 5.2.
Among all the PLGA substrates, PLGA300 revealediigbest surface free energy (17.9
mN/m), PLGA23 had the second highest (16.5 mN/mg, RLGAO demonstrated the
lowest surface free energy (13.6 mN/m). Generabiyyopatterned PLGA surfaces
exhibited higher surface free energy than nano-sm&urface. Considering all the nano-
smooth and nanopatterned PLGA had the same suiif@ereistry, this increase could be

attributed to the surface nanotopographies.
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Table 5.3. Contact angles measured by water am@iglyon nanopatterned substrates

Contact angles measured by different liquids (°)

Substrate
0 (H20) 0 (Glycerol)
PLGAO 98.1+0.4 949+1.8
PLGA23 93.8+1.8 945+2.3
PLGA300 91.6+1.6 92.4+2.6
PLGA400 96.6 £ 0.5 97.7x2.7
18 -
— 16 -
£
= 14 -
£
> 12 -
o
@ 10 -
Q
o 8-
@ 6 -
8
5 4 -
(V]
2 -
0
PLGAO PLGA23 PLGA300 PLGA400

Fig. 5.2. Calculated surface free energy (usingamrangle results of water and

glycerol) of PLGAO, PLGA23, PLGA300 and PLGA400.
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The contact angle results on alginate and chitdsposited PLGA substrates are
shown in Table 5.4. Clearly, the deposition of mége and chitosan on PLGA surfaces
decreased the water contact angles compared putedPLGA surfaces, indicating
increased water wettability. This result is obvisugce both alginate and chitosan are
more hydrophibic than PLGA, resulting in increaseder wettability than pure PLGA
surfaces. Moreover, the increase in hydrophibditynanopatterned surfaces
(PLGA23/Alg and PLGA23/Alg/Chi) was more signifidathan that on nano-smooth
surfaces (PLGAO/Alg and PLGAO/Alg/Chi). Here, thepdsition of alginate and chitosan
changed both surface chemistry and surface roughwésch both could contribute to

the alteration of surface wettability.

Table 5.4. Contact angles measured by water antaforde on LBL deposited substrates

Contact angles measured by different liquids (°)

Substrate
0 (H20) 0 (Formamide)

PLGAO 98.1+0.4 72.8+1.8
PLGAO/Alg 90.8+0.9 56.5+2.9
PLGAO/AIg/Chi 87.4+0.6 59.3+1.8
PLGAZ23 93.8+1.8 61.9+29
PLGA23/Alg 76.3+2.2 61.3+3.0
PLGA23/Alg/Chi 685+1.4 459 + 3.6
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5.3.3. Fibronectin and vitronnectin adsorption

Cell adhesive protein adsorption on nanopatterngal®surfaces demonstrated
different adsorption features for fibronectin arntlonectin (Fig. 5.3). Results of
fibronectin adsorption indicated little differenisetween nano-smooth and nanopatterned
PLGA surfaces. Specifically, PLGA23 showed sigrfily 20% more fibronectin
adsorption compared to PLGAO. However, no significdifference was demonstrated
between PLGAO, PLGA300 and PLGA400. Vitronectinagsdon revealed a significant
difference between nano-smooth and nanopattern€&hRiurfaces. PLGA23, PGA300
and PLGA400 all showed significantly higher vitratia adsorption than that on
PLGAO, 13%, 30% and 26%, respectively. Among theopatterned PLGA surfaces,
vitronectin adsorption on PLGA300 was slightly reglthan that on PLGA23 and

PLGAS300, although the difference was not statifigcagnificant.
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Fig. 5.3. Fibronectin and vitronectin adsorptiom pabstrate size (expressed by light
absorbance) on PLGAO, PLGA23, PLGA300 and PLGA4@asared by the enzyme-
linked immunosorbent assay (ELISA). Data are exggéss meah SEM (N=3).

