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Chapter 1 Introduction 

 

1.0. Preface  

In the past decade, it has been clear that the development of the next generation of 

biomaterials has entered the era of nanotechnology. The interface between biomaterials 

and nanotechnology has enormous potential for the development of novel biomaterials to 

improve the prevention, diagnosis, and treatment of numerous diseases. This field has 

become one of the fastest emerging and developing arenas at the intersection of all of 

materials science and biology. Nano biomaterials, a term describing biomaterials with 

constituent feature sizes less than 100 nm (10-7 m), are not only extraordinary materials 

with unique structures and properties to solve our most traditional biomedical puzzles, 

but they also provide unprecedented knowledge towards understanding biology, medicine 

and materials science. Thus, nanotechnology-derived biomaterials have been widely used 

in a broad spectrum of biological and biomedical applications, from artificial implants to 

drug delivery to medical imaging. These nano biomaterials include (but are not limited 

to) metals, ceramics, polymers, hydrogels, and novel self-assembled materials with 

structures from 0-D (i.e., dots and particles) to 3-D (i.e., tissue engineering scaffolds).  

Undoubtedly, the rapid development of nano biomaterials has been creating a new 

multidisciplinary area across biology, chemistry, materials science and medicine. The 

reason behind the establishment of this new area is that nanotechnology has not only 

provided novel materials and tools for biological and medical purposes, but it is also 
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reshaping our thinking towards applying these materials in science and technology. 

Today, studies on nanostructured biomaterials have evolved into more comprehensive 

and systematic studies, resulting in the further understanding of the mechanisms behind 

biological responses to materials and the consequent better design of such materials. It is 

clear that the great potential and now well-known benefits of nanostructured biomaterials 

will be widely applied in numerous clinical practices. Representative nano biomaterials 

used in disease prevention, diagnosis and treatment are listed in Table 1.1. 

The interaction between cells and their extracellular matrix (ECM) is 

complicated, drawing much attention for biomaterial interfacial research since 

understanding this interaction will significantly contribute to the design of better 

implants. In principle, cell adhesion to the ECM plays a crucial role in regulating cell 

functions, including cell proliferation, differentiation, morphology, apoptosis and gene 

expression. Thus, it is desirable to control cell responses at the cell-biomaterial interface 

in an expected manner. One approach to achieve controlled regulation of cellular 

functions is to modulate the ECM by designing specific biomaterial surface 

characteristics [1]. Nanoscale topographies on biomaterial surfaces are, thus, expected to 

provide a platform of regulating cell functions by the fact that most proteins involved in 

the ECM have dimensions in the range of several nanometers such as integrins, talin, 

fibronectin, laminin, and paxillin. Many studies have shown that cells (such as bladder 

smooth muscle cells, chondrocytes (cartilage forming cells) and osteoblasts (bone 

forming cells)) respond differently to nano-structured poly (lactic-co-glycolic acid) 

(PLGA) surfaces compared to nano-smooth surfaces. For example, Rosenberg claimed 

(as early as 1962) that nanometer sized features may influence cell functions [2, 3]. As 
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another example, Arnold et al. created nanometer Au nanodot arrays separated by various 

distances (specifically 28, 58, 73 and 85 nm) and found that a separation of 73 nm or 

more inhibited MC3T3-osteoblast spreading, affording a good cue to create 

nanostructured patterns to decrease osteoblast functions [4]. 

However, little attention has been paid to determine cancer cell responses to nano-

patterned surfaces. A study by Tzvetkova-Chevolleau et  al. [5] found that nanopillars 

and nanolines can strongly modify the dynamics of cancerous (SaI/N) fibroblastic cell 

spreading, suggesting that nanofeatured surfaces may regulate cancer cell functions. 

Moreover, the significantly altered surface properties of nanomaterials (i.e., the smaller 

feature size, increased surface area, surface energy) can control initial protein adsorption 

from blood, cell spreading, and cell-biomaterial signal pathways, providing the potential 

of nanofeatures to decrease cancer cell functions. Therefore, this dissertation, for the first 

time, investigated lung and breast cancer cell adhesion, proliferation, morphology, 

apoptosis and vascular endothelial growth factor (VEGF) secretion on nanopatterned 

surfaces compared to conventional nanosmooth surfaces. This dissertation documents the 

methods, findings, analyses and conclusions of these pioneering studies. But first, in 

order to understand the role nanopatterns may play in regulating cancer cell functions, it 

is necessary to introduce all relevant background including how cancer is formed, is 

currently treated, how cancer implants are used (including their promises and current 

failures), material properties pertinent to control cellular responses, and cell sensing to 

nanostructured surfaces that can be exploited to decrease cancer cell functions. 
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Table 1.1. Nano biomaterials for disease prevention, diagnosis and treatment 

Material category Chemical or structural 
features 

Examples of applications  

Ceramics Iron oxide nanoparticles MRI agents for a large variety of 
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] 

  
Dye-doped silica 
nanoparticles 

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

  
Nanoporous 
ZrO2/chitosan 
composite 

 
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  
nanoparticles 
 
Self-assembling 
nanoparticles with 
siRNA 

Over 8-fold increase in breast cancer 
cell death [18] 
 
Selective tumor uptake, siRNA 
sequence-specific inhibition of protein 
expression and inhibition of both 
tumor angiogenesis and growth rate 
[19] 

Metals Gold nanoparticles Cancer detection, imaging and 
diagnosis [20] 

  
Silver nanoparticles, 
nanofilms, etc. 

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

Other nanomaterials Single fluorescent 
nanodiamond 

Low-photobleaching labeling agent 
[23]  

  
Perfluorocarbon 

 
MRI contrast agent for fibrin clots 
[24] 

  
Fluorescent polystyrene 
nanobeads 

 
Visualizing SLN [25] 

  
Carbon nanotubes 
(CNT) 

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

  
Si nanowires 

 
Streptavidin detection [27] 
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1.1. Lung and breast cancer formation and current treatments 

Cancer is, in essence, a genetic disease. Alterations in three types of genes are 

responsible for tumorigenesis: oncogenes, tumor-suppressor genes and stability genes. 

However, mammalian cells have multiple safeguards to protect them against the 

potentially lethal effects of cancer gene mutations, and only when several genes are 

defective does an invasive cancer develop [28]. When cancer develops, cells grow and 

proliferate in an uncontrollable way and eventually forms a mass beyond some size limit 

known as a tumor. Moreover, tumor cells can grow aggressively and invade other tissues 

of the body, which is termed metastasis. 

 Lung cancer is one of the most difficult cancers to treat, responsible for the 

highest percentage of cancer death. Clinical evidence indicated that lung cancers have 

accumulated numerous (perhaps 20 or more) clonal genetic and epigenetic alterations as a 

multistep process, including the classical genetic abnormalities of tumor suppressor gene 

(TSG) inactivation and overactivity of growth promoting oncogenes [29]. Moreover, 

tumor acquired promoter hypermethylation has been recognized as a mechanism for the 

epigenetic inactivation of gene expression [29]. Currently, the most common three 

treatments for lung cancer include surgical removal of the tumor, chemotherapy and 

radiation therapy. In the medical community, there is general agreement that the 

definitive surgical treatment is the first choice of therapy for all patients with non-small 

cell lung cancer limited to the lung, whether intrapulmonary nodes are involved or not 

(stages I and II) [30]. Radiation therapy uses high-energy ionizing radiation (i.e., X-

rays and gamma rays) to control or kill cancer cells. Chemotherapy involves the use of 

medicines or drugs to kill cancer cells or stop the proliferation of cancer cells. Until now, 
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surgical removal is still the leading method for lung cancer treatment and especially, for 

end-stage lung cancer, it is the only way for a patient to survive. 

Breast cancer is the second leading cause of cancer death after lung cancer. It has 

been observed that elevated levels of serum estrogens preceded the occurrence of breast 

cancer which bind to estrogen receptors and stimulate the transcription of genes involved 

in cell proliferation, creating potential errors in DNA replication and potential mutations 

[31]. In breast cancer, overexpression of leptin stimulated cancer cell proliferation [32]. 

Six types of standard treatments have been developed for saving one’s life from breast 

cancer, including surgery, sentinel lymph node biopsy followed by surgery, radiation 

therapy, chemotherapy, hormone therapy, and targeted therapy [33]. Most patients with 

breast cancer have surgery to remove the cancer from the breast. Normal types of breast 

surgery include lumpectomy (remove a tumor and a small amount of normal tissue 

around it), partial mastectomy (remove the part of the breast that has cancer and some 

normal tissue around it), total mastectomy (remove the whole breast that has cancer), 

modified radical mastectomy (remove the whole breast that has cancer, many of the 

lymph nodes under the arm, and the lining over the chest muscles), and radical 

mastectomy (remove the breast that has cancer, chest wall muscles under the breast, and 

all of the lymph nodes under the arm) [33]. 

With this in mind, after the removal of the cancer (whether lung or breast), it is 

important to develop implants to maintain the original organ’s function while at the same 

time to inhibit cancer cell growth which may be not totally removed by the surgical 

process to keep cancer from regrowing. 
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1.2. Implants after tumor removal 

Implants are frequently used after tumor removal (in particular for cancers of the 

lung, breast and skin) and have been widely applied to rebuild the corresponding 

functions of the excised tissue for saving the life of cancer patients. The development of 

artificial lungs and the replacement of breast tissue are two of the most common cancer 

implants currently being developed due to the high incidence of these two cancer types. 

Currently, lung transplantation is currently the only treatment option for patients with 

end-stage lung disease [34]. Procedures include wedge resection (removal of part of a 

lobe), segmentectomy (removal of an anatomical division of a particular lobe of the lung), 

lobectomy (one lobe), bilobectomy (two lobes), or pneumonectomy (whole lung) [35].  

Similarly, most patients with breast cancer have surgery to remove the cancer 

from the breast. Thus, in order to effectively replace the resected tissues of these cancer 

patients, it is necessary to design an ideal replacement construct that will decrease 

interactions with cancer cells should they have not been completely removed during 

surgery or if they return to the lung/breast tissue. For example, according to the American 

Cancer Society (ACS), 11% of women will suffer from breast cancer recurrence within 

five years and 20 percent in 10 years. The Lung Cancer Study Group (LCSG) reported a 

recurrence rate of 10.6% per year for patients with non-small cell cancer [36]. In this 

manner, biomaterials with anti-cancer properties would be an ideal implant after cancer 

resection. It is clear that the current plethora of materials used for breast reconstruction 

(i.e., saline implant, silicone gel, or polyurethane foam coating) were not originally 

designed to inhibit the return of cancer. For example, silicone implants are dangerous to 

the brain as silicone rupture can leak into the brain and lead to brain tumors in some cases. 
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On the other hand, most implants used for other tissues (such as metallic cobalt, 

metallic nickel, silicone breast implants, and ceramic implants) have a cancerogenic 

danger, so it is necessary to have anticancer properties for implants. For example, reports 

of local malignancy after hip and knee joint replacements with metal implants suggest a 

carcinogenic possibility with long-term risks [37]. Concern regarding the risk of cancer in 

women with implants is raised by findings that the polyurethane foam cover used to coat 

some implants has been found to have the potential for releasing 2,4-toluene diamine, a 

demonstrated carcinogen of liver cancer in laboratory animals [38, 39]. Also, another 

study found that after intratracheal instillation of nickel, significant numbers of 

squamous-cell carcinomas and adenocarcinomas of the lung were observed in rats [40]. 

According to a meeting held to evaluate the carcinogenic risks to humans of 

surgical implants and other foreign bodies, groups of possibly carcinogenic materials to 

humans were classified as: (1) polymeric implants (such as silicones, poly-urethanes, 

polymethacrylates, polyethylene terephthalate, polypropylene, and polyethylene) 

prepared as thin smooth films (but not poly (glycolic acid) or poly (lactic acid), the focus 

of this study); (2) metallic implants (such as stainless steel) prepared as thin smooth films; 

and (3) implanted foreign bodies consisting of cobalt, nickel and a particular alloy 

powder consisting of 66±67% nickel, 13±16% chromium and 7% iron [40]. Thus, in 

order to decrease such cancer risks, designing an implant with anticancer properties (i.e., 

inhibition of cancer cell responses while still promoting healthy cell functions) could be 

an effective way to prevent the occurrence of cancer involved in surgical implants. There 

are many reasons towards why nanotechnology may decrease cancer cell functions and 

increase cell functions. 
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1.3. Cell sensing and responses to nanostructured surfaces 

Since the in vivo contact between cells are not smooth but are nano (5-200 nm) 

textured, nanotopographies on current implanted materials could present a biomimetic 

cell-stimulating environment in mediating cell responses and behaviors [1]. Basement 

membranes are composed of extracellular matrix proteins and are found throughout the 

vertebrate body, serving as substrata for overlying cellular structures. The topography of 

basement membranes is a complex mixture of pores, ridges, and fibers which have sizes 

in the nanometer range [41]. Therefore, nanotopographies could be an effective 

extracellular physical milieu affecting cell behaviors, without involving biomolecules. 

Representative surface nanotopographical features affecting cell behaviors are listed in 

Table 1.2.  

Many studies [42-46] have demonstrated different cell sensing and responses to 

micro- and nanotopographies with regards to both isotropic and anisotropic topographies. 

However, in terms of anisotropic topographies such as grooves, ridges and waves, cell 

orientation and migration along the anisotropic direction have long been observed and 

examined. As for isotropic topographies, such as pores, spheres, dots and pillars, studies 

have found significant effects of these topographies on collective cell functions and they 

have revealed that topographical patterns determine what cell functions are regulated and 

the topographical scale affects the degree to which function is regulated [1]. 
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Table 1.2. The effects of surface nanotopographical features on cell functions 

Material 
category  

Nano  
biomaterials 

Structural feature Applications 

Self-assembly 
structures 

Peptide-
amphiphiles (PA) 
 
 
Polyelectrolyte 
multilayer 
assemblies 

Branched-PA self-
assembling coatings 
 
 
Nanoscale porous 
multilayers 
(poly(allylamine 
hydrochloride) (PAH), 
poly(acrylic acid) (PAA)) 

Promoting initial adhesion 
of primary human bladder 
smooth muscle cells [47] 
 
Significantly promoting 
corneal epithelial cell 
proliferation and migration 
speeds [48]  

 
Polymers 

Poly(lactic-co- 
glycolic acid)  
(PLGA)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Poly(ether 
urethane) (PU) 
 
Poly(Ɛ-
caprolactone) 
(PCL) 
 
Poly(dimethyls-
iloxane) (PDMS) 

Nanostructured film 
 
 
 
 
Nano-structured PLGA  
scaffolds 
 
 
 
NaOH-treated PLGA 
scaffolds 
 
 
 
 
PLGA/nano-
hydroxyapatite  
hybrid scaffolds  
 
Nanostructured films  
 
 
Honeycomb-patterned 
film 
 
 
Nanorough film 

Enhancing endothelial, 
smooth muscle and bladder 
smooth muscle cell 
attachment [49, 50] 
 
Enhancing cell adhesion and 
growth, promoting elastin 
and collagen production 
[51] 
 
Increasing chondrocyte 
attachment, total 
intracellular protein and 
extracellular matrix 
synthesis [52] 
 
Increasing MSC attachment, 
viability and proliferation 
[53] 
 
Increasing bladder smooth 
muscle cell attachment [49] 
 
Enhancing cell survival and 
yield of rat small 
hepatocytes [54] 
 
Increasing endothelial cell 
adhesion and elongation 
[55]  

Ceramic 
Alumina Nanoporous membranes Decreasing platelet adhesion 

[56] 
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Metals 

Titanium 
 
 
Gold 

Nanotubular anodized 
titanium 
 
Thin films with nanoscale 
roughness  
 

Enhancing chondrocyte 
adhesion [57] 
 
Increasing embryonic stem-
cell-derived neural 
precursors adhesion and 
differentiation [58] 

Semiconductor 

Silicon Nano-island silicon 
 
 
 
Silica nanoparticle-
modified surfaces 

Increasing insulinoma cell 
adhesion and insulin 
secretion [53] 
 
Enhancing osteogenic 
differentiation of human 
mesenchymal progenitor 
cells [59] 

Carbon 
nanostructures 

Diamond Ultra-nanocrystalline 
diamond films 

Induction and regulation of 
the differentiation of neural 
stem cells [60] 
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Many studies [42-44, 61] have also demonstrated cell orientation and migration 

along the anisotropic direction of surface topographies such as grooves and ridges. For 

example, a study found that rat dermal fibroblasts on 2 and 5 µm grooves on a poly 

(dimethylsiloxane) (PDMS) cast of silicon were elongated and aligned parallel to grooves 

[42, 62]. Moreover, Dunn et al. indicated that ridge width was more important that 

groove width in determining fibroblast alignment and the alignment of cells inversely 

proportional to ridge width [43]. In addition to cell orientation, orientation and alignment 

of actin filaments and microtubules have also been identified as the first and primary 

event in contact-guided cell alignment [1]. Oakley et al. reported that on V-shaped 15 µm 

wide, 3 µm deep grooves on Ti-coated silicon, microtubules of human gingival 

fibroblasts were the first element to become aligned at the bottom of grooves after 20 

mins, actin alignment was observed first at the wall-ridge edges after 40-60 mins and 

after 3 h most of the cells exhibited aligned focal contacts [61]. Another study also 

demonstrated that microfilaments and vinculin from rat dermal fibroblasts oriented along 

2 µm grooves on PDMS casts of silicon and bovine and endogeneous fibronectin and 

vitronectin were also oriented along the direction of grooves [44]. However, most of 

these early studies used topographies with µm scales due to the limitation of fabrication 

techniques for nano sized topographies.  