**p<0.05 and **p<0.1 compared to PLGAO; ## p<0.66mpared to PLGA23.

Fibronectin and vitronectin adsorption on the LBipdsited PLGA surfaces are
presented in Fig. 5.4. Results revealed decreateaectin adsorption but increased
fibronectin adsorption on alginate and chitosanodépd surfaces (i.e., PLGAO/AIlg.
PLGAO/AIg/Chi, PLGA23/Alg and PLGA23/Alg/Chi) comped to untreated pure PLGA
surfaces (i.e., PLGAO and PLGA23). Specifically GAO/Alg, PLGAO/AIg/Chi,
PLGA23/Alg and PLGA23/Alg/Chi all exhibited sigretntly lower vitronectin
adsorption than that on PLGAO and PLGA23. As altealthough PLGA23 had higher
vitronectin adsorption than PLGAO, PLGA23/Alg demstrated significantly 36% lower

vitronectin adsorption compared to PLGAO. Howevibrponectin adsorption results
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exhibited the opposite trend as alginated and sartaeposited surfaces had increased
fibronectin adsorption compared to pure PLGA sw$a®LGAO/Alg and
PLGAO/AIg/Chi both showed significantly higher fdorectin adsorption than that on
PLGAO, 31% and 63% more, respectively. Howeverjnbezase in fibronectin
adsorption on the nanopatterned surfaces was rmg@ficant as the increase on nano-
smooth substrates. PLGA23/Alg/Chi showed signifiltahi2% more vitronectin
adsorption compared to PLGA23. No significant ddfece was observed between
PLGA23 and PLGA23/Alg. The results indicated thatace chemistry played an
important role on protein adsorption, which mayépartially masked the influence of

nanotopography on the nanopatterned surfaces.

168



0.6 A

0.5 -

Absorbance/cm?

0.2 -

0.1 -

0.4 -

0.3 A

O Fibronectin

M Vitronectin

##

* &&&

*
@0

PLGAO

PLGAO/Alg

PLGAO/Alg/Chi

PLGA23 PLGA23/Alg  PLGA23/Alg/Chi

Fig. 5.4. Fibronectin and vitronectin adsorptiom gpabstrate size (expressed by light

absorbance) on PLGAO, PLGAO/Alg, PLGAO/Alg/Chi, PAZ3, PLGA23/Alg and

PLGA23/Alg/Chi measured by the enzyme-linked immaorbent assay (ELISA). Data

are expressed as meaiSEM (N=3). *p<0.01 and **p<0.05 compared to PLGA,

p<0.05 compared to PLGAO/Alg; & p<0.01 and &&& p&Gompared to PLGA23.

5.4. Discussion

5.4.1. Surface nanopattern mediated cell functions

5.4.1.1 The impact of protein adsorption on cell duesion

In chapter 2, four-hour lung cancer cell adhestomweed enhanced cell adhesion

densities on PLGA23, PLGA300 and PLGA400 companataino-smooth PLGA

surfaces. Here, greater adsorption of the cell sidagroteins on these substrates

revealed a possible mechanism for the increaséddiatsion on nanopatternd PLGA
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surfaces. It is known that proteins immediatelycald®on the biomaterial surfaces once a
biomaterial is in contact with a protein containsution and cells subsequently
recognize this initial layer of proteins to inigaintegrin-mediated adhesion [173].
Fibronectin and vitronectin have been recognizetivasmajor adhesion proteins to
mediate cell-biomaterial adhesion. A study by Laieet al. [118] found that A549 cells
were deficient in vitronectin receptavp3 but did express fibronectin receptor. However,
another study showed that A549 cells did expresgimavp3 [174].In this way, it is
reasonable to expect that A549 cell adhesion ragraficant dependence on fibronectin
but maybe limited dependence on vitronectin. PLGA235A300 and PLGA400 had
significantly higher vitronectin adsorption thamtlon nano-smooth PLGA, whereas only
PLGA23 showed significantly higher fibronectin agsteon compared to PLGAO. This
result suggested that both fibronectina and vitttnereferentially and competitively
adsorbed onto various PLGA surfaces. The reasaiéoobserved increase in select
protein adsorption resulted from the alterationsurface topography from a
conventional to a nanopatterned surface. Great@acauwettability was shown on
nanopatterned PLGA surfaces and this increase dmulithked to the greater protein
adsorption. A study by Kooteat al. [175] found that assembled fibronectin matrix was
higher on the polystyrene substrates with highdtakdity exposed to plasma treatment
to increase oxygen surface incorporation, and sulese endothelial cell proliferation
increased with increasing oxygen incorporatioraddition, as the nanometer surface
roughness increase, there is a greater chargetylahiie surface which can adsorb
greater quantities of proteins [173]. The presamd\sin this dissertation further

confirmed the effects nanotopography alone can bavyerotein adsorption. As a result,

170



this increase in vitronectin and fibronetin adsiampion nanopatterned PLGA led to the
greater lung cancer cell adhesion compared to sarasth PLGA.

However, the adhesion of breast adenocarcinoms sfetiwed a different
dependence on protein adsorption and significdngiiler MCF-7 cells were observed on
PLGA23 compared to PLGAO. MCF-7 cells were showhdwe a great affinity and
bound well to both fibronectin and vitronectin [1267], and, thus, MCF-7 cell adhesion
could be related to the adsorption of both fibrdimeand vitronectin. In Chapter 3, breast
cancer cells showed a significantly higher adhedemsity on PLGA23 than that on
PLGAO, PLGA300 and PLGA400. This increase can drm@ the greater protein
adsorption of both fibronectin and vitronectin do@A23 compared to PLGAO.
However, although PLGA300 and PLGA400 had greatesnectin adsorption than
PLGAQO, the breast cancer cell adhesion densityneapromoted on PLGA300 and
PLGA400. The possible reason could be that theczordtion and biological activities of
vitronectin coated on nanopatterned PLGA was nadrfble to breast cancer cell
adhesion. Importantly, a study by Underwabdl. [178] provided evidence that
antibodies specific to a cell attachment regiofilmbnectin bound preferentially to the
conformation of fibronectin on the more hydrophtigsue culture polystyrene compared
to untreated hydrophobic polystyrene. In contrastibodies specific to the cell-binding
region in vitronectin displayed slightly incread®dding to vitronectin coated on
hydrophobic polystyrene. Here, the nanopatterne@dA°lwas more hydrophilic
compared to nano-smooth PLGA, which may limit tbaformation and bioactivity of
adsorbed vitronectin and, thus, breast canceadéksion was not promoted on

PLGA300 and PLGA400.
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5.4.1.2. The correlation between PLGA surface eneetjcs and cell responses

Surface free energy was calculated from contadieang this study and
nanopatterned PGA had higher surface free enesgyrtno-smooth PLGA. In this
study, the influence of surface topography on mEponses was independently studied
by introducing nanopatterns but with the same sertdnemistry through a deliberately
designed experiment. Therefore, alterations inesgrtopography had a slight effect on
surface wettability and surface free energy andlted in slight increase in surface free
energy on nanopatterned PLGA.

Surface free energy has been known to significantlyence cell attachment,
spreading and proliferation. Here, both PLGA23 Bh&A300 had higher surface free
energy compared to PLGAO and PLGA400, suggestigly tell adhesivity and
spreading. There was evidence that substrateswghtier surface free energy have more
potential to cause “wetting” of cell aggregatestugir surfaces and induce cell spreading
and cell proliferation [171, 172]. A study by Yadal. [172] provided evidence that
there was a strong correlation between cell regmasnd the surface free energy and
found that nanocrystalline diamond which was tréatéh NH; plasma had the highest
free energy and exhibited the best osteoblast nsgso whereas the worst osteoblast
responses was found on the lowest surface fregge@amond surface which was
treated by Hplasma. Also, the cell proliferation density itated to cell adhesion as
more cell adhesion means subsequent more celfgrailon. Thus, improved cell
proliferation can be expected on the surfaces igher cell adhesion and surface free
energy. As a result, lung carcinoma cells indicaeldanced proliferation density on both

PLGA23 and PLGA300 and breast adenocarcinomasietie’ed increased proliferation

172



density on PLGA23. Moreover, improved protein agdon on nanopatterned PLGA
surface may also related to higher surface freeggnand small change in protein

adsorption can have a profound influence on cdleamn and proliferation.