Recently, some advances have been made concerning nanotopography regulation 

of cell functions. For example, Webb et al. [63] prepared 130 nm-4.01 µm wide, 100 nm-

1.17 µm deep grooves on poly-D-lysine coated chrome plated quartz using a laser 

holographic technique. It was found that rat optic nerve oligodendrocytes were highly 

aligned along surface contours as small as 100 nm deep and a 260 nm repeat spacing. 
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Moreover, oligodendrocytes showed no high-order F-actin cytoskeletal network but 

aligned optic nerve astrocytes showed a striking arrangement of actin stress fibers.  

The size scales of anisotropic topographies play an important role in determining 

the degree of cell orientation. Generally, cell orientation and alignment increase with 

increasing groove depth but decrease with increasing width. For example, Clark et al. 

[64] observed that BHK (baby hamster kidney) cells aligned on all groove topographies 

with features 130 nm wide and 100, 210, or 400 nm deep grooves, but the degree of 

alignment increased with increasing groove depth; MDCK (Madin-Darby canine kidney) 

cells aligned and elongated to grooves, but elongation only increased with increasing 

depth. Another study also found that human corneal epithelial cells elongated and aligned 

along patterns of grooves and ridges with feature dimensions as small as 70 nm and the 

percentage of aligned cells increased with groove depth. Also, actin microfilaments and 

focal adhesions aligned along the substrate topographies and the width of focal adhesions 

was determined by the width of the ridges in the underlying substrate [65]. Fredrik et al. 

investigated axonal outgrowth on nano printed patterns in polymethylmethacrylate 

(PMMA)-covered silicon chips consisting of parallel grooves with depths of 300 nm and 

varying widths of 100-400 nm. Axons from neurons displayed contact guidance on all 

patterns, but the nerve cell processes preferred to grow on ridge edges and elevations in 

the patterns rather than in grooves [66]. These studies indicated that anisotropic 

topographies from micro- to nanoscale can profoundly affect cell shapes. However, cell 

functions at the molecular level, such as gene expression, differentiation, apoptosis and 

examination of cancer cells as well on such cell features need to be more extensively 

examined.  
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Fig. 1.1. Examples of surface topographical features: (a) poly(L-lactic acid) (PLLA) 

aligned nanofibers, (b) poly(lactic-co-glycolic) acid (PLGA) nanofiber scaffold, (c) 

silicone sharp-tip nanotopography, (d) quartz surface with grooves, (e) silicon nanopits, 

(f) polystyrene (PS) nanopillar surfaces, (g) arginine-glycine-aspartic acid (RGD) 

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

 

In regards to isotropic micro- and nanotopographies (including uniformly or 

randomly distributed pits, nods, pillars, pores, spheres, cylinders, etc.) with no directional 

guidance, cell orientation and alignment have not been observed, however, the control of 

other cell functions, such as cell proliferation, morphology and apoptosis, has been 

revealed [1]. Moreover, the topographical scale has determined whether and to what 

degree cells alter specific functions and, thus, accurate control of topographical size is an 

important consideration in regulating cell functions. For example, human abdomen 

fibroblasts on 2 µm and 5 µm diameter nodes showed an increased rate of proliferation 

and increased cell density than that on 2 µm and 5 µm wells on PDMS casts of silicone 
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[74]. However, another study by Hunt et al. [75] found no significant stimulation on 

neutrophil movement with no effects on fibroblast spreading on uniformly arrayed nodes 

7, 25, or 50 µm wide and 0.5, 1.5, 2.5 µm high. Fujimoto et al. [46] fabricated a 

micropatterned polystyrene surface with settling particles in diameters of 0.86-0.63 µm 

when the temperature raised from 25 to 37 oC and found that neutrophil-like induced HL-

60 cells loosely adhered but did not spread on the spherical coated surfaces.  

Recently, the development of polymer demixing and colloidal lithography has 

made it possible to produce large areas of nanotopographical surfaces with reasonable 

uniformity. Jung et al. [76] investigated human foetal osteoblastic cell responses to 

randomly distributed nanoisland topographies with varying heights (11, 38 and 85 nm) 

produced by a polystyrene (PS)/polybromostyrene polymer-demixing techniques. Cells 

cultured on 11 nm high islands displayed significantly enhanced cell adhesion, cell 

proliferation, cell spreading, cell dimensions, and alkaline phosphatase (non-specific 

metalloenzyme which hydrolyzes phosphate esters) activity than cells on larger 

nanoislands or flat PS control. Also, cell signal transmission (such as focal adhesive 

vinculin proteins and cytoskeletal actin stress fibers) was more pronounced for cells 

cultured on the smaller nanoisland surfaces. Other studies by Dalby et al. [77] 

demonstrated increased fibroblast responses (such as cell signaling, proliferation, 

cytoskeleton, and production of extracellular matrix proteins) to 13 nm high polymer 

demixed islands than on planar controls. However, the control of phase separation in 

polymer mixtures is difficult and results in some randomly arrayed nanopatterns. 

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

particles can be arranged into an array (an ordered structure) through self-organization 
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and have been used as templates to produce nanotopographies [78]. Specifically, Ann-

Sofie et al. [79] reported that human bladder carcinoma cells cultured on hemispherically 

structured surfaces prepared by colloidal lithography (100 nm high, 168 nm in diameter) 

decreased IL-6 (mediator of acute inflammatory responses) and IL-8 (induction of 

chemotaxis) cellular production and were less spread, less round and more stellate (larger 

dispersion) compared to flat control surfaces. In another study, human fibroblasts were 

observed trying to endocytose nanocolumns (160-nm high, 100-nm diameter, and 230-nm 

center-center spacing) produced by colloidal lithography and a small population of the 

cells changed to unusual morphologies with macrophage-like processes and a highly 

disrupted cytoskeleton [80]. These results implied the potential of nanotopography on 

decreasing cancer cell functions. 

Some other randomly oriented nanometer rough surfaces can also be fabricated by 

acid etching, electropolishing, sandblasting, and plasma spraying, demonstrating large 

effects on cell functions. For example, Martin et al. studied rough titanium (Ti) surfaces 

and observed that electropolished surfaces had more MC63 osteoblast cells while Ti-

plasma-sprayed surfaces had less cells than tissue culture polystyrene (TCPS), thymidine 

incorporation, and alkaline phosphatase production except on coarse blasted Ti [41, 46]. 

Peritoneal macrophages accumulated preferentially on roughened polystyrene surfaces 

while fibroblasts preferred smooth surfaces [81]. In summary, micro- and 

nanotopographical features can clearly mediate cell-biomaterial interactions controlling 

cell functions for specific applications. A tentative trend can be drawn that smaller 

nanotopographical features can stimulate cell functions greater than smooth surfaces and 

such effects decrease with increasing topographical features [1]. However, all of these 
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studies have not provided a systematic, extensive insight into the effects of 

nanotopography on cancer cell behaviors and whether nanotopographical features could 

be used as an implant to regenerate healthy tissue after cancerous tissue is removed. 

A thorough review of the effects of surface topographical features on various cell 

functions has implied the potential applications of nanotopography on regulating cancer 

cell functions. In order to better understand the cell-biomaterial interactions, we first must 

examine several important material properties related to cell biological behaviors. 

 

1.4. Surface properties of nanomaterials relevant to biological effects 

1.4.1. Brief overview of biological responses to implants  

Nanomaterials possess numerous unique properties compared to bulk 

conventional materials (e.g., materials with microstructured features in the micron or 

larger sizes) that can influence cell functions: (i) much larger surface areas and resulting 

increased surface reactivity; (ii) greatly enhanced mechanical properties (such as high 

ductility and high yield strength) due to various mechanisms depending on their 

chemistry (such as increased grain boundary sliding and short–range diffusion-healing); 

(iii) exceptional magnetic, optical and electrical properties due to stacking, alignment and 

orientation of nanoscale building blocks (grains, supermolecules, etc.); and (iv) 

homogeneity and high purity in composition and structure because of reaction or mixing 

at the molecular and atomic levels. Specifically, nanoscale materials and structures 

provide a few other important properties to a biomaterial. First is their structural 

similarity to natural tissues or biological systems which have nanoscale hierarchical 
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components. Second is the comparable size of nanoscale materials to biomolecules and 

bio-microstructures, which enables researchers to detect, manipulate and mediate these 

bio-components. Lastly, nanostructured materials can be readily tailored to reveal 

extraordinary variations in surface properties. 

Compared to the understanding of nanomaterial properties and the ability to 

control these properties, what occurs at the interface between nanomaterials and 

biological systems (e.g., cells and tissues) has not been completely understood to date. A 

general consensus is that there are a sequence of events which occurs at the interface 

between biomaterials and a cell [82, 83]: (a) adsorption of proteins from blood and tissue 

fluids onto the nanomaterial surface (usually protein desorption also occurs at the same 

time); (b) tissue cells and/or inflammatory cells approach the material; (c) possible 

targeted release of matrix proteins from the biomaterial and selected adsorption of 

specific proteins; and (d) adhesion of cells and commencement of subsequent cell 

functions (e.g., proliferation, differentiation, phagocytosis, etc.). These events happen at a 

time scale from milliseconds (e.g., protein adsorption) to even years (foreign body 

granuloma reaction). Besides these host responses towards nanomaterials, conversely, 

material responses to the host (like material decomposition and release) also exist at the 

cell-biomaterial interface [83]. All of these interfacial events are crucial for the success of 

nano biomaterials, because they are closely related to material cytocompatibility 

properties and immune or inflammatory host responses that ultimately determine the 

efficacy and safety of nano biomaterials. 

For cancer implants, there are several important host responses or mechanisms 

which occur after implantation. These responses include inflammatory processes, 
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coagulation and hemolysis, adaptation, chemical and foreign-body carcinogenesis and an 

allergic foreign-body response. Inflammation is a response to trauma, infection, local cell 

death, presence of cancer cells, intrusion of foreign materials, or an adjunct to immune 

responses [84]. During tissue responses to implants, a sequence of events arise such as 

acute and chronic inflammation, granulation tissue generation (the proliferation of new 

small blood vessels and fibroblasts), foreign body reaction (composed of foreign body 

giant cells, macrophages, fibroblasts, and capillaries in varying amounts, depending upon 

the form and topography of the implanted material), and fibrous encapsulation (scar 

formation) [85]. The chronic inflammatory response to biomaterials is confined to the 

implant site, whereas the foreign body reaction with granulation tissue development is 

considered the normal wound healing response to implanted biomaterials (i.e., the normal 

foreign body reaction).  

For implants, the surface properties (such as chemistry, topography and 

roughness, rigidity, surface energy and surface charge) of the medical device, prosthesis, 

or biomaterial can determine the composition and extent of the foreign body reaction 

[86]. Thus, surface modification strategies of biomaterials have been developed to reduce 

implant failure. Besides inflammation, implant materials (especially smaller-sized 

materials such as particles) may trigger responses from immune cells (such as monocytes, 

macrophages, dendritic cells and natural killer cells) which recognize and differentiate 

these “foreigners” from the host, and protect the host from exposure by destroying these 

foreign substances through acid chemical secretions. At present, immune responses to 

implants have been widely reported including hypersensitivity related to peacemakers, 
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dental implants, artificial organ, and orthopedic implants [87-89]. Therefore, suppressing 

inflammation and an immunological response of implants is a topic of great interest. 

In addition, infection is another common problem associated with an implant. 

Normally, three types of infection are distinguishable including a superficial immediate 

infection, deep infection and late infection [90]. A superficial infection is the growth of 

organisms on the skin in association with an implant, such as suture infections. A deep 

infection is usually seen after surgery as the bacteria (mostly skin dwelling bacteria) are 

carried into the implant site during the surgical procedure. A late infection may happen 

years after surgery in sites with no history of infection. It represents a major problem in 

many procedures, such as total joint replacements and orthopedic implantation and great 

difficulty may be encountered in treatment of this infection once established. 

Another consideration when using implants is their role in carcinogenesis. A 

startling finding was that many agents not previously thought to be carcinogens could 

incite dramatic neoplasm (an abnormal proliferation of cells) formation when implanted 

in a solid form rather than injected or fed in a soluble or dispersed form, which is called 

foreign body carcinogenesis [90]. As early as the 1940s and 1950s, investigators found 

that solid materials without chemical carcinogenic activity can induce a variety of 

neoplasms and the induction activity generally increases with the size of the implant. 

Furthermore, the induction activity varies inversely as the inflammatory response; that is, 

well-tolerated materials are better foreign-body carcinogens in the long term [90]. 

Alexander and Horning proposed that the most likely process for foreign-body materials 

to be carcinogenic would appear to be that the implant alters the normal environment of 

the neighboring cells in such a way as to favor the induction (or selection) of 
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discontinuous variations leading to malignancy [90, 91]. That is, the viable products of 

normally occurring cell damage or mutation are somehow favored by the presence of the 

implants and protected from physiological processes until they are ready to enter the 

rapid growth phase characteristic of malignancy [90]. Two conditions have been 

recognized to impact the carcinogenesis of implants: geometric (including topography 

and roughness) condition and the chemical and electrical conditions near an implant-

tissue interface [90]. For example, a very high gradient electric field has been suggested 

to play a role in carcinogenesis. Therefore, the surface modification of biomaterials can 

control these interface properties, rendering the implants less carcinogenic.   

Although understanding the interfacial interactions between nanomaterials and 

biological systems is still under progress, mediating cellular or tissue responses on 

nanomaterials is not a complete mystery. Generally, cells and tissues recognize 

(subsequent to initial protein interactions) both surface and bulk properties of 

nanostructured materials in vivo and in vitro, so cell and tissue responses can be altered or 

controlled to some extent by manipulating these material properties [92-94]. Surface 

properties often refer to surface chemistry and charge, material topography and surface 

energetics, while bulk properties are closely related to cell or tissue responses including 

inherent chemistry, stiffness, porosity and so on [92-99]. Fig. 1.2. illustrates the 

nanomaterial-cell interface and the interactions between cells, proteins and material 

properties. Nanomaterials have successfully demonstrated the ability to modulate cell and 

tissue responses in vitro and in vivo due to their extraordinary properties. Here, we first 

review several important surface properties of nanobiomaterials relevant to biological 

responses.   
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Fig. 1.2. Schematic illustrating the potential interfacial interactions between a cell (or 

tissue) and nano biomaterials. Double arrows indicate interactions among surface 

properties of nano biomaterials. In the schematic, examples of nanomaterial surface 

properties include: root mean square roughness (Rrms), surface electrical charges (+/-), 

contact angles (θ), interfacial tension between solids and vapors (γSV), interfacial tension 

between solids and liquids (γSL), and interfacial tension between liquids and vapors (γLV).  