5.4.1.3. The relationship of PLGA surface propertis and cell functions

The surface properties of various PLGA surfacescamcesponding cell
behaviors are summarized in Table 5.5. Clearlyed#ht cell functions (including
adhesion, proliferation, apoptosis and VEGF semn¢thowed varied cell responses to
surface nanotopography. Both lung cancer and boaaster cells exhibited decreased
cell adhesion and proliferation density on PLGAd &L.GA400 compared to PLGA23
and PLGA300. However, four cell lines (lung cancelt, lung normal cell, breast cancer
cell and breast normal cell) all had higher cetlliferation density on PLGA23
compared to PLGAO. As discussed above, cell adhesid proliferation was related to
protein adsorption and surface free energy infledriy surface topography. PLGA23
had nanoscale surface roughness comparable tontleesions of proteins, which was
favorable for the protein conformation and bioatyidue to the suitable “dock-in” sites.
Moreover, the increased surface free energy of P2&&an promote the dispersion of
cell aggregates and cell adhesivity to the matstidiace, and thus high cell adhesion and
proliferation was observed on 23 nm topographiodeses.

However, although PLGA23 showed higher cell adhreaind proliferation
density, a higher percentage of cell apoptosisdaudeased VEGF secretion was
discovered on PLGAZ23 after further investigatiorciofical cell bioactivity indicators.

For both lung cancer and breast cancer cells, &erpercentage of cancer cell apoptosis
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occurred on PLGA23. Moreover, the secretion VEGFessential growth factor for
cancer growth and development, also revealed #rater cells on PLGA23 secreted the
least VEGF. Clearly, the lack of VEGF could sigewiintly inhibit the growth of cancer
cells and thus limit the formation of tumors. Ikisown that nanotopography can alter the
gene express profiles of various cell types [16®)] mfluence integrin-mediated
signaling cascades [1]. The proposed hypotheticalehshowing how the surface
nanotopography direct cancer cell fates is presestbematically in Figure 5.5. Cell
interactions with ECM are mediated by integrind tantrol cell gene expression,
apoptosis and growth factor synthesis in a synecgisanner. The predicted size of
surface occupancy by the head of an integrin héterer is about 10 nm in diameter
[124, 179]. This suggested that a 23 nm tightlayed semispherical pattern would
restrict the clustering of integrins and the follog/formation of focal adhesion and actin
stress fibers through disordering the assembligtefgins by continuous protrusions.
Therefore, 23 nm patterns severely limit intergrativation and cell-biomaterial
communication, resulting in dramatically reducetl ggreading, proliferation and
migration and eventually cell apoptosis. Howevargér surface patterns (especially
PLGA400) had relatively much larger size compacenhtegrins, and, thus, clustering of
integrins could be allowed to form on the pattarrface or spacing of patterns. The
activated integrins could effectively promote thenfiation of focal adhesions and actin
stress fibers, resulting in cell spreading andifaation. However, experiments will be

needed to identify this proposed hypothetical model
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Fig. 5.5. Schematic presentation of nanopatterrishwdtirect cancer cell apoptosis: (a)
23 nm patterns severely limit intergrin clusterargl activation, resulting in dramatically
reduced cell spreading, proliferation and evenyuall apoptosis; (b) 400 nm surface
patterns support clustering and activation of iriteg resulting in assembly of actin

stress fibers and signaling to the nucleus.
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Table 5.5. Surface properties and correspondingnaptell functions of nano-smooth