 

1.4.2. Size and surface area of nanobiomaterials  

Nanomaterials is a field that studies materials with morphological features on the 

nanoscale dimensions, which is usually defined as smaller than one hundred nm in at 

least one dimension, though it is sometimes also used for materials smaller than one 

micrometer. A basic aspect of nanomaterials is the dramatically increased surface area to 

volume ratio as a result of such small feature sizes. The increased surface area of 

materials creates some specific material properties (such as high plasticity, enhanced 
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catalytic property, superparamagnetism, etc.) on the nanoscale, enabling unique 

applications for nanomaterials compared to conventional micron-scale materials. For 

nano biomaterials, the specific surface properties may result in numerous distinct 

biological responses, including the adsorption of proteins, cell and bacteria adhesion and 

subsequent proliferation, and enzymatic biological reactions. Therefore, due to the 

specific properties related to the nanoscale, biomaterials may have potential for anti-

cancer, anti-infection, cardiac, and other tissue growth applications as will be described 

next. 

 

1.4.3. Topography and roughness of nanobiomaterials  

Surface topography is an important property towards controlling cell behavior and 

responses as discussed in Section 1.2. Topography involves various anisotropic or 

isotropic micro- and nanostructures, such as grooves, ridges, wells, pores, pillars, and 

columns, in mediating cell-biomaterial interfaces. Generally, roughness is a widely used 

parameter to describe surface topography, such as root mean square (RMS) height which 

is a statistical variation in the height of the surface around some mean value. Many 

studies have demonstrated the extensive roles of micro- and nanotopographied surfaces in 

regulating cell behaviors such as adhesion, proliferation, differentiation, migration, and 

apoptosis. Specially, anisotropic surface topography (such as grooves, ridges) has been 

widely identified in regulating cell orientation and migration along the anisotropic 

direction; while isotropic surface topography (such as islands, dots, wells, and spheres) is 

recognized to affect collective cell functions and the topography scale determines the 
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degree to which the specific function is affected. Thus, surface topography is an effective 

physical method in affecting cell behaviors without involving biomolecules.  

Currently, the mechanisms behind topographically regulated cell behavior and 

responses are still not clear because of the complicated combination of cell type, 

topography style and substrate material. However, it has been proposed that the 

adsorption and conformation of cell adhesive proteins (such as fibronectin and 

vitronectin) may be altered on nanotopographical surfaces. Increased surface area of 

nanotopographical features could contribute to increased select protein adsorption. On the 

other hand, nano topographies may induce alterations of surface wettability and surface 

energy, possibly affecting local protein adsorption. Also, cell adaptation may be an 

important process in mediating cell response to topographies. Cells may adapt to physical 

topographical cues by conditioning growth environments such as secreting and 

modulating ECM proteins [1]. For example, Chou et al. proposed that substratum surface 

topography alters cell shape and modulates fibronectin synthesis at the transcriptional and 

post-transcriptional levels, as well as the amount of fibronectin assembled into the ECM 

[100]. 

    

1.4.4. Surface chemistry of nanobiomaterials  

Biomaterial surface chemistry is another important cue in directing cell behavior 

since it is highly related to other surface properties like surface wettability, surface free 

energy and surface charge. Thus, surface chemistry modulates in vitro and in vivo cell 

responses and further regulates cell and host responses to implanted devices, biological 

integration of biomaterials and tissue-engineered constructs [101]. For example, 
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biologically active surfaces can be produced by altering surface chemistry with ECM 

proteins such as fibronectin, vitronectin, laminin, and collagen to render the surface 

biofouling. Keselowsky et al. [102] produced different surface chemistries using self-

assembled monolayers of alkanethiols on gold and found that OH- and NH2-terminated 

surfaces enhanced osteoblast-specific gene expression, alkaline phosphatase enzymatic 

activity, and matrix mineralization compared with surfaces presenting -COOH and -CH3 

groups. Surface chemistry is also involved in cell adhesive protein adsorption (i.e., 

fibronectin and vitronectin) and subsequently affects cell functions. For example, low 

protein adsorption has been observed on a chitosan/alginate multilayer, for both chitosan 

and alginate as top layers [103].  

 

1.4.5. Surface wettability and surface energy of nanobiomaterials  

Surface wettability and surface energy play an important role on protein 

adsorption and subsequent cell adhesion. Water contact angles (θ) have been used to 

determined surface wettability (i.e., the surface is hydrophilic or hydrophobic) and a θ 

less than 65° suggests a hydrophilic surface [104]. The conformation and biological 

activities of cell adhesive proteins (such as fibronectin and vitronectin) can be altered by 

surface wettability and resultant cell functions changed. For example, Altankov et al. 

[105] showed that fibroblasts on hydrophilic surfaces may reorganize fibronectin in an 

extracellular matrix-like structure whereas on hydrophobic surfaces no rearrangement of 

fibronectin occurs. Moreover, it was demonstrated that there are significant differences in 

the morphology of fibroblasts adhering to hydrophilic and hydrophobic surfaces.  
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Surface wettability and surface energy can be easily changed by surface 

chemistry. However, surface topography may also interfere with surface wettability. For 

instance, roughening a hydrophobic surface can enhance its nonwetting properties into 

superhydrophobicity and topographical effects can also enhance partial wetting by a 

given liquid into complete wetting to create superwetting [106]. Moreover, surface 

energy demonstrates a close relationship with surface wettability. The most common 

methods for the calculation of the surface free energy of solids are to use the results of 

the contact angle measurements. A greater surface energy may involve more hydrophilic 

surfaces for hydrophilic materials but more hydrophobic surfaces for hydrophobic 

materials. Hydrophilic surfaces (higher surface energy relative to hydrophobic) have 

indicated a higher affinity for cell adhesive proteins and subsequently, a strong ability to 

affect cell behavior.  

 

1.4.6. Surface charge of nanobiomaterials  

Surface charge has been correlated to protein adsorption and cell adhesion since 

most proteins and cell membranes are charged. Proteins contain both carboxyl and amine 

groups which are ionizable to render proteins charged. Cell member charge is determined 

by the cumulative effect of charged lipid headgroups within the plasma membrane itself. 

Both cationic and anionic functional groups contained in the lipid headgroups contribute 

to the net electric field at membrane surfaces [107]. Studies have demonstrated that 

charged surfaces can affect the adhesion and morphology of a variety of cell types 

through the mediation of electric charge and/or adsorption of biological molecules. For 
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example, Qiu et al. [108] reported that rat marrow stromal cell attachment was enhanced 

in serum-supplemented and serum-free media on positively charged substrate. However, 

cell spreading, alkaline phosphatase activity, and osteopontin were observed to decrease 

in cells grown on positively charged surfaces. This study also revealed that although cell 

adhesion is critical in subsequent cell development, cell adhesion alone is not an adequate 

indicator of biocompatibility when a specific function is required [83]. Another study by 

Hallab et al. [109] measured the adhesion strength of fibroblasts over a range of charge 

densities and the fibroblasts showed charge and electrical potential-dependent adhesion 

maxima. 

In summary, surface properties of biomaterials play an important role in 

regulating and mediating the cellular and subsequent tissue responses. In this dissertation, 

cancer/healthy cell responses to nanotopographical substrates were completely 

investigated on PLGA surfaces and were correlated to substrate surface properties, 

providing insights towards inhibiting cancer cell behaviors by manipulating precise 

surface nanotopography.  

 

1.5. Outline of the dissertation 

 The goals of this dissertation were to: (i) fabricate controllable PLGA 

nanopatterned substrates and investigate their various properties; (ii) investigate 

lung/breast cancer/healthy cell responses on nanopatterned substrates; (iii) chemically 

modify nanopatterned substrates to optimize substrate anti-cancer properties; (iv) 

investigate the correlation of surface properties with various cell functions; and (v) 
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provide guidance and cues to design ideal biomaterial interfaces for specific purposes. 

The central hypothesis of this dissertation is that due to altered surface properties, 

specific PLGA nanopatterns could decrease lung and breast cancer cell functions whiling 

increasing respective healthy cell functions and, thus, could be used as anti-cancer 

implants after tumor removal. To verify this hypothesis, biological responses (including 

cancer cell and healthy cell) on various nano-smooth and nanopatterned PLGA surfaces 

with altering surface properties were investigated. Furthermore, this dissertation 

determined which specific PLGA nanopattern size could regulate which cancer cell 

function and for the first time, provided a thorough understanding of cancer cell 

responses to nanotopographic surfaces. The dissertation consists of the following parts.  

 In Chapter 2, a simple and effective process will be described to prepare 

nanopatterned PLGA surfaces with an orderly array of spherical patterns on a large 

surface area. More importantly, cytocompatibility properties and lung carcinoma cell and 

lung healthy cell functions (including adhesion, proliferation, viability, apoptosis and 

vascular endothelial growth factor (VEGF) secretion) will be described on various nano-

smooth and nanopatterned PLGA surfaces. The effects of the surface properties 

(including roughness, pattern size and wettability) on such biological responses will be 

discussed, providing insights towards controlling lung cancer cell responses by changing 

PLGA surface nanotopography.  

 Chapter 3 will systematically report on another cancer cell line, breast 

adenocarcinoma cell functions (including adhesion, proliferation, apoptosis, viability and 

VEGF secretion) and healthy breast epithelial cell proliferation on PLGA surfaces with 

altered pattern sizes. This part of the study will provide an understanding towards the 
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generality of nanotopographically controlling cancer cell functions, which will enable the 

determination of topographical effects of PLGA surfaces on other cancer cell lines.  

In Chapter 4, chemical modification of nanopatterned PLGA surfaces by using a 

layer by layer (LBL) self assembly method (specifically, alginate and chitosan 

monolayers) will be reported. The impact of PLGA surface chemistry-induced property 

alteration on cancer cell and healthy cell proliferation and VEGF secretion in vitro will 

also be reported.  

In Chapter 5, various surface properties (including roughness, pattern size, surface 

area, surface chemistry, surface charge, surface wettability and surface free energy) of 

nanopatterned PLGA surfaces will be described to understand the role nanotopographies 

play in mediating cancer cell functions and the factors behind the observed biological 

responses to biomaterials. More importantly, protein adsorption (fibronectin and 

vitronectin) will be reported to elucidate the way surface topography mediates cell 

responses. This part of the study will help to further understand how surface topography 

regulates cell functions and will provide insights towards the design of ideal implants 

after tumor removal. 

Chapter 6 will conclude with the major scientific findings of this dissertation and 

provide the future directions of this work towards developing implants that can decrease 

cancer cell functions and promote healthy cell functions 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 in mediating cellular behavior and 

tissue responses, for the first time, lung carcinoma cell functions on polymer nanometer 

surface features were investigated in this chapter. Poly (lactic-co-glycolic acid) (PLGA) 

has been widely used as a biomaterial in regenerative medicine due to its good 

biocompatibility and biodegradability properties and has been approved by the US FDA. 

Previous studies have shown that cells (such as bladder smooth muscle cells, 

chondrocytes and osteoblasts) respond differently to nano-structured PLGA surfaces 

compared to traditional smooth surfaces. Therefore, understanding and controlling lung 

carcinoma cell responses on nanopatterned PLGA are important and necessary before 

their use to regenerate lung tissue after lung cancer removal. For this reason, the 

hypothesis of the work described in this chapter was that lung epithelial carcinoma cells 

might respond differently to various sizes of nanopatterned PLGA surfaces. To test this 

hypothesis, in the present study, nanopatterned PLGA surfaces with different feature 

sizes were fabricated by an effective nano cast-mold technology. Atomic force 

microscopy (AFM) as well as electron spectroscopy for chemical analysis (ESCA) was 

used for topographical and surface chemistry characterization, respectively. Surface 
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wettability was characterized with contact angles. Results revealed that the PLGA surface 

pattern size, surface roughness and wettability can be altered by adjusting the size of 

polystyrene spherical beads used during the nano cast-mold process. Furthermore, lung 

epithelial carcinoma cell adhesion, proliferation and morphology results indicated less 

cell growth and spreading on nano-smooth and 400 nm surface featured PLGA compared 

to any other substrates (23 nm and 300 nm). Most importantly, results demonstrated 

decreased lung epithelial carcinoma cell VEGF (a key growth factor secreted for 

vascularization of tumors) synthesis on the 23 nm surface featured PLGA compared to 

the nano-smooth substrates for up to 5 days. In summary, these results provided the first 

insights into understanding the role PLGA nanotopography may play in inhibiting lung 

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

 

 

2.1. Introduction  

Clearly, there is now a plethora of studies [4, 41, 45, 48] to show that 

nanotopography can regulate cell functions (including adhesion, proliferation and 

differentiation), probably due to the correlation between surface topography and the 

adsorption of endogenous proteins (specifically, fibronection and vitronectin) that 

regulate cell behavior. However, despite this recognition of the importance of substratum 

topography on promoting tissue growth, relatively little is known concerning the effects 

of nanometer topographical features on cancer cell behavior [41]. For example, 

micropillars (1000 nm diameter and 800 nm high) and microlines (750 nm wide) have 

been shown to strongly modify the dynamics of cancerous (SaI/N) fibroblastic cell 



 

 

32

spreading [5], but the effects of nanotopography less than 100 nm on cancer cell 

functions have been seldomly reported which is the focus of this study. 

Lung cancer is the most common cause of cancer-related death in men and 

women. Surgical removal of a lung tumor is the main method for the treatment of lung 

cancer. In order to effectively replace the resected lung of these cancer patients, it is 

necessary to design a lung tissue replacement construct that will decrease interactions 

with lung carcinoma cells should they have not been completely removed during surgery 

or if cancer returns to the lung. With this in mind, a key design parameter for the 

potential regulation of lung cancer cell function is the material surface nanotopography. 

Synthetic biodegradable polymers (such as poly (lactic acid), poly (glycolic acid), poly 

(lactic-co-glycolic acid), etc.) with nanotopographies are potential candidates due to its 

good biocompatibility and biodegradability for a wide range of applications from drug 

delivery to regenerative medicine in such forms as PLGA nanoparticles and PLGA 

scaffolds.  

For these reasons, the objective of this part of the dissertation was to create 

uniform nano-spherical topographical surfaces on PLGA by using a polystyrene (PS) 

bead self assembled process with different diameters and to evaluate lung carcinoma 

epithelial cell responses on such surfaces. This study investigated lung carcinoma cell 

interactions (including not just density, but also cell death and viability, and VEGF 

secretion) with nanopatterned PLGA for up to 5 days. It was an important objective of 

this in vitro study to determine what size of nanopatterned polymer surfaces decreases 

specific lung cancer cell function without using chemotherapeutics. 
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2.2. Experimental 

2.2.1. Fabrication of nanometer surface PLGA films 

PLGA (poly-lactic-co-glycolic acid) films with nanometer spherical surface 

features were created by improving a method previously described by Carpenter et al. 

[110]. The fabrication conditions of the various nanopatterned PLGA surface are 

summarized in Table 2.1. Specifically, 18mm diameter borosilicate glass (BG) cover 

slips (Fisher Scientific, Agawam, MA, USA) were cleaned and degreased by soaking in 

acetone for 10 minutes, sonicating with a sonicator (B3500A-DTH, VWR, Radnor, PA) 

in acetone for 10 minutes, washing several times with dH2O (distilled water), soaking in 

70% ethanol for 10 minutes, sonicating in 70% ethanol for 10 minutes, and washing 

several times with dH2O. A 10 wt% suspension of polystyrene (PS) beads in water either 

23 nm (150 µl), 190 nm (300 µl), 300 nm (300 µl), 400 nm (300 µl), or 530 nm (300 µl) 

in diameter (Bangs Labs, Fishers, IN, USA) was then dispersed onto the coverslips and 

allowed to evaporate in ambient air for 48 hours. For smooth PLGA surfaces, no PS 

beads were used in the process with all the other steps the same to improve the 

consistency between the smooth and nanopatterned PLGA. 