and nanopatterned PLGA samples

Substrate PLGAO PLGA23 PLGA300 | PLGA400
Surface roughness, R (nm) 0.54 3.73 10.78 24.11
Surface free energy (mN/m 13.60 16.49 17.91 15.02
Surface Fibronectin
propertieq Protein | (absorbance/ch) 0.22 0.26 0.23 0.25
q i . .
adsorption|  Vitronectin 0.35 0.40 0.46 0.44
(absorbance/cth
Lung cancer cel Low adhesion - - -
Cell g density
adhesion Low adhesion Low adhesior Low adhesion
Breast cancer ce . - . .
density density density
Low Low
Lung cancer cell proliferation - - proliferation
density density
Lung healthy cel i High live cell | High live cell ]
Cell number number
. . Low Low
proliferation . : . :
Breast cancer ce - - proliferation | proliferation
density density
Cell High live cell
Breast normal ce - - -
response number
Lung cancer cel - High apoptosi - -
percentage
A . . -
poptosis Breast cancer ce i High apoptosi ) )
percentage
Lung cancer cel - Low VEGF - -
VEGF g secretion
secretion Low VEGF
Breast cancer ce - . - -
secretion

* “.” represents cell responses not optimal forresponding combination of cells and

substrates
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5.4.2. Nanopattern and LBL monolayer mediated ceflunctions

5.4.2.1. The impact of surface properties on proteiadsorption

This study showed that the adsorption of the ai#kesive proteins fibronectin and
vitronectin was significantly influenced by theeahtion in surface chemistry. Altered
surface properties (surface chemistry, surfacealviity, surface charge) and
competitive adsorption of fibronectin and vitroriean substrate surfaces could be
responsible for the altered protein adsorptiorthtnpresent study, the deposition of
alginate and chitosan increased the hydrophilwityubstrate surfaces. This is expected
as both alginate and chitosan are hydrophilic #ngs, LBL deposition on PLGA
surfaces increased hydrophilicity. Fibronectin sedwa strong affinity to more
hydrophilic surfaces as more fibronectin adsorbethe alginate and chitosan deposited
surfaces. Some studies also discovered that hytiophbstrates absorbed more
fibronectin molecules than hydrophobic substraftes.example, Sous al. [180] found
that fibronectin displayed higher affinity for tpere titanium with a titanium oxide layer,
the more hydrophilic one, and lower for the T8puttered on Si substrate, the more
hydrophobic one. Another study also showed thaatheunts of serum proteins,
including fibronectin, adsorbed from serumcontagninedium were larger to more
hydrophilic plasma-treated polytetrafluoroethylenefaces than those adsorbed to more
hydrophobic unmodified polytetrafluoroethylene [L81owever, no consistent
conclusion has been established since other statiiesevealed increased fibronectin
binding on more hydrophobic surfaces [182, 183}.iRstance, increased fibronectin
binding and more rapid adsorption kinetics weresolesd on hydrophobic silanized-

silica in contrast to hydrophilic silica [183]. Mawver, the increased fibronectin
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adsorption could be attributed to other surfaceeriies in addition to surface wettability.
The fibronectin adsorption result clearly indicatkdt positively charged chitosan-
terminated films adsorbed higher amount of fibradimeadsorption in comparison to
negatively charged alginated-terminated surfacks dbservation can be well explained
by the strong electrostatic attraction between tneglst charged proteins (i.e., fibronectin
and vitronectin) and positively charged chitosaaratear the substrate surfaces. Similar
observation has also been reported by Wittehal. [184] on LBL (poly (L-lysine) and
dextran sulfate) assembly multilayer films.

However, vitronectin adsorption exhibited the opigosend in comparison to
fibronectin adsorption and less vitronectin adsdrbe alginate- and chitosan-terminated
substrates. Here, vitronectin exhibited a prefeedoc more hydrophobic surfaces.
Similarly, Toromano\et al. [185] reported that vitronectin adsorbed in incregg&mount
as the hydrophobicity of the substrate increasesftaction of -OH groups decreases). In
addition, electrostatic interactions could playiraportant role in vitronectin adsorption.
Because vitronectin bears a net negative chargartionic alginate-terminated surfaces
tended to adsorbed less protein than the catidniosan-terminated surfaces. However,
more vitronectin adsorption was still observed @wGR0/Alg in comparison to
PLGAO/AIg/Chi. Complex competitive adsorption dbifonectin with vitronectin may be
responsible for the observed results. Fibroneasmieen shown to adsorb more than
vitronectin onto same substrates under competitivelition [186]. Here, it is also
observed that more fibronectin adsorbed on thealgt and chitosan-terminated

surfaces, leading to the binding sites for vitrdimedecrease and less vitronectin adsorb
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onto these surfaces under the presence of compgtitoteins (i.e., fibronectin and

vitronectin).

5.4.2.2. The impact of surface properties on cellrpliferation

Lung carcinoma cells exhibited higher cell prol&gon on alginate- and chitosan-
terminated substrates compared to pure unmodifi€ziAP This result can be well
explained by the increased fibronectin adsorptioth@se surfaces. Since lung cancer
cells express fibronectin receptor but are deficiewitronectin receptoavp3 [118], the
increased fibronectin adsorption could induce nhiang cancer cell adhesion and
subsequent cell proliferation. Moreover, fibroneaould be reorganized in an
extracellular matrix-like structure on more hydroighsurfaces by cells [105], and
extensive rearranging of fibronectin molecules lcappen on hydrophilic surfaces,
whereas, on hydrophobic substrates, the rearrangasestricted due to a higher
binding force between the protein and surface [18filis, high lung cancer cell
proliferation was observed on more hydrophilic aoefs with more fibronectin
adsorption in this study.

However, breast cancer cells showed the lowespeeliferation only on
alginate-terminated surfaces (PLGAO/Alg and PLGA2G). This observation can be
well explained by the total least protein adsomptd fibronectin and vitronectin on
PLGAO/Alg and PLGA23/Alg. Since MCF-7 express bbtronectin and vitronectin
receptors [188], cell proliferation can be affecbgtthe adsorption of both fibronectin

and vitronectin. In Fig. 5.4, on the average, atgrerminated surface had the least total
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protein adsorption including fibronectin and vitemm
(PLGAO/Alg<PLGAO0/Alg/Chi<PLGAO, PLGA23/Alg<PLGA23/hy/Chi<PLGA23),
and decreased protein adsoprtion on alginate-tatednsubstrates had potential to
decrease breast cancer cell adhesion and furthefive cells were observed on these

surfaces.

5.4.2.3. The correlation between surface propertieend cell functions

The surface properties and cell functions of vagisubstrates are summarized in
Table 5.6. Clearly, through the deposition of add@and chitosan on PLGA surfaces,
surface properties and corresponding cell functieaie significantly changed. Both
positive and negative impacts were observed onecaara healthy cells. Lung cancer
cell proliferation increased on alginate- and ctato-terminated surfaces, while breast
cancer cell proliferation was significantly decre@®n alginate-terminated surfaces. The
possible reason was related to surface proteiroffdctin and vitronectin) adsorption as
discussed above. However, lung healthy cell pnaitfen exhibited little correlation with
surface chemistry but a significant correlationlwgtrface nanopatterns. Lung healthy
cell proliferation was significantly increased cemopatterned substrates (PLGA23,
PLGA23/Alg and PLGA23/Alg/Chi) no matter what suréachemistry compared to
substrates without nanopatterns (PLGAO, PLGAO/Ald RLGAO/Alg/Chi). However,
for breast healthy cells, alginate- and chitosamieated substrates revealed
significantly lower cell proliferation compared ¢orresponding pure PLGA substrates.

Moreover, chitosan exhibited more profound inhdsiton breast healthy cell
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proliferation in comparison to alginate. The meckhings) of these phenomena need to be
clarified in the future study.

More importantly, further investigation on VEGF sstton showed that alginate
had a negative effect on both lung cancer and bcaaser cells. On alginate-terminated
surfaces (PLGAO/Alg and PLGA23/Alg), lung canced &meast cancer cells had
significantly lower VEGF concentrations compareduty other substrates. Here,
alginate-terminated surfaces showed anti-cancegrgpties which could be attributed to
the chemistry of alginate since alginate has esdubanti-tumor properties to other
cancer cells as describedlmroduction section of this chapter. Moreover, cancer cells
on PLGAZ23/Alg revealed slightly lower VEGF concetion than PLGAO/Alg. This
result indicated that surface nanopattern and seidaemistry simultaneously inhibited
cancer cell VEGF secretion, but surface chemigtiypgayed a leading role. Inhibition
of VEGF has been recognized as a novel approadtafarer therapy. However, in some
cases where chemistry change needs to be avoigléal;es nanotopography could be an
ideal candidate to inhibit cancer cell functionscs only physical changes introduced