PS monolayers were secured onto a 1 cm high × 18 mm diameter glass pillar 

using a commercially available glass adhesive (Super glue, The Original, Rancho 

Cucamonga, CA, USA), which was in turn fixed to the bottom of a borosilicate Petri dish 

(100 mm diameter × 15 mm height, Fisher Scientific, Agawam, MA, USA) using that 

same adhesive. These constructs were then used as templates to create inverse PDMS 

(polydimethylsiloxane) molds, as depicted in Figure 2.1. [110]. 
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PDMS (Sylgard 184 silicone elastomer, Dow Corning, Midland, MI, USA) was 

then mixed at a curing agent/base volume ratio of 1/10 then exposed to a vacuum oven 

(1400E, VWR, Radnor, PA) at 25 inches of mercury for 20 minutes to remove bubbles 

created during the mixing process. The resulting mixture was then poured over the PS 

bead/glass constructs described above, filling the Petri dishes, and then was allowed to 

cure for 48 hr at room temperature. PDMS molds were then peeled away from their 

respective substrates, inverted, and placed in the cover of a borosilicate Petri dish. 

Additional PDMS was poured around the edge to fix the molds onto the Petri dishes, 

preventing deformation due to organic solvents, specifically chloroform. All molds were 

then rinsed several times with chloroform to remove any residual PS beads. This process 

created a series of 18 mm diameter × 1 cm deep PDMS wells with highly ordered, 

inverse casts of nanoscale PS beads, which could then be used to create PLGA surfaces 

with spherical nanoscale surface features. 

For this, PLGA (50:50 wt:wt%, mol. wt. 12-16 x 103 g, Polysciences, Warrington, 

PA, USA) was then dissolved by sonicating a 4 % chloroform solution for approximately 

10 min, or until fully dissolved. The resultant solution was poured over the PDMS molds 

described above, then allowed to evaporate for 48 hours at room temperature. PLGA 

films were then peeled off of their molds, cut into 12 mm diameter discs and put on the 

top of 12 mm diameter BG cover slips (Fisher Scientific, Agawam, MA, USA). All 

surfaces were then stored under a vacuum at 20 inches of mercury until use. Prior to cell 

experiments, all of the PLGA films were cleaned by soaking in 70% ethanol for 20 mins 

and sterilized by UV light exposure for 4 hours. 
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12 mm diameter BG cover slips were used as controls. The BG was cleaned and 

degreased by soaking in acetone for 10 minutes, sonicating in acetone for 10 minutes, 

washing several times with dH2O, soaking in 70% ethanol for 10 minutes, sonicating in 

70% ethanol for 10 minutes, and washing several times with dH2O., then etched in 1 M 

NaOH for 1 hour. The cover slips were then washed in dH2O and sterilized under UV 

light for 24 hours.  

 

Fig. 2.1. Production of PDMS (polydimethylsiloxane) molds and casting of nano 

structured PLGA films: (A) 23 nm, 190 nm, 300 nm, 400 nm, and 530 nm PS 

(polystyrene) beads were dispersion deposited on glass coverslips; (B) Coverslips were 

fixed to equal diameter glass rods (green); (C) Coverslip / glass rod fixed to petri dish; 

(D) PDMS (orange) poured to fill the Petri dish; (E) PDMS from the previous step was 

removed from the Petri dish, inverted, and placed in a larger Petri dish (red), with 

additional PDMS (orange), leaving a well in PDMS (white) with a nanotextured bottom; 

(F) PLGA in chloroform (blue) poured into well then allowed to evaporate; and (G) Dried 

PLGA removed from the well and inverted, leaving PLGA surfaces with spherical 

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

Name* PS diameter (nm) 
PS volume for self assembly 

on glass coverslips (µl) 

PLGA0 - - 

PLGA23 23 150 

PLGA190 190 300 

PLGA300 300 300 

PLGA400 400 300 

PLGA530 530 300 

BG - - 

* PLGA0: nano-smooth PLGA surfaces without nanopatterns; PLGA23: PLGA surfaces 

with 23 nm featured nanopatterns; PLGA190: PLGA surfaces with 190 nm featured 

nanopatterns; PLGA300: PLGA surfaces with 300 nm featured nanopatterns, PLGA400: 

PLGA surfaces with 400 nm featured nanopatterns. PLGA530: PLGA surfaces with 530 

nm featured nanopatterns; BG: borosilicate glass. 

 

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

Atomic force microscopy (AFM) was used to visualize the surface topography of 

all of the PLGA films created here in ambient air using a PSIA XE150 AFM (Park 

Systems Inc, Santa Clara, CA). The AFM operated in non-contact mode at a frequency of 

roughly 300 kHz, a scan rate of 0.8 Hz, and 256 lines/scan. The scan area was 2 µm × 2 

µm for all images. The scan rate was chosen depending on the quality of the image. Of 

course, a lower scan rate leads to a higher quality of the image. However, due to the 
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drifting effect during the scanning process, that is the tip will drift out of range during a 

long time scan, the scan rate has to be chosen such that the scan can be finished before 

the tip drifts out of range. Therefore, 0.8 Hz was chosen as the scan rate in this situation. 

Finally, the scan size and scan rate determine the time of scan. An XEI image processing 

program (version 1.7.1; Park Systems) was used to analyze the resulting images. For the 

analysis of the topographical parameter, root mean square roughness (Rrms=

, where xi is the measured surface height, x̄  is the mean height and n is the 

number of measurements) and the same scan length of 2 µm were used for all the 

samples and at least three regions on the same sample were scanned and averaged.  

Electron spectroscopy for chemical analysis (ESCA) was performed on all 

samples using a Perkin Elmer 5500 Multitechnique Surface Analyzer. An aluminum Kα1,2 

monochromatized X-ray source was used to stimulate photoemission of the inner shell 

electrons of the samples. The energy of the electrons was then recorded and analyzed to 

identify the surface chemistry. 

Contact angles on PLGA surfaces were measured to assess the wettability and 

energetic states of PLGA. Before measurements, PLGA surfaces were cleaned by 

soaking 70% ethanol and deionized water. Ethanol used in this procedure is widely 

applied for biomaterial surface cleaning purposes [112], as such cleaning removes the 

residual contaminants attached to the material surface by physico-absorption but does not 

change the chemically bonded molecules on the surface. Contact angles on PLGA 

surfaces were measured through the sessile drop shape method under ambient conditions. 

For this, a drop of deionized water (3 µL) was placed on the PLGA surfaces and its 

(x i − x
i=1

n

∑ )2

n
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profile was recorded immediately by a drop shape analyzer (Easy Drop FM40, Kruss). 

Contact angles were then calculated by computer software (DSA1, Kruss) based on the 

recorded profile of the water drop. At least five different 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 primary small airway normal 

epithelial cells (PCS-301-010, ATCC) were purchased from ATCC and used without 

further characterization. Upon arrival, the cell vial was thawed by gentle agitation in a 

37°C water bath and removed from the water bath as soon as the contents were thawed. 

Then, the vial was decontaminated by dipping in or spraying with 70% ethanol. After 

that, the vial contents were transferred to a centrifuge tube containing 9.0 ml complete 

culture medium and spun at approximately 125 xg for 5 to7 minutes. Then, cell pellet 

was resuspended and cultured with the recommended complete medium. Lung carcinoma 

cells were cultured in Kaighn's Modification of Ham's F-12 Medium (F-12K, ATCC) 

supplemented with 10% fetal bovine serum (FBS, Hyclone) and 1% 

penicillin/streptomycin (P/S, Hyclone) under standard cell culture conditions (5% CO2, 

humidified air at 37°C). Small airway normal cells were cultured in airway epithelial cell 

basal media (PCS-300-030, ATCC) supplemented with a small airway epithelial cell 

growth kit (PCS-301-040, ATCC) under standard cell culture conditions. The cells were 

cultured until 80 ~ 100% confluence on cell culture polystyrene flasks (75 cm2 surface 
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area, Corning Inc.) before conducting the cell tests described below. Cell population 

numbers between 2 and 7 and were used for following cell assays. 

 

2.2.3.2. Lung carcinoma cell adhesion assay 

For the cell adhesion, lung carcinoma cells were lifted from the cell culture 

polystyrene flask with trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA, Hyclone) 

after reaching confluence, and were dispersed in F-12K medium supplemented with 10% 

FBS and 1% P/S. Cell density in the suspension was measured by a hemocytometer 

(Fisher Scientific) according to standard procedures. Specifically, with a cover slip in 

place, 10 µl of the cell suspension was transferred to a chamber on the hemocytometer 

using a pipette. This was done by carefully touching the edge of the cover-slip with the 

pipette tip and allowing the chamber to fill by capillary action. Then, the cells were 

counted in the 1 mm center square and the four corner squares. The count was repeated 

using the other chamber of the hemocytometer. Each square of the hemocytometer (with 

cover slip in place) represents a total volume of 0.1 mm3. Since 1 cm3 is equivalent to 1 

ml, the cell concentration per ml would be determined as the average count per square × 

104 cells/ml. Then, lung carcinoma cells were seeded onto the various PLGA surfaces at a 

density of 3,500 cells/cm2 in F-12K medium supplemented with 10% FBS and 1% P/S. 

After seeding on the PLGA surfaces, cells were cultured under standard cell culture 

conditions (5% CO2/95% humidified air and 37°C). After 4 hrs, non-adherent cells were 

removed by rinsing in phosphate buffer saline (PBS) three times while adherent cells 

were fixed with 10% formalin (Fisher Scientific) for 10 mins. Then, the formalin was 

removed and the cells adherent on the substrates were stained with 4’,6-diamidino-2-
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phenylindole (DAPI, Sigma Aldrich) for 10 mins. After staining, samples were 

transferred to a fluorescence microscope (Axiovert 200M, Zeiss) and adherent cells were 

counted under 10X magnification. For counting, five random areas on each sample were 

selected or photographed, and cell numbers in all five areas were counted and averaged. 

The adhesion assay was conducted in triplicate (n=3) and was repeated at least three 

separate times (N=3).  

 

2.2.3.3. Lung carcinoma cell proliferation assay 

For proliferation assays, sample cleaning, the preparation of cells as well as the 

counting of cells to determine seeding density, was the same as that just described in the 

adhesion assay. Lung carcinoma cells were seeded onto the various PLGA surfaces at 

1,000 cells/cm2 in F-12K medium supplemented with 10% FBS and 1% P/S. The cells 

were then cultured under standard cell culture conditions (5% CO2, 95% humidified air, 

37°C) for 1 and 3 days. Cell culture media was changed every other day. After the 

prescribed time periods, lung carcinoma cells were fixed, stained and counted in a similar 

way as described above. The proliferation assay was conducted 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 PLGA films was observed by 

fluorescence microscopy. For this, cells were seeded at a density of 5,000 cells/cm2 and 

cultured for 12 hrs on the various PLGA substrates in F-12K medium supplemented with 

10% FBS and 1% P/S. Adherent cells on the substrates were washed with PBS and fixed 
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with 4% formaldehyde for 10 mins. After fixation, the cells were stained with fluorescent 

phalloidin conjugates (Alexa Fluor® 555 phalloidin, Invitrogen). The fluorescent 

phalloidin conjugates can label F-actin in cells, enabling the fluorescence microscopy 

observation of cytoskeleton morphology as well as F-actin alignment in cells. For further 

determining cell density on the substrate, the cell nuclei were stained with DAPI. 

Fluorescence microscopy images of the stained cells on the substrates were obtained 

using magnifications of 20X and 40X for quantification and imaging purposes, 

respectively.   

20X fluorescence microscopy images were analyzed by Image J (free resource 

from http://rsbweb.nih.gov/ij/) for the quantification of unit cell spreading area (area per 

cell). For each image, total cell spreading area was quantified by threshold processing on 

the phalloidin stained image and cell density was counted from the DAPI stained image, 

and then spreading area per cell was calculated. At least 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 (apopotosis) expression using 

fluorescein-labeled (FITC) Annexin V-Programmed cell death (apoptosis) was conducted 

by flow cytometry using a Sigma-Aldrich apoptosis detection kit (APOAF). In apoptotic 

cells, the membrane phospholipid phosphatidylserine (PS) is translocated from the inner 

to the outer leaflet of the plasma membrane, thereby exposing PS to the external cellular 

environment. Annexin V is a 35-36 kDa Ca2+ dependent phospholipid-binding protein 

that has a high affinity for PS, and binds to cells with exposed PS. FITC Annexin V 
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staining precedes the loss of membrane integrity which accompanies the latest stage of 

cell death through apoptosis and necrotic processes. FITC annexin V was used with the 

vital dye propidium iodide (PI) to separate the late and early apoptotic population of the 

cells. When apoptosis happens over time, cells can be tracked from FITC Annexin V and 

PI negative (viable), to FITC Annexin V positive and PI negative (early apoptosis, 

membrane integrity is present) and finally to FITC Annexin V and PI positive (end stage 

apoptosis and death). This assay does not distinguish between cells that have undergone 

apoptotic death versus those that have died as a result of a necrotic pathway since in 

either case, the dead cells will be both Annexin-FITC and PI positive. The experiment 

was performed according to the manufacturer’s instructions. Briefly, approximately 5 × 

105 lung carcinoma cells were seeded onto the various substrates in 24 well plates with 1 

ml of media. Then, cells were cultured in a similar manner to that described in the cell 

proliferation section. After 1, 3 and 5 days, cells were washed with PBS. The cells were 

then lifted from the substrates with trypsin-EDTA, centrifuged and resuspended in 1× 

binding buffer. 5 µl of FITC-Annexin V and PI were added to the cell suspension and 

incubated at room temperature for 10 minutes. The cells were analyzed with flow 

cytometry (BDBiosciences FACSAria) and the results analyzed by BDBiosciences DiVa 

5.0 software. The apoptosis assay was conducted in triplicate (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 endothelial growth factor) immunoassay 

kit (R&D systems) was used for determining VEGF concentration. The medium for the 
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VEGF measurements were collected after 1, 3 and 5 days of the culture process for the 

apoptosis assay. The experiment was performed according to the manufacturer’s 

instruction. Briefly, 200 µl standards (prepared from the kit) and sample medium were 

pipetted into the 96-well plate (from the kit) and incubated for 2 hrs at room temperature. 

After washing with a binding buffer, an enzyme-linked polyclonal antibody specific for 

VEGF (from the kit) was added to the wells. Following a wash to remove any unbound 

antibody-enzyme reagent, a substrate solution (from the kit) was added to the wells and a 

color developed in proportion to the amount of VEGF bound in the initial step. Color 

development was stopped by adding a stop solution from the kit and the intensity of the 

color was measured by a micro plate reader (Molecular Devices). The VEGF 

concentration was determined from a standard curve of absorbance versus known 

concentrations of VEGF solutions (prepared from the kit) run in parallel with the 

experimental samples. The VEGF assay was conducted in triplicate (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 used as a contrast to lung carcinoma 

cells. The method of culturing cells and counting cell density for seeding purposes were 

the same as described above. For the MTT assay, small airway epithelial cells were 

seeded on the PLGA surfaces at a density of 150,000 cells/cm2. After seeding, the cells 

were cultured under standard cell culture conditions (5% CO2, humidified air at 37°C). 