and no any pharmacy or chemistry used.
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Table 5.6. Surface properties and correspondingnaptell functions of nanopatterned

and LBL deposited substrates

PLGAO/ PLGA23/
Substrate PLGADPLGAO/Alg Alg/Chi PLGA23PLGA23/Alg Alg/Chi
Surfgce PLGA | alginate chitosan PLGA alginate  chitosan
chemistry
Water contact angle ) 98.1 90.8 87.4 93.8 76.3 68.5
Surface
Properties ' i
Fibronectin_ |-, 5 0.40 0.49 0.48 0.50 0.54
Protein |(@bsorbance/ct
adsorption i i
P vironectin |4 49 0.26 0.21 0.45 0.26 0.29
(absorbance/cH)
Low live Low live
Lung cancer cell cell -* - cell - -
number number
High I|veHigh live cel High live
Lung healthy ce|l - - - cell cell
number number number
Cell
proliferatior Low live cel Low live cel
Breast cancer cell - - - -
Cell number number
responses High High i
Breast healthy/| . 9 '9n Ve
live cell - - cell - -
cell
number number
Low VEGF Low VEGF
Lung cancer cell - ) - - . -
VEGE concentration concentration
secretion Low VEGF Low VEGF
Breast cancer cell - . - - . -
concentration concentration

* “.” represents cell responses not optimal forresponding combination of cells and

substrates
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5.5. Conclusions

This chapter summarizes the surface propertiesalhtunctions on all the
substrates with nanopattern or LBL coating. Surtapegraphy and roughness, surface
free energy and protein adsorption was believgaday profound roles on regulating cell
functions. It was concluded that cell adhesivegiroadsorption can affect cancer cell
adhesion and subsequent cell proliferation. Moreavevas believed that surface free
energy was related to cell spreading and cell f@raliion. However, competitive roles
were present to cells when positive or negativeaictpwere induced by different factors.
In addition, on alginate- and chitosan-terminatelostrates, surface roughness, surface
chemistry and surface charge all had significafii@mce on cell functions and
especially, alginate-terminated nanopatterned satiestexhibited optimal cancer cell
behaviors. Clearly, these results provided impangandance and cues for designing

custom biomaterials to achieve specific goals.
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Chapter 6 Conclusions and Future Directions

This dissertation systematically investigated caacel healthy cell responses on
nanopatterned PLGA substrates, and further chgmmsddification on nanopatterned
PLGA and cell responses to these modified substratea result, it generated a large
amount of useful information to guide the desigd &abrication of ideal anti-cancer
implants. Here, an ideal anti-cancer biomateridieae is proposed based on the
conclusions of this dissertation and future diatdiare pointed out for the further

development of this field.

6.1. Ideal anti-cancer implants for lung cancer

This dissertation demonstrated that 23 nm surfeatifed PLGA can induce lung
cancer cell apoptosis and decrease their VEGFtsat@obably due to the inhibition of
integrin clustering by 23 nm protrusions. Howe\RrGA23 increased lung cancer cell
adhesion and proliferation since more fibronectaswbsorbed on nanopatterned
surfaces. Further chemistry modification by LBL dsgion of alginate and chitosan was
expected to decrease fibronectin adsorption, umiately, fioronectin adsorption was not
decreased on these chemistry modified surfaceseMenvthe VEGF secretion of lung
cancer cells on alginate deposited surfaces wéseiudecreased compared to PLGAZ23.

Therefore, based on these conclusions, the idéat@mcer implants for lung cancer have
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the following properties: nanopatterns (less th@d im), low fibronectin adsorption and
low surface free energy. For the future, decreafiomgnectin adsorption on
nanopatterned PLGA should be the focus for falingatieal implants for lung cancers.
However, a challenging problem arises when desggsinfaces to achieve multiple
purposes since when changing one surface propémy surface properties change
simultaneously. The combination and balance ofdalsesface properties are important
for designing anti-cancer surfaces for lung cantke studies and conclusions in this

dissertation provided a large amount of guidanckcares for achieving this goal.

6.2. Ideal anti-cancer implants for breast cancer

As demonstrated in this dissertation, breast careléresponses to PLGA
substrates are strongly correlated to the variatiace properties of PLGA. Breast
cancer cell apoptosis was induced on 23 nm suféatared PLGA and VEGF secretion
also decreased on PLGA23. The anti-cancer propastinanopatternded PLGA were
determined by the pattern size as patterns lesslib@ nm (e.g., 23 nm surface featured
PLGA) had desirable effects on apoptosis and VE@Bigreas nanopatterns with larger
pattern sizes (e.g., 400 nm surface featured PLsBA)ved no anti-cancer properties.
However, breast cancer cell adhesion and proliteratgain increased on PLGA23 due
to the increased vitronectin adsorption and higleface free energy on PLGA23.
Fortunately, after further modification of PLGA fage with alginate, the vitronectin
adsorption on alginate-terminated PLGA23 was lgrdekreased and, thus, breast cancer

cell proliferation on PLGA23/Alg was inhibited siginantly.
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Clearly, it is important to design implants for sifie purposes when the cell
responses of different cell lines are differenth® same surface properties. For example,
if the main purpose of the implants is to kill ahibit cancer cells, surfaces with
nanopatterns, low protein adsorption and low safaee energy should be exploited.
However, if healthy cells are expected to growlmnitnplant surfaces, the surface
properties should be designed to have high pratgsorption and surface free energy.
This dissertation provided important informatiom flee design of desirable implant

interfaces.

6.2. Future directions

For future directions, responses of multiple typesells under competitive
conditions to nanopatterned PLGA need to be studlieahy different cell types are in
contact with the implanis vivo, so it is reasonable to investigate more lungiiss
breast tissue related cell responses on the ndaopad PLGA under competitive
conditions. For example, co-culturing of cancetscahd breast cells could be an
important step for the full evaluation of a newi-amaincer implant material.

Secondly, investigating anti-cancer ability of LBeposited nanopatterned PLGA
with multiple layers is also important due to tlemsideration of stability and anti-cancer
efficiency of LBL modification on nanopatterned PAGMoreover, the exploring of LBL
deposition on 300 nm or 400 nm patterned PLGA sedand the collective influence of
surface chemistry and surface patterns on canedttilyecell functions could be another

important future direction.
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Thirdly, a better understanding of mechanism(s)rmkthe cells responses to the
nanopatterned and also chemistry modified PLGA tsates is needed. Importantly, it is
better to investigate the effects of surface priogeion cell functions independently and
then, the way how to effectively combine the optiswaface properties needs to be
determined to achieve specific purposes.

Lastly, animal studies to determine thevivo biological responses of
nanopatterned and chemistry modified PLGA substnaged to be conducted to evaluate
the biocompatibility and anti-cancer propertiesh&fse substrates. For example, human
lung cancer or breast cancer cells can be injesttbdutaneously into mice. When the
tumor volumes reach a specific size, animals campkanted with the nanopatterned
PLGA substrates. After pre-determined time, incialdiopsies, scanning electron
microscopy, fluorescence microscopy, etc., candeel o observe tumor size and
morphology to evaluate the anti-cancer propertigh@implanted substrates.

In summary, for the first time, lung cancer andalstecancer cell responses on
nanopatterned PLGA (including chemistry modifieddA) have been systematically
investigated and the correlation between surfagpeasties and cell functions has been
well established in this dissertation. Overall jrzddge-terminated PLGA substrates with 23
nm surface patterns are the best material creatidusi study for anti-cancer (specifically,
lung cancer and breast cancer) implants. This ideggmn provided a large amount of
information to the field of anti-cancer implant &pation and further research of
nanopatterned anti-cancer implants and their agjabic in clinical practice could be based

on this dissertation.
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