After one-, three- and five days, the viable cell number was determined using the Celltiter 

96 Non-radioactive Cell Proliferation Assay (G4100, Promega) that measures the 
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reduction, by living cells only, of the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium compound (MTT). Shortly, after one-, three- and five days, medium 

was removed from the wells and the cells were washed with PBS twice. Then, all the 

samples were transferred to new unused 24 well tissue culture plates and 1 ml of fresh 

growth medium was added to each well. 150 µl of the dye solution (from the cell 

proliferation assay kit) was added to each well and the plates were incubated at 37°C in a 

humidified, 5% CO2 atmosphere. After 4 hrs, 1 ml of the Solubilization Solution/Stop 

Mix was added to each well and the plates were allowed to stand overnight in a 

humidified atmosphere to completely solubilize the formazan crystals. After overnight 

culture, the contents of the wells were mixed to get a uniformly colored solution and 

transferred to 96 well plates (215 µl per well). The absorbance at 570 nm was recorded 

by using a microplate reader (Molecule Devices, 340PC384).The value of the background 

absorbance at 570 nm without cells run in parallel with the experimental samples was 

subtracted to yield a corrected absorbance. The live cell number was determined from a 

standard curve of absorbance versus known concentrations of live small airway epithelial 

cell solutions run in parallel with the MTT assay. All 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 mean ± standard error of the mean 

(SEM) and analysis of variance (ANOVA) was used to check statistical significance 

between means.  
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2.3. Results  

2.3.1. Topographical evaluation of nanopatterned PLGA surfaces 

           AFM images of the various PLGA surfaces demonstrated different nanometer 

roughness, which provided evidence of the intended spherical surface topography on the 

PLGA surfaces using the methods described above (Fig. 2.2). The PLGA nano-spherical 

particle size corresponds to the PS spherical particle size used. Quantitative roughness 

values (Rrms) and local geometric area (Ageo) surface areas of the various PLGA surfaces 

are listed in Table 2.2. Specifically, PLGA surfaces with RMS values of 3.73 nm, 10.78 

nm and 24.11 nm were obtained using PS beads with diameters of 23 nm, 300 nm and 

400 nm, respectively. Nano-smooth PLGA surfaces had lower roughness value (RMS ~ 

0.54 nm) than nanopatterned PLGA surfaces. PLGA23, PLGA300 and PLGA400 had 

much higher surface roughness as a result of the surface nanopatterns compared to nano-

smooth PLGA. 
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(continued on next page) 

(a) 

(b’) (b) 

(a’) 
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Fig. 2.2. 2D and 3D AFM images of PLGA0 (a and a’), PLGA23 (b and b’), PLGA300 (c 

and c’) and PLGA400 (d and d’). 

 

 

 

 

 

 

 

 

(c) (c’) 

(d) (d’) 
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Table 2.2. Surface roughness (Rrms), local geometric area (Sgeo) and static water contact 

angles θ(H2O) on the various PLGA films  

Substrate Rrms (nm) Sgeo (µm2) θ(H2O) (0) 

PLGA0 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 films 

Surface chemistry of the various PLGA films was analyzed by ESCA and the 

spectra are shown in Fig. 2.3. Clearly, the spectra of nano-smooth PLGA and nano 

surface featured PLGA (created by PS beads) showed the same chemistry. This result 

indicated that there was no silicon contamination on the PLGA cast surfaces through the 

use of the PDMS mold process. The two peaks with binding energies at ~285 and ~532 

eV were assigned to carbon atoms of saturated hydrocarbons, carbon atoms with a single 

bond to oxygen (O–C–C=O or –C–O–C=O) and carbon atoms in carbonyl groups (–

C=O) [113]. The two very weak Si peaks were attributed to the borosilicate glass 

substrate used in the ESCA experiment since the PLGA samples were very thin or the 

borosilicate glass substrates weren’t totally covered by the PLGA samples. The same 

chemistry permitted a focused exploration of the effects of the PLGA surface 

nanotopography alone in regulating cell functions, especially important cancer cell 

functions such as apoptosis and VEGF secretion.  
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Fig. 2.3. ESCA spectra for nano-smooth (PLGA0) and nanopatterned PLGA (PLGA23, 

PLGA300, and PLGA400) surfaces. These four spetra showed 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 indicated similar results on the various 

PLGA surfaces, as shown in Table 2.2. All of the PLGA films were hydrophobic (θ > 

900), with water contact angles 98.10, 93.8 0, 91.60, 96.60 corresponding to the nano-

smooth, 23 nm, 300 nm and 400 nm nano-featured PLGA substrates, respectively. The 

similar hydrophobility on nano-smooth and nanopatterned PLGA surfaces may be due to 

the same surface chemistry described above, which plays an important role in affecting 

surface wettbility. However, surface free energy, which can be calculated utilizing the 

results of the contact angle measurements, could be substantially influenced by surface 

topography and will be discussed in Chapter 5.  

 

2.3.4. Lung carcinoma cell adhesion and proliferation 

Four-hour lung carcinoma cell adhesion results (Fig. 2.4.) showed that lung 

carcinoma cells responded differently to the various nanopatterned PLGA surfaces, 

indicating the possibility of nanotopography to direct cancer cell behaviors. Specifically, 

PLGA0 showed the least number of adherent lung carcinoma cells than that on any other 

PLGA surface. Comparing PLGA surfaces with nanopatterns, PLGA400 had 

significantly lower cell adhesion density than PLGA300 and PLGA530. The highest 

adhesion density was observed on PLGA530 with the largest size surface pattern in this 

study. When comparing nano-smooth and nanopatterned PLGA surfaces, four-hour lung 

carcinoma cell adhesion results demonstrated that nanopatterned surfaces increased the 

initial lung cancer cell adhesion and the size scale of the nanopattern could have specific 

effects on cell adhesion. In addition, compared to BG, various PLGA substrates except 
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PLGA530, showed lower lung cancer cell adhesion density, suggesting that lung cancer 

cells may be prone to decrease cell interactions with PLGA.  

Here, PLGA23 had the smallest pattern size (less than 100 nm) in the nano scale 

and more pronounced effects on cell functions were found on topographical surfaces with 

decreasing nanometer size. PLGA400 both showed lower adhesion density compared to 

other nano scale patterns, indicating the possibility of decreasing cancer cell functions. 

Moreover, a transition in lung cancer cell adhesion density happened between PLGA300 

and PLGA400. Therefore, in the following study, PLGA23, PLGA300 and PLGA400 

were chosen from the various nanopatterned PLGA surfaces and a complete study of 

cancer cell functions (including proliferarion, viability, apoptosis and VEGF secretion) 

were conducted on these nanopatterned PLGA surfaces.  
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Fig. 2.4. Four-hour lung carcinoma cell adhesion on various PLGA surfaces and BG 

controls. The seeding density was 3500 cells/cm2. Data=mean±SEM; N=3; * p<0.01 

compared to PLGA23, PLGA190, PLGA300, PLGA400, PLGA530 and BG; ** p<0.05 

compared to PLGA300 and PLGA530. 

 

One- and three day cell proliferation results on the different nanopatterned PLGA 

surfaces are shown in Fig.2.5. After one day, PLGA400 had less cell density than 

PLGA0, PLGA23 and PLGA400, while no significant difference existed between 

PLGA0 and PLGA23. Among the nanopatterned PLGA surfaces, PLGA300 had greater 

lung carcinoma cell proliferation density than PLGA23. One day cell proliferation results 

indicated that the PLGA400 inhibited lung carcinoma cell proliferation compared to any 

other PLGA surface. After three days, PLGA400 again had significantly lower cell 

density than PLGA23 and PLGA300. PLGA300 showed the highest cell density among 

all the PLGA substrates. These cell density results indicated that PLGA400 decreased 



 

 

53

lung carcinoma cell proliferation compared to nano-smooth and other nanopatterned 

PLGA surfaces, while PLGA300 promoted lung carcinoma cell proliferation. 

 

Fig. 2.5. One- and three-day lung carcinoma cell proliferation on various PLGA surfaces 

and BG controls. Data=mean±SEM; N=3; *p < 0.01, **p < 0.05 and ***p < 0.1 

compared to PLGA0 at the same time point; #p < 0.01, ##p < 0.05 and ###p < 0.1 

compared to PLGA23 at the same time point; &p < 0.01 compared to PLGA300 at the 

same time point. For all the samples, all time points are statistically different from each 

other. 

 

2.3.5. Lung carcinoma cell morphology  

Cell spreading morphologies on the various substrates observed by fluorescent 

microscopy are shown in Fig. 2.6. Spreading area per cell was quantified on each 

substrate and the results are shown in Fig. 2.7. Cells on PLGA300 spread out more than 
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those on the nano-smooth and 400 nm surface featured PLGA. Cells spread 33% more on 

the 300 nm surface featured PLGA than on the nano-smooth PLGA, and cell spreading 

on PLGA0, PLGA23 and PLGA400 showed no significant difference. Thus, cell 

proliferation on the PLGA substrates had a significant relationship with the cell 

spreading, as more spreading may result in higher proliferation. The morphology of 

phalloidin-stained F-actin networks in cells on the 300 nm surface featured PLGA 

exhibited more and thicker contractile filaments and more cell-cell connections than on 

any other substrates, indicating stronger cell-substrate interactions or active cell 

movements on this substrate. The morphology of F-actin networks on other PLGA 

substrates (PLGA0, PLGA23 and PLGA400) showed similar filament spreading and not 

many cell-cell connections were observed. 

 

 



 

Fig. 2.6. Fluorescent microscopy images (40X) showing lung cancer epithelial cell 

morphology on the various PLGA substrates after 12 hrs at a seeding density of 5

cells/cm2: (A) PLGA0, (B) PLGA23, (C) PLGA300 and (D) PLGA40

50 micrometers. 
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rescent microscopy images (40X) showing lung cancer epithelial cell 

the various PLGA substrates after 12 hrs at a seeding density of 5

: (A) PLGA0, (B) PLGA23, (C) PLGA300 and (D) PLGA400. The scale bar is 

 

rescent microscopy images (40X) showing lung cancer epithelial cell 

the various PLGA substrates after 12 hrs at a seeding density of 5,000 

. The scale bar is 
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Fig. 2.7. Lung carcinoma cell area on the various PLGA substrates after 12 hrs at a 

seeding density of 5,000 cells/cm2. Data were expressed as mean ± SEM, N=3. * p < 0.01 

compared to PLGA23, PLGA300 and PLGA400. 

 

2.3.6. Lung carcinoma cell apoptosis 

Cell numbers alone are not accurate to determine cell activity since some cells 

may be dead. Therefore, cell apoptosis was investigated to determine apoptotic/dead/live 

cell percentages. Three day cell apoptosis results are shown in Fig. 2.8. After three days, 

the 23 nm and 300 nm surface featured PLGA showed significantly higher apoptotic cell 

percentages compared to the nano-smooth PLGA, 252% and 206%, respectively. 

However, there was no significant difference between the nano-smooth and the 400 nm 

surface featured PLGA substrates. For dead cell percentages, the 23 nm surface featured 

PLGA had significantly higher dead cell percentages compared to the PLGA0, PLGA300 

and PLGA400 substrates: 209%, 172% and 168% more, respectively. These results 

indicated that after three days, PLGA23 exhibited significantly higher apoptotic and dead 
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cell percentages than any other PLGA substrate, suggesting that cell apoptosis was 

induced by 23 nm surface patterns, resulting in lower cell viability.  

Furthermore, the trend in five day cell apoptosis results was consistent with the 

three day results but the difference became smaller among the various PLGA surfaces. 

Specifically, compared to the nano-smooth PLGA, PLGA23, PLGA300 and PLGA400 

all had significantly higher apoptotic cell percentages, 202%, 180% and 127% more, 

respectively, as shown in Fig. 2.9. Among the nanopatterned PLGA surfaces, the 23 nm 

and 300 nm surface featured PLGA had higher apoptotic cell percentages than the 400 

nm surface featured PLGA, 159% and 142% more, respectively. For dead cell 

percentages, only PLGA23 showed significantly 15% higher dead cell percentage 

compared to PLGA0. In summary, the five day cell apoptosis results further confirmed 

that the 23 nm surface featured PLGA substrates induced the largest percentage of lung 

cancer cell apoptosis, decreasing lung carcinoma cell viability. 
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Fig. 2.8. Three day apoptotic/dead cell percentages of lung carcinoma cell populations 

cultured on the various PLGA substrates. The percentage stands for the ratio of 

apoptotic/dead cells to the total cells examined by flow cytometry. Data are expressed as 

the mean ± SEM; N=3. ** p < 0.05 and *** p < 0.1 compared to PLGA0; ## p < 0.05 

compared to PLGA23. 
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Fig. 2.9. Five day apoptotic/dead cell percentages of lung carcinoma cell populations 

cultured on the various PLGA substrates. The percentage stands for the ratio of 

apoptotic/dead cells to the total cells examined by flow cytometry.  Data are expressed as 

the mean ± SEM; N=3. * p < 0.01, ** p < 0.05 and *** p < 0.1 compared to PLGA0; ## p 

< 0.05 compared to PLGA23; &&& p < 0.1 compared to PLGA300. 
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As for the live cell percentages after getting rid of apoptotic and dead cells, all 

nanopatterned PLGA substrates showed significantly lower live cell percentages 

compared to the nano-smooth PLGA substrates after three days (Fig. 2.10.). Moreover, 

consistent with the dead and late apoptotic cell results, the 23 nm surface featured PLGA 

showed significantly lower live cell percentages compared with PLGA300 and PLGA400 

after three days. However, after five days, only PLGA23 revealed significantly lower live 

cell percentages compared to nano-smooth PLGA substrates.  

 

Fig. 2.10. Three- and five day live cell percentages of lung carcinoma cell populations 

cultured on the various PLGA substrates. The percentage stands for the ratio of live cells 

to the total cells examined by flow cytometry. Data are expressed as the mean ± SEM; 

N=3. * p < 0.01, ** p < 0.05 and *** p < 0.1 compared 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 driving tumor angiogenesis (the 

formation of new blood vessels) and controls tumor growth. VEGF secretion after one-, 

three- and five days of cultured lung epithelial carcinoma cells is shown in Fig. 2.11. The 

same trend was revealed at each time point. Specifically, after one day, lung carcinoma 

cells on the 23 nm surface featured PLGA secreted significantly less VEGF than PLGA0, 

PLGA300 and PLGA400: 40%, 46% and 38% less, respectively. However, no significant 

difference was observed among other PLGA substrates. Three day results also showed 

the lowest VEGF concentration on the 23 nm surface featured PLGA compared to any 

other PLGA substrates. Moreover, the 400 nm surface featured PLGA had significantly 

lower VEGF synthesis from lung epithelial carcinoma cells than the 300 nm surface 

featured PLGA. Five day results further showed the same trend as one- and three-day 

concentrations and PLGA23 again had significantly lower VEGF concentration than 

PLGA0, PLGA300 and PLGA400: 30%, 34% and 24% less, respectively. VEGF results 

indicated that cells on the 23 nm featured PLGA substrates secreted the least amount of 

VEGF, suggesting decreased lung carcinoma cell activity on such nanopatterned PLGA 

surfaces. Therefore, the 23 nm surface featured PLGA may have potential applications 

for inhibiting lung cancer cell function.      
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Fig. 2.11. One-, three- and five day VEGF secretion by lung carcinoma cells cultured on 

the various PLGA substrates. Data are expressed as the mean ± SEM; N=3. * p < 0.01 

and ** p < 0.05 compared to PLGA0 at the same time point; # p < 0.01, ## p < 0.05 and ### 

p < 0.1 compared to PLGA23 at the same time point; && p < 0.05 and &&& p < 0.1 

compared to PLGA300 at the same time point. For all the samples, all time points are 

statistically different from each other. 

 

Furthermore, after normalizing VEGF concentration and cell density on PLGA0, 

nominal VEGF per cell were obtained on the various PLGA surfaces and results are 

shown in Table 2.3. After one- and three-day, cells on PLGA23 had the lowest nominal 

VEGF per cell and had only 0.52 and 0.38 nominal VEGF per cell compared to nano-

smooth PLGA. This result indicated that cells on 23 nm surface featured PLGA were 

significantly less bioactive and secreted much less VEGF compared to PLGA0. 
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Table 2.3. One- and three-day nominal VEGF per lung cancer cell on the various PLGA 

films  

Sample PLGA0 PLGA23 PLGA300 PLGA400  

Normalized VEGF 

concentration (one day)* 
1.00 0.61 1.12 0.98 

Normalized total cell density  

(one day)** 
1.00 1.17 1.54 0.82 

Nominal VEGF per cell  

(one day)*** 
1.00 0.52 0.73 1.18 

Normalized VEGF 

concentration (three day) 
1.00 0.61 1.11 0.92 

Normalized total cell density 

 (three day) 
1.00 1.61 2.80 1.12 

Nominal VEGF per cell 

(three day) 
1.00 0.38 0.39 0.82 

*Normalized VEGF concentration obtained by normalizing all the VEGF concentration 

on PLGA0, PLGA23, PLGA300 and PLGA400 to the concentration on PLGA0; 

**normalized cell density obtained by normalizing all the total (live and dead) cell 

density on PLGA0, PLGA23, PLGA300 and PLGA400 to the total cell density on 

PLGA0; ***nominal VEGF per cell obtained by dividing the 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 showed that the nanopatterned 

PLGA surfaces could inhibit cancer cell functions compared to nanosmooth PLGA 

surfaces. Cancer cell functions including adhesion, proliferation, apoptosis, morphology 

and VEGF synthesis have been thoroughly investigated and the results indicated the 

anticancer function of the nanopatterns without the use of chemotherapeutics. When 

biomaterials are in contact with human tissue to regenerate healthy tissue where cancer 

tissue once was, they might interact with both cancer cells and healthy cells. Thus, it is 

necessary to investigate healthy cell growth on the proposed nanopatterned PLGA 

surfaces.  

The cell viability of small airway lung epithelial cells after one- and three-days 

was investigated by an MTT assay and the results are shown in Fig. 2.12. Importantly, 

the total live cell numbers on the nanopatterned PLGA surfaces were significantly larger 

than that on the nanosmooth surfaces. Specifically, after one day, the total live cell 

numbers on PLGA23 and PLGA300 were significantly larger than that on PLGA0. 

Moreover, the PLGA23 had significantly more healthy live cells compared to PLGA400. 

On average, small airway epithelial cell growth on PLGA23, PLGA300 and PLGA400 

resulted in 81%, 65% and 27% more live cells than that on PLGA0 after one day, 

suggesting that nanopatterned PLGA surfaces could improve healthy cell growth. After 

three days, live cell numbers on PLGA23, PLGA300 and PLGA400 were significantly 

larger than that on PLGA0, separately, with 23%, 21% and 19% more live cells 

compared to PLGA0. The increased healthy cell viability and resultant total live cell 

numbers indicated that the nanopatterned PLGA surfaces could be ideal candidates for 
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anticancer implants, since it possesses a novel double function of inhibiting cancer cell 

function while improving healthy cell growth without the use of pharmaceutical agents. 

 

 

Fig. 2.12. One- and three-day total live cell numbers of primary small airway lung 

epithelial cells cultured on the various PLGA substrates. Data are expressed as the mean 

± SEM; N=3. * p<0.01 and ** p<0.05 compared to PLGA0 at the same time point. ## 

p<0.05 compared to PLGA400 at the same time point. For all 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 (topography, wettability and chemistry)  

Surface characterization studies on the various PLGA surfaces exhibited the 

successful fabrication of nanopatterned PLGA surfaces with pattern sizes as small as ~ 20 

nm. AFM images demonstrated that the intended spherical nanotopographical surfaces 

had highly orderly arrays with extended surface areas. Moreover, the gradually increased 

pattern sizes also explained the trend that Rrms values gradually increased as the use of 

self assembly PS sphere diameter increased (from 23 nm to 400 nm), the patterns on the 

surface became larger and consequently made the surface more rough (from 3.73 nm to 

24.11 nm). On the other hand, a comparatively smooth PLGA surface was fabricated 

without the use of PS beads, but still with some degree of nanoroughness (Rrms=0.54 nm) 

and, thus, these surfaces were termed nano-smooth PLGA surfaces.  

Many methods have also been used to create nanopatterned surfaces, but some 

problems exist with the various approaches. For example, one problem with optical 

lithography is the limited resolution of optical lithography (mostly in micro scale), e-

beam lithography involves high cost and is very time-consuming, while the polymer 

demixing technique is limited to the copolymer with phase separation ability. In this 

study, the method used to fabricate nanopatterned PLGA surfaces is extremely easy and 

inexpensive and does not alter the molecular weight or functional chemistry of the cast 

polymer. A further advantage of this technique is that it can be expanded to polymers 

beyond PLGA (considering only if the solvent used does not adversely affect the PDMS 

mold) [110]. In this manner, many different polymeric materials can be created to have 

diverse nanopattern features to investigate a wide range of cancerous cell responses. For 
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example, silicone substrates, photopolymers, and polycaprolactone, etc., with order 

nanopattern arrays have been produced by this approach [114-116]. Importantly, this 

method implies the possibility that topographical features of nanopatterned PLGA 

surfaces (including, but not limited to, pattern size and surface roughness) can be simply 

controlled by altering the self assembly monolayer described here.  

In addition, ESCA results showed the same chemistry between all PLGA surfaces 

created in this study (including nano-smooth and nanopatterned PLGA surfaces). ESCA 

spectra showed the same peaks on various PLGA surfaces, indicating that there was no 

silicon contamination on the various PLGA cast surfaces through the use of the PDMS 

mold process. Thus, the only difference between these materials was the surface 

topography as created by the different sizes of the spherical features. Therefore, this 

study fabricated two types of PLGA films (nano-smooth and nanopattern) with different 

surface topographies but same chemistry. This allowed for a focused investigation 

concerning the effect of PLGA topography alone on regulating lung carcinoma cell 

functions, suggesting that the differences in cell responses can be attributed to the surface 

topography and surface roughness.  

Furthermore, static water contact angle results showed slightly different 

hydrophobicity as all the PLGA samples were hydrophobic (θ > 900). Considering all the 

PLGA surfaces had same chemistry but different surface topography, similar wettability 

can be contributed to the same surface chemistry. However, surface topography may still 

interfere with wetting of hydrophobic surfaces, but the effects of topography on surface 

wettability may not be as significant as surface chemistry. 
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Again, the results above suggest that surface topography can be precisely 

controlled by the method proposed in this study. Other surface properties can be de-

convoluted, making surface topography an independent parameter on mediating cancer 

cell responses. In this sense, a more complete and thorough understanding of the effects 

of nanotopography on cancer cell functions can be expected.  

 

2.4.2. Lung carcinoma cell adhesion and proliferation  

Lung carcinoma cell adhesion results indicated that all the nanopatterned PLGA 

surfaces increased lung carcinoma cell adhesion. However, among all the nanopatterned 

PLGA surfaces prepared in this study, lung cancer cells showed least adhesion density on 

PLGA400 than any other nano pattern size, suggesting that the topographical pattern can 

regulate cell responses and the topographical scale can affect the degree to which the cell 

behavior is regulated. In addition to pattern size differences, it is important to emphasize 

that PLGA0, PLGA23, PLGA300 and PLGA400 had very different pattern features that 

also influenced surface roughness, surface area and surface free energy. As pattern size 

increased and the resultant surface roughness, it is not surprising that more cancer cell 

adhesive proteins (such as fibronectin) may have adsorbed on nanopatterned PLGA 

surfaces to induce better lung carcinoma cell adhesion. Importantly, many studies have 

been conducted to determine why tissue growth (such as bone, bladder, and neural tissue) 

is enhanced on nanostructured surfaces whether composed of polymers, metals, ceramics, 

or composites [117]. Such studies have focused on altered initial protein adsorption and 

bioactivity when adsorbing on nanostructured compared to microstructured or smooth 
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surfaces. Since the A549 cell has been found to express a fibronectin receptor, but not 

vitronectin receptor αvβ3 [118], fibronectin adsorption is important for A549 cell 

adhesion. Although the greater cell adhesion could be attributed to the increased surface 

area on nanopatterned surfaces, in this study, surface area showed no significant 

difference, only PLGA300 and PLGA400 had slightly higher surface areas. However, the 

adherent cell density was still lower on PLGA400 which had slightly higher surface area. 

Therefore, in addition to protein adsorption, other properties influenced by 

nanotopography (such as protein patterning, surface geometry features, etc.) may further 

affect initial cell adhesion. Moreover, although cell adhesion is important in subsequent 

cell development, cell adhesion alone can’t predict future cell responses and functions.  

Nanotopography has also been shown here to affect lung carcinoma cell 

proliferation. After one- and three-days, lung carcinoma cells grew less on PLGA400, 

while the highest cell proliferation was observed on the 300 nm surface featured 

substrates. Obviously, the proliferation difference between nano-smooth and 

nanopatterned PLGA surfaces was much smaller than the adhesion difference and again, 

PLGA400 exhibited lower cell proliferation than any other PLGA surface. This decrease 

can be in part attributed to the lower cell adhesion on PLGA400, but the lowest cell 

adhesion on PLGA0 did not lead to largely decreased cell proliferation. Inversely, 

PLGA23 did not show dramatically different cell proliferation compared to PLGA0 

although they had much higher cell adhesion density, indicating the decreased cell 

proliferation rate on PLGA23. Some other surface properties related to lung cancer cell 

proliferation (such as protein adsorption, surface free 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 are regulated by surface properties 

which play an important role in mediating cell behaviors. Some studies have shown that 

nano-features can affect cancer cell behaviors, such as adhesion, proliferation, 

morphology, orientation and migration [79, 119-122]. For example, El-Said et al. [121] 

found that Hela cancer cells exhibited better cell adhesion and proliferation on 

nanoporous alumina coated with polypyrrole nanowires than traditional flat substrates. 

Moreover, the focal contacts of cells indicated that cell migration on the polypyrrole 

nanowires/nanoporous alumina surface may be easier and have higher motility than the 

cells on smooth surfaces. Another study indicated that the number of adherent lung 

carcinoma and Hela cells and their proliferation rates exhibited a maximum on 

moderately rough (Ra ~ 10-45 nm) electrochemically etched silicon substrates [119]. 

However, no general trend was found concerning cancer cell functions on topographical 

surfaces. In yet another example, human hepatoblastoma cells spread and grew 

confluently with elongated and aligned morphology along nano-grooves/ridges with 

various widths (from 100 to 500 nm) and depths (from 100 to 380 nm), while albumin 

synthesis and urea conversion decreased with increasing groove depths [120]. Andersson 

et al. [79] found that human bladder carcinoma cells cultured on hemispherically (167 ± 

6 nm average diameter) nano-structured surfaces showed a decrease in IL-6 and IL-8 

production and were less spread, less round and more stellate (larger dispersion). All 

these studies suggest that cancer cell functions can be up or down regulated by nano-

features. In this study, increased lung cancer cell apoptosis and decreased VEGF 

secretion has been found on 23 nm topographical surfaces. 
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Cell morphology was investigated by fluorescent microscope to further elucidate 

the PLGA topographical effects on lung cancer cells. From fluorescent images, cells on 

PLGA0, PLGA23, and PLGA400 demonstrated less spreading than those on 300 nm 

surface featured PLGA, indicating that cell expansion was related to surface topography. 

This observation also supports the findings of enhanced bioactivity including cell 

adhesion, proliferation, apoptosis and VEGF secretion than any other substrates. 

Filopodia sensing of the topographical features has been proposed as a cell adaptation 

mechanism to surface topography [123]. It is possible that cell filopodia extension and 

cell spreading can be affected by the lateral dimensions or height of nanometer surface 

features. In the present study, the alteration of cell spreading on nanotopographical 

surfaces exhibited dependence on the pattern sizes. 

Furthermore, apoptosis assays were conducted and results indicated that after 

three and five days, lung cancer cells on the 23 nm surface featured PLGA substrates had 

higher apoptotic and dead cell percentages than all the others, therefore resulting in a 

lower live cell percentage among all the substrates. Apoptosis is the process of 

programmed cell death and can be induced by biochemical and biophysical events. 

Topography could provide an extracellular physical stimulation and lead to cellular 

apoptosis. For example, Park et al. [124] found that mesenchymal stem cell adhesion and 

spreading were severely impaired on nanotube layers with a tube diameter larger than 50 

nm, resulting in dramatically reduced cellular activity and a high extent of programmed 

cell death. Another study also reported that human foreskin fibroblasts exhibited 

significantly smaller cell size and lower proliferation on needle-like nanoposts [67]. In 

this study, the 23 nm PLGA surface topography was such a cell-stimulating cue that it 
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induced more lung carcinoma cell apoptosis compared to the nano-smooth PLGA 

surface. The possible mechanism may be that 23 nm surface topography doesn’t support 

cell focal contact formation (including integrin assembly and actin filament assembly) 

and cell signaling to nucleus, thus leading to apoptosis [124]. 

Lastly, lung cancer cells on the 23 nm surface featured PLGA substrates secreted 

less VEGF than all the other samples, representing a possible critical detrimental step in 

tumor development through which the tumor establishes an independent blood supply, 

consequently facilitating tumor growth [125, 126]. This result can be attributed to the 

aforementioned higher apoptotic and dead cell percentages on the 23 nm surface featured 

PLGA substrates. Furthermore, after normalizing VEGF concentration and cell density 

on PLGA0, cells on PLGA23 had the lowest nominal VEGF per cell. This result 

indicated that cells on 23 nm surface featured PLGA were significantly less bioactive and 

secreted much less VEGF which could largely limit the growth of tumors, considering the 

essential role of VEGF on tumor growth. Importantly, although the relatively little higher 

cell adhesion and cell proliferation on PLGA23 than that on PLGA0, PLGA23 showed a 

pronounced potential towards inhibiting cancer cell functions as lung carcinoma cells on 

PLGA23 showed a higher percentage of apoptosis and death and decreased ability to 

secrete VEGF. 

 

2.4.4. Primary small airway epithelial cell viability 

Primary small airway epithelial cell represents lung healthy cells in contrast to the 

previously tested lung cancer cells. Lung carcinoma cell responses on nano-smooth and 
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nanopatterned PLGA surfaces (including adhesion, proliferation, morphology, apoptosis 

and VEGF secretion) have been thoroughly investigated and PLGA23 showed the highest 

potential anticancer property. However, lung healthy cell responses on the various PLGA 

surfaces are also important since the positive effects of nanopatterns on healthy cell are 

expected at the same time of inhibiting cancer cell functions. Therefore, the viability of 

primary small airway cells was studied on the various PLGA surfaces by MTT tests. 

One- and three-day results indicated that PLGA23 and PLGA300 both enhanced lung 

healthy cell viability and had more live cells compared to nano-smooth PLGA. 

Collectively, this result revealed that PLGA23 enhanced lung healthy cell proliferation 

and viability but inhibited lung cancer cell functions. The reasons for the enhanced lung 

healthy cell proliferation may relate to various surface properties and will be discussed in 

Chapter 5. Therefore, the 23 nm PLGA surface pattern could be an ideal biomaterial 

topography compared to nano-smooth and other larger nanopatterned (PLGA300 and 

PLGA400) surfaces. 

In this manner, without changing the chemistry of materials, cancer cell functions 

may be selectively minimized on 23 nm topographical PLGA surface features which 

could contribute to the design of better materials for a wide range of cancer applications. 

 

2.5. Conclusions 

A simple and effective method was developed and used here to create various 

nanopatterned PLGA surfaces with the same surface chemistry and similar wettability. 

For the first time, these fabricated PLGA surfaces were systematically tested for lung 

carcinoma and primary small airway epithelial cell responses. The results of cell adhesion 
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and proliferation showed that total (live and dead) less lung carcinoma cells grew on the 

400 nm surface featured PLGA compared to the other substrates, while the highest total 

cell density was observed on the 300 nm surface featured substrates. However, cell 

apoptosis assays indicated that after three and five days, cells on the 23 nm surface 

featured PLGA substrates had higher apoptotic and dead cell percentages than all the 

others, therefore possessing a lower live cell percentage among all the substrates. VEGF 

assays also showed decreased lung carcinoma cell bioactivity on PLGA23. In addition, 

the investigation of lung normal cell growth on the various PLGA surfaces showed 

increased healthy cell proliferation and viability on nanopatterned PLGA surfaces, which 

can be fundamental and critical information for the further investigation of 

nanotopographies for ideal anti-cancer implant applications. Obviously, different cell 

lines could have different responses to the same biomaterials. Thus, to investigate the 

universality of nanopatterned PLGA substrates to inhibit numerous cancer cell functions, 

breast adenocarcinoma epithelial cell (MCF-7) functions 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 properties (specifically, pattern size, 

surface topography and wettability) on lung carcinoma and lung normal cell functions 

(including adhesion, proliferation, morphology, apoptosis and VEGF secretion) were 

systematically identified. Results demonstrated, for the first time, decreased lung 

carcinoma epithelial cell functions on 23 nm surface featured PLGA compared to 

traditional nano-smooth PLGA. However, clearly, different cell lines could have different 

responses to the same biomaterials. Thus, to investigate the universality of nanopatterned 

PLGA substrates to inhibit numerous cancer cell functions, here, breast adenocarcinoma 

epithelial cell (MCF-7) adhesion, proliferation, apoptosis and VEGF secretion were 

determined on the same PLGA nanometer surface topographies created and tested in 

Chapter 2. To isolate surface nanotopographical effects from all other surface properties, 

PLGA surfaces with various nanotopographies but similar chemistry and hydrophobicity 

were fabricated here. Atomic force microscopy (AFM) verified the varied 

nanotopographies on the PLGA surfaces prepared in this study. Importantly, results 
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demonstrated for the first time significantly decreased breast adenocarcinoma cell 

functions (including decreased proliferation rate, increased apoptosis and decreased 

VEGF synthesis) on 23 nm featured PLGA surfaces compared to all other PLGA surface 

topographies fabricated (specifically, nano-smooth, 300 nm and 400 nm surface featured 

PLGA surfaces). In contrast, healthy breast epithelial cells proliferated more on the 23 

nm featured PLGA surfaces compared to all other PLGA samples. In summary, these 

results provided further insights into understanding the roles PLGA surface 

nanotopographies can play on cancer cell functions and more importantly, opens the 

possibility of using polymer nanotopographies for a wide range of anticancer applications 

(without chemotherapeutics) from drug delivery to tissue engineering after breast cancer 

removal. 

 

3.1. Introduction 

According to ACS, it is estimated that about 1 in 8 women in the US (12%) will 

develop invasive breast cancer (cancer that spreads outside the membrane of the lobule or 

duct into the breast tissue) over the course of her lifetime. For women in the United 

States, breast cancer is the second leading cause of cancer death after lung cancer. An 

estimated 226,870 new cases of invasive breast cancer are expected to occur among 

women in the US during 2012; about 2,190 new cases are expected in men (ACS, 2012). 

Most patients with breast cancer have surgery to remove the cancer from the breast, such 

as lumpectomy and mastectomy. If a patient has a mastectomy, breast reconstruction 

(surgery to rebuild the breast’s shape after a mastectomy and lumpectomy) may be used. 

At present, most of the reconstructed breast is made from an implant, such as a saline 
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implant, silicone gel, or polyurethane foam coating [127-129]. Thus, it is important to 

have cytocompatable biomaterials to avoid cancer recurrence and implant failure. Clearly, 

even if all the breast cancer is removed at the time of the surgery, there is still a 

possibility that the cancer will return, called breast cancer recurrence. According to the 

ACS, 11% of women will suffer breast cancer recurrence within five years and 20% in 10 

years following the initial treatment. In this manner, biomaterials with anti-cancer 

properties would be an ideal implant after breast cancer resection. It is clear that the 

current plethora of materials used for breast reconstruction, were not originally designed 

to inhibit the return of cancer. For example, breast implants with polyurethane foam 

covers can leak toluene diamine, a demonstrated carcinogen in animals [38] and silicone 

implants can release platinum into tissues adjacent to silicone breast implants [130]. 

It is now known that cancer cells respond differently to nano structured (albeit 

large nanofeatures) compared to nano smooth topographies. For example, Keon et al. 

[131] constructed flat or nanostructured polymer surfaces (400 nm pillars, 400 nm 

perpendicular and 400 nm parallel lines with respect to the direction of flow) on the 

bottom of PDMS microfluidic channels to exploit the adhesion differences between 

normal breast epithelial cells (MCF-10A) and breast carcinoma cells (MCF-7). It was 

found that MCF-10A cells adhered in higher amounts than MCF7 cells regardless of 

culture time and surface nanotopography at all flow rates (from 10 ml/min to 1200 

ml/min). Another study conducted by this group prepared smaller nanostructures (50 nm 

pillars, 50 nm perpendicular and 50 nm parallel lines with respect to the direction of flow) 

out of PDMS microfluidic channels and showed that healthy cells adhered in greater 

forces than cancer cells [132]. In this way, the nanopatterned PLGA surfaces could be an 
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ideal biomaterial interface which has a weak interaction with breast cancer cells and 

strong interaction with breast healthy cells. Although at the micron scale, Barr et al. [133] 

fabricated numerous well-defined micron-sized silicone topographies (100 µm lines, 10 

µm wide and 20 µm spaced pits, and 5 µm wide and 15 µm spaced pillars) to examine 

breast tissue-derived fibroblast interactions. It was found that these micron topographies 

were capable of inducing differences in fibroblast adhesion and directional control of cell 

growth with alterations in cell shape and phenotype, illustrating that fibroblast adhesion 

and functions on silicone can be manipulated by microtopographies to enhance 

biointegration between the implant and the breast tissue. Lastly, Matthew et al. [134] 

presented the first data of an intracellular signaling molecule RACK1 (a multi-functional 

signaling adaptor protein) involved in the regulation of cell contact guidance on large 

scale nanometric growth polycaprolactone surfaces (12.5 µm line patterns, 353 nm deep). 

It was found that on nanometric grooves, over-expression of RACK1 in human breast 

cancer cells (MCF-7) led to a pro-adherent morphology and limited responses of cells to 

contact guidance. RACK1 therefore exerts a tonic inhibitory effect on cell contact 

guidance, while positively promoting a cell adhesive phenotype.  

These studies collectively indicated that the substrate topography (both large 

nanometer and micrometer) can induce various cancer cell and healthy cell behaviors. 

The topographically patterned substrates could open opportunities for understanding and 

tailoring various cell growth, and further controlling cell functions. However, relatively 

little attention has been paid in terms of designing tissue engineering materials 

(specifically, PLGA) with true nanometer features to inhibit breast cancer function and 

promote healthy breast cell functions, criteria critical for regenerating healthy breast 
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tissue after breast cancer tissue removal. In addition, examining cancer cell functions 

beyond density (such as VEGF synthesis) on various nanotopographies are necessary, 

and currently missing.  

For the above reasons, in this study, breast adenocarcinoma cell functions (such as 

adhesion, proliferation, apoptosis and VEGF synthesis) on various nanopatterned PLGA 

surfaces were investigated and compared to nano-smooth PLGA surfaces without 

nanopatterns. All the PLGA surfaces were prepared by the same procedure to allow for 

identical surface chemistry and similar wettability comparisons but with different 

topographies, enabling the exclusion of other surface properties (such as surface 

chemistry and surface wettability) from the surface nanotopographical effect. 

 

3.2. Experimental 

3.2.1. Fabrication of nanopatterned PLGA surfaces 

PLGA surfaces with various nanotopographies were fabricated using the same 

method described in Chapter 2 Section 2.2.1. All PLGA surfaces were stored under a 

vacuum at a pressure of 20 inches of mercury until use. Prior to cell experiments, all of 

the PLGA films were cleaned by soaking in 70% ethanol for 20 mins and sterilized by 

UV light exposure for 4 hours. 

 

3.2.2. Cells  

A breast epithelial adenocarcinoma cell line MCF-7 (HTB-22, ATCC) was 

purchased from the ATCC and used without further characterization. Cells were cultured 
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in Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone) supplemented with 10% 

fetal bovine serum (FBS, Hyclone) and 1% penicillin/streptomycin (P/S, Hyclone) under 

standard cell culture conditions (5% CO2, humidified air at 37°C). Human mammary 

epithelial cells (HEMpiC, ScienceCell, 7610) representing healthy breast epithelial cells 

at population numbers less than 5 were used for the MTT assay. HEMpiC from 

ScienceCell were isolated from normal human breast tissue. Mammary Epithelial Cell 

Medium (MEpiCM) consisting of basal medium (ScienceCell, 7611), mammary 

epithelial cell growth supplement (MEpiCGS, ScienceCell, 7652) and 

penicillin/streptomycin (P/S, ScienceCell, 0503) was used to culture HEMpiC cells. The 

cells were cultured until 80 ~ 100% confluence on cell culture polystyrene flasks before 

conducting the cell tests described below. Cell population 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 lifted from the tissue culture 

polystyrene flask with trypsin-EDTA and were dispersed in DMEM supplemented with 

10% FBS and 1% P/S. Cell density in the suspension was measured by a hemocytometer 

(Fisher Scientific) according to standard procedures. For adhesion assays, MCF-7 cells 

were seeded onto the various PLGA surfaces and BG substrates (controls) at a density of 

3,500 cells/cm2 in DMEM supplemented with 10% FBS and 1% P/S. After seeding on 

the PLGA surfaces, cells were cultured under standard cell culture conditions (5% 

CO2/95% humidified air and 37°C) for 4 hrs. After the prescribed time period, non-

adherent cells were removed by rinsing in phosphate buffer saline (PBS) three times 
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while adherent cells were fixed with 10% formalin (Fisher Scientific) for 10 mins. Then, 

the formalin was removed and the cells adherent on the PLGA surfaces were stained in 

4’, 6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) for 10 mins. After staining, 

samples were transferred to a fluorescence microscope (FM, Axiovert 200M, Zeiss) and 

adherent cells were counted under 10X magnification. For counting, five random areas on 

each sample were selected or photographed, and cell numbers in all five areas were 

counted and averaged. The adhesion assay was conducted in triplicate (n=3) and was 

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

  

3.2.4. Breast adenocarcinoma cell proliferation assay 

For the breast adenocarcinoma cell proliferation assay, cells were seeded onto the 

various PLGA surfaces at a density of 5×105 cells/well in 24 well tissue culture plates 

(treated by vacuum gas plasma, FALCON) in DMEM supplemented with 10% FBS and 

1% P/S. The breast adenocarcinoma cells were cultured for four-hours, as well as one-, 

three- and five-days under the standard cell culture conditions described above. After the 

prescribed time period, MCF-7 cells were lifted from the substrates with trypsin-EDTA 

and dispersed in DMEM supplemented with 10% FBS and 1% P/S. The PLGA substrates 

were examined under fluorescence microscopy after trypsinization to determine that all 

cells were lifted. Cell density in the suspension was measured by a hemocytometer 

according to standard procedures. The proliferation assay was conducted in triplicate 

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

Furthermore, the cell growth equation was obtained by plotting the cell density 

over time to generate an exponential equation as follows [135]: 
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                                                 N(t)=N0e
rt                                                         (Equ. 3.1.) 

where N(t) is the number of cells present at time t, N0 is the population cell number at 

time 0, r determines the rate at which the population grows, and e (or Euler’s number) is 

a transcendental number where e = 2.7182. Cell doubling time can be obtained by using 

equation 3.2: 

                                                            Th=(ln 2)/r                                               (Equ. 3.2) 

where Th is the doubling time (hours) and r is the rate at which the population grows 

obtained by Equ. 3.1.  

  

3.2.5. Breast adenocarcinoma cell apoptosis assay 

Measurements of phosphatidylserine (apopotosis) expression using fluorescein-

labeled (FITC) Annexin V-Programmed cell death (apoptosis) was conducted by flow 

cytometry using a Sigma-Aldrich apoptosis detection kit (APOAF). FITC Annexin V 

staining precedes the loss of membrane integrity which accompanies the latest stage of 

the cell death through the apoptosis and necrotic processes. FITC annexin V was used 

with the vital dye propidium iodide (PI) to separate the late and early apoptotic 

population of the cells. The experiment was performed according to the manufacturer’s 

instruction. Specifically, 5 × 105 breast adenocarcinoma cells were seeded onto the 

various substrates in 24 well plates with 1 ml media. Then, cells were cultured in a 

similar manner to that described in the cell proliferation section. After three- and five-

days, cells were washed with PBS. The cells were pelleted and resuspended in 1× binding 

buffer contained in the kit. 5 µl of FITC-Annexin V and PI were added to the cell 
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suspension and incubated at room temperature for 10 minutes. The cells were analyzed 

with flow cytometry (BDBiosciences FACSAria) and the results analyzed by 

BDBiosciences DiVa 5.0 software. The apoptosis assay was conducted in triplicate (n=3) 

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

 

3.2.6. Breast adenocarcinoma cell VEGF immunoassay 

For the breast adenocarcinoma cell VEGF assay, cells were seeded onto the 

various PLGA surfaces and polystyrene well plate surfaces at a density of 5×105 

cells/well in 24 well tissue culture plates in DMEM supplemented with 10% FBS and 1% 

P/S. The breast adenocarcinoma cells were cultured for one-, three- and five-days under 

standard cell culture conditions. The media for the VEGF measurements were collected 

after 1 day. The quantikine human VEGF (vascular endothelial growth factor) 

immunoassay kit (R&D systems) was used for determining VEGF concentration. The 

experiment was performed according to the manufacturer’s instruction. Briefly, 200 µl 

standards (prepared from the kit) and sample medium were pipetted into the 96-well plate 

(from the kit) and incubated for 2 hrs at room temperature. After washing with a binding 

buffer, an enzyme-linked polyclonal antibody specific for VEGF (from the kit) was 

added to the wells. Following a wash to remove any unbound antibody-enzyme reagent, a 

substrate solution (from the kit) was added to the wells and a color developed in 

proportion to the amount of VEGF bound in the initial step. Color development was 

stopped and the intensity of the color was measured by a micro plate reader (Molecular 

Devices). The VEGF concentration was determined from a standard curve of absorbance 

versus known concentrations of VEGF run in parallel with the experimental samples. The 
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VEGF immunoassay was conducted in triplicate (n=3) and was repeated at least three 

separate times (N=3). 

 

3.2.7. Breast healthy epithelial cell MTT assay  

Human mammary epithelial cells (HEMpiC, ScienceCell, 7610) representing 

healthy breast epithelial cells at population numbers less than 5 were used for the MTT 

assay. HEMpiC from ScienceCell were isolated from normal human breast tissue. 

Mammary Epithelial Cell Medium (MEpiCM) consisting of basal medium (ScienceCell, 

7611), mammary epithelial cell growth supplement (MEpiCGS, ScienceCell, 7652) and 

penicillin/streptomycin (P/S, ScienceCell, 0503) was used to culture HEMpiC cells. For 

the MTT assay, HEMpiC were seeded on the PLGA surfaces at a density of 100,000 

cells/cm2. After seeding, the cells were cultured under standard cell culture conditions 

(5% CO2, humidified air at 37°C). After one-, three- and five-days, viable cell numbers 

were determined using the Celltiter 96 Non-radioactive Cell Proliferation Assay (G4100, 

Promega) the same as described in Section 2.2.3.7. The live cell number was determined 

from a standard curve of absorbance versus known concentrations of live small airway 

epithelial cell solutions run in parallel with the MTT assay. All the experiments were 

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

 

3.2.8. Statistical analysis 

Results were analyzed using one-way analysis of variance (ANOVA) and data 

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

3.3.1. Breast adenocarcinoma cell adhesion  

Four-hour breast adenocarcinoma cell adhesion results (Fig. 3.1.) showed 

different breast cancer cell adhesion on various PLGA surfaces compared to lung 

carcinoma cells. Specifically, PLGA0 did not show significantly different cell adhesion 

density compared to the nanopatterned PLGA surfaces including PLGA190, PLGA300, 

PLGA400 and PLGA530. They all had similar cell adhesion densities after four hours 

although distinctly altered surface topographies. However, when the pattern size 

decreased to the nano scale, the effect of surface nanotopography on breast 

adenocarcinoma cell adhesion was observed. PLGA23 had the highest breast cancer cell 

adhesion density than that on any other PLGA surfaces (including PLGA0, PLGA190, 

PLGA300, PLGA400 and PLGA530). As the size of surface topography increased, 

PLGA400 had significantly lower adhesion density compared to PLGA300. This 

transition concerning cell adhesion density also happened to lung carcinoma cells. These 

results demonstrated that surface topography could play an important role in breast 

cancer cell adhesion as nano scale patterns had a more pronounced effect than 300 nm 

and 400 nm patterns. In addition, compared to the lung carcinoma cell adhesion results, 

although they are both cancer cells, the responses to specific nanotopographied PLGA 

surfaces were distinctly different, indicating that it is necessary to separately study the 

behaviors of lung cancer and breast cancer cells on the nanotopographied PLGA surfaces 

in this dissertation.  
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Fig. 3.1. Four-hour breast adenocarcinoma cell adhesion on various PLGA surfaces and 

BG controls. Data=mean±SEM; N=3; ** p<0.05 PLGA23 and BG compared to PLGA0, 

PLGA190, PLGA300, PLGA400 and PLGA530; *** p<0.1 PLGA400 compared to 

PLGA300. 

 

3.3.2. Breast adenocarcinoma cell proliferation  

Breast cancer cell proliferation on the various PLGA surfaces is shown in Fig. 

3.2. After one day, breast cancer cell proliferation on PLGA0 and PLGA23 substrates 

were significantly higher compared to that on PLGA300 and PLGA400. As a result, both 

of the PLGA0 and PLGA23 had higher breast cancer cell densities than PLGA300 and 

PLGA400 after one day. Specifically, PLGA23 had 25% and 23% more cells compared 

to PLGA300 and PLGA400. For PLGA0, results indicated 15% and 13% more cells than 

that on PLGA300 and PLGA400. However, there was no significant difference between 

PLGA0 and PLGA23 after one day of proliferation. However, after three days, the breast 
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cancer cell proliferation results showed no significant difference among the various 

PLGA surfaces. Interestingly, the cell densities after three-days of culture on the various 

PLGA surfaces were similar as that after one-day of culture and the reasons for this 

abnormality will be further discussed later. After five days, the breast cancer cell density 

on PLGA0 was significantly smaller than that on PLGA23. However, no significant 

difference existed among all the nano-patterned PLGA surfaces. Considering that the 

various PLGA surfaces had identical surface chemistry and hydrophobicity properties but 

their topographies were different, these changes in short-term breast cancer cell 

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

topography only. 

 

Fig. 3.2. MCF-7 four-hour adhesion and one-, three- and five-day proliferation on 

PLGA0, PLGA23, PLGA300 and PLGA400. Data are expressed as mean±standard 

deviation of the mean (SEM); N=3. * p<0.01 and ** p<0.05 compared to PLGA23 at the 

same time point; ## p<0.05 compared to PLGA0 at the same time point. 
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Fig. 3.3. shows the relative proliferation density of breast cancer cells (normalized 

to four-hour breast cancer cell adhesion density) on PLGA0, PLGA23, PLGA300 and 

PLGA400. The breast cancer cell doubling time on PLGA0, PLGA23, PGA300 and 

PLGA400 was 64.2 hrs, 62.5 hrs, 53.7 hrs and 55.0 hrs, respectively. The proliferation 

rate of breast cancer cells on each substrate (indicated by the slope of the best-fit line) 

demonstrated the smaller breast cancer cell proliferation rate on PLGA0 and PLGA23. 

PLGA300 showed the highest proliferation rate (20% higher than PLGA0) although it 

had relatively low cell densities at all the time points. In summary, PLGA300 and 

PLGA400 had a higher breast cancer cell proliferation rate than PLGA0 and PLGA23, 

suggesting that smaller nanotopographical surfaces (PLGA0 and PLGA23) could inhibit 

breast cancer cell proliferation compared to a larger size scale of nanotopographies 

(PLGA300 and PLGA400). 

 

Fig. 3.3. Relative proliferation density of breast cancer cells (normalized to 4-hr breast 

cancer cell adhesion density) on PLGA0, PLGA23, PLGA300 and PLGA400.  
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3.3.3. Breast adenocarcinoma cell apoptosis 

Although the previous section demonstrated higher total numbers of breast cancer 

cells on PLGA23, results of this part of the study demonstrated that of those numbers, a 

higher number of breast cancer cells on PLGA23 were dead or apoptotic, resulting in a 

lower number of live cells compared to PLGA300 and PLGA400. Specifically, PLGA23 

had 96% more apoptotic cells than PLGA300 after three days (Fig. 3.4.). As for 

PLGA400, results showed almost no apoptotic cells after three days. For PLGA0, results 

also showed higher percentages of apoptotic cells than PLGA400, and thus a lower 

percentage of live cells on PLGA0. These results indicated that the nanotopographies on 

PLGA23 induced cancer cell apoptosis more easily than on PLGA300 and PLGA400. In 

addition, since apoptosis is an expected cell death process, the larger percentages of 

apoptotic cancer cells indicated that on PLGA23, breast cancer cell growth was inhibited 

and weakened by a 23 nm PLGA surface nanotopography after three days. 

In addition, the five-day apoptotic and dead cell percentage results were shown in 

Fig. 3.5. For dead cells, nano-patterned PLGA (PLGA23, PLGA300 and PLGA400) 

showed average higher percentages compared to nano-smooth surfaces (PLGA0). When 

comparing apoptotic cells, PLGA0, PLGA23 and PLGA300 exhibited significantly 

higher apoptotic cell percentages than that on PLGA400. This result was consistent to the 

three-day results that cells on PLGA400 showed almost no early apoptotic trend.  

The difference among dead and apoptotic cell percentages on the various PLGA 

surfaces led to the different live cell percentages (Fig. 3.6.). PLGA23 had significantly 

lower live cell percentages compared to PLA300 and PLGA400 after three days. This 

difference largely resulted from the higher dead and apoptotic cell percentages on 
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PLGA23. PLGA0 also showed lower percentages of live cells compared to PLGA400. 

The high live cell percentages on PLGA400 could be attributed to low apoptotic cell 

percentages. In addition, after five days, all the PLGA surfaces had lower live cell 

percentages compared to three-day results, indicating that as the culture time increased, 

more breast cancer cells were induced to die. 

 

Fig. 3.4. Three-day apoptotic/dead cell percentages of MCF-7 (breast adenocarcinoma 

cells) populations cultured on the various PLGA substrates. The percentage is the ratio of 

apoptotic/dead cells to the total cells examined by flow cytometry. Data are expressed as 

the mean ± SEM; N=3. *** p<0.1 compared to same cell value on PLGA300; ## p<0.05 

and ### p<0.1 compared to the same cell value on PLGA300; & 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 percentages of MCF-7 (breast adenocarcinoma 

cells) populations cultured on the various PLGA substrates. The percentage is the ratio of 

apoptotic/dead cells to the total cells examined by flow cytometry. Data are expressed as 

the mean ± SEM; N=3. ** p<0.05 compared to the same cell value on PLGA0; ## p<0.05 

compared to the same cell value on PLGA400. 
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Fig. 3.6. Three- and five-day live cell percentages of MCF-7 (breast adenocarcinoma 

cells) populations cultured on the various PLGA substrates. The percentage is the ratio of 

live cells to the total cells examined by flow cytometry. Data are expressed as the mean ± 

SEM; N=3. ***p<0.1 compared to the same cell value on PLGA300; ## p<0.05 

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 angiogenesis and it is critical in 

cancer growth and metastasis. After one day, VEGF secretion by breast adenocarcinoma 

cells on PLGA23 was about 10% significantly lower than that on PLGA0 and PLGA400 

(Fig. 3.7.). Comparing nanopatterned PLGA surfaces, PLGA23 stimulated less VEGF 

synthesis than that on PLGA400. However, there were no significant difference between 

PLGA23 and PLGA300. In contrast, PLGA0 showed significantly higher VEGF 

concentrations (specifically, 10%, 11% and 4%) than that on PLGA23, PLGA300 and 

PLGA400, respectively, indicating that nanotopographies on PLGA surfaces inhibited 

VEGF synthesis by breast adenocarcinoma cells. Comparing the different surface 

topography sizes among PLGA23, PLGA300 and PLGA400 substrates, a smaller 

nanotopographical surface feature size (PLGA23) had a stronger ability to inhibit breast 

adenocarcinoma cell VEGF synthesis than larger sizes (PLGA300 and PLGA400). After 

three days, PLGA300 had significantly lower VEGF concentrations than that on 

PLGA400. On the average, PLGA23 showed a slightly lower VEGF concentration than 

PLGA0, PLGA300 and PLGA400, although the differences were not statistically 

significant. Furthermore, five-day VEGF results revealed no statistically significant 

difference among all the PLGA surfaces, but, on the average, PLGA23 and PLGA300 

again showed lower VEGF concentrations than PLGA0 and PLGA400. The possible 

reasons for the slight difference between three- and five- days will be discussed in 

Section 3.4.4. 
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Fig. 3.7. VEGF secreted by MCF-7 (breast adenocarcinoma cells) cultured on the various 

PLGA substrates after one-, three- and five-days. Data are expressed as the mean ± SEM; 

N=3. *p < 0.01 and **p < 0.05 compared to PLGA0 at the same time point; ## p < 0.05 

and ### p<0.1  compared to PLGA400 at the same time point. For all the samples, all 

time points are statistically different from each other. 

 

Furthermore, after normalizing one- and five-day VEGF concentration and cell 

density on PLGA0, nominal VEGF per cell values were obtained on the various PLGA 

surfaces and are shown in table 3.1. After one- and five-day, groups of cells on PLGA23 

had the lowest nominal VEGF per cell at 0.84 and 0.75 nominal VEGF per cell compared 

to nano-smooth PLGA, respectively. This result indicated that the group of cells on 23 

nm surface featured PLGA had significantly decreased bioactivity to secret much less 

VEGF and thus could largely limit the growth of tumors considering the essential role of 

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

films  

Sample PLGA0 PLGA23 PLGA300 PLGA400  

Normalized VEGF 

concentration (one day)* 
1.00 0.91 0.90 0.96 

Normalized total cell density  

(one day)** 
1.00 1.08 0.87 0.88 

Nominal VEGF per cell  

(one day)*** 
1.00 0.84 1.04 1.09 

Normalized VEGF 

concentration (five day) 
1.00 0.94 0.94 1.02 

Normalized total cell density 

 (five day) 
1.00 1.25 1.19 1.18 

Nominal VEGF per cell  

(five day) 
1.00 0.75 0.80 0.86 

*Normalized VEGF concentration obtained by normalizing all the VEGF concentration 

on PLGA0, PLGA23, PLGA300 and PLGA400 to the concentration on PLGA0; 

**normalized cell density obtained by normalizing all the total (dead and live) cell 

density on PLGA0, PLGA23, PLGA300 and PLGA400 to the density on PLGA0; 

***nominal VEGF per cell obtained by dividing normalized 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 the various sizes of nanotopographies 

on PLGA surfaces can affect cancer cell functions (including cell adhesion, proliferation, 

apoptosis and VEGF synthesis). However, for cancer tissue replacement by healthy 

tissue, it is also important to investigate the interactions of healthy breast cells on 

nanopatterned PLGA surfaces. For this, live HEMpiC cell numbers were determined 

using the CellTiter 96 Non-Radioactive Cell Proliferation Assay (MTT) kit following 

protocols by the manufacturer (Promega). Results of total live cell numbers on the 

various PLGA surfaces are presented in Fig. 3.8. After one day, more live HEMpiC cells 

were measured on PLGA23 and PLGA300 than on PLGA0 and PLGA400. Specifically, 

after one day, PLGA23 and PLGA300 had 24% and 25% more live healthy breast cells 

than that on PLGA0. Compared to PLGA400, PLGA23 and PLGA300 also had 

significantly higher live cell numbers. However, there was no significant difference in 

living breast healthy cells after one day of culture between PLGA0 and PLGA400. After 

three days, the number of live cells on PLGA0 was significantly less than that on 

PLGA23 and PLGA300, but no significant difference was observed between PLGA0 and 

PLGA400. As for five-day results, PLGA23 had significantly higher breast healthy cell 

numbers compared to PLGA0 and PLGA400. The results suggested that PLGA23 

enhanced live healthy cell growth compared to any other nano-smooth and nanopatterned 

PLGA surfaces up to five days. This finding further confirmed the large potential 

PLGA23 has for anticancer breast implants, since such materials can inhibit cancer cell 

functions and at the same time, improve healthy cell growth. 
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Fig. 3.8. One-, three- and five-day total live cell numbers of HEMpiC (normal breast 

epithelial cells) cultured on the various PLGA substrates. Data are expressed as mean ± 

SEM; N=3. * p<0.05 and ** p<0.1 compared to PLGA0 at the same time point; ## p<0.1 

compared to PLGA400 at the same time point. For all the samples, all time points are 

statistically different from each other. 

 

3.4. Discussion    

A previous study in Chapter 2 on biomaterial-cell interactions between 

nanopatterned PLGA surfaces and lung epithelial carcinoma cells demonstrated the 

inhibition of lung cancer cell functions on 23 nm PLGA surface features. Here, in order 

to investigate the anticancer properties of PLGA nanotopographies on other cells, cell 

functions of another cell line, breast cancer cells (MCF-7) (including short-term 
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adhesion, proliferation, apoptosis and VEGF synthesis) were systematically investigated. 

Similarly, this study fabricated two types of PLGA surfaces (nano-smooth and 

nanopatterned) with different surface topographies but almost identical chemistries. This 

permitted a focused exploration of the impact of the PLGA surface topographies alone in 

mediating cancer cell behaviors, especially important cell functions including apoptosis 

and VEGF secretion. On Chapter 2, ESCA results provided evidence that the method 

used here to fabricate nano-smooth and nanopatterned PLGA surfaces did not influence 

surface chemistry. 

  

3.4.1. Impact of nanotopography on breast cancer cell adhesion and proliferation 

Obviously, breast adenocarcinoma cells showed different responses to various 

nano feature PLGA surfaces compared to lung cancer cells, although they are both cancer 

cell lines. Complicated cell responses based on altered topographic size, shape, 

uniformity and cell lines largely increase the difficulty of investigating the mechanisms 

behind topographically regulated cell behaviors and responses. In this dissertation, our 

study focused on orderly arrayed semispherical pattern with different sphere diameters 

but several different cell lines (including cancer cells and healthy cells) were extensively 

studied.  

Breast cancer cell adhesion results demonstrated that 23 nm surface features 

improved cell adhesion compared to PLGA0, PLGA300 and PLGA400. However, after 

one day of proliferation, cancer cell densities were not significantly different between 

PLGA0 and PLGA23, whereas cancer cell densities on PLGA300 and PLGA400 were 

still significantly smaller than that on PLGA0 and PLGA23. This study showed that a 
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nanotopography with pattern sizes less than 100 nm (specifically 23 nm) promoted 

selective breast cancer cell adhesion compared to larger pattern sizes (300 nm and 400 

nm). Due to pattern size differences, it is important to emphasize that PLGA0, PLGA23, 

PLGA300 and PLGA400 have very different topographical features that also influence 

surface area, surface wettability, surface energy, etc. However, based on the water 

contact angle and surface area measurements presented in Chapter 2, there was no 

significant difference between the various PLGA surfaces. Thus, better cancer cell 

adhesion on the PLGA23 could be attributed to the surface nanotopography, which may 

have influenced protein adsorption and conformation (such as fibronectin, vitronectin, 

etc.). Topographical surface features whose size and shape corresponds to the size and 

shape of the protein can lead to increased adsorption as the protein finds suitable “dock-

in” sites [136]. Normally, most protein size dimensions are in the nanometer scale and 

fold into nano-structured globalular domains [137]. This size and shape significantly 

corresponds to the size and shape of the 23 nm featured PLGA surfaces. Thus, increased 

select protein adsorption and subsequent breast cancer cell adhesion were observed on 

PLGA23 surfaces.  

This study also showed that PLGA23 enhanced breast cancer cell proliferation 

compared to PLGA300 and PLGA400 after one day. This enhancement may be attributed 

to more breast cancer cell adhesion on PLGA23. However, the proliferation difference 

after one day was largely smaller than the adhesion difference between PLGA0 and 

PLGA23. After three days, surprisingly, cell densities on the various PLGA surfaces 

showed no distinct change compared to one-day results. The possible reason for this may 

be that cells cultured for this time point had low activity or cell culture condition was 
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changed compared to other time points. Further experiments will be needed to identify 

accurate reasons. Five-day cell proliferation results revealed that PLGA23 promoted 

breast cancer cell proliferation compared to nano-smooth PLGA. Furthermore, 

proliferation rate results suggested that cells on PLGA23 had relatively lower 

proliferation rates (doubling time 62.5 hrs) than that on PLGA300 and PLGA400 

(doubling time 53.7 hrs and 55.0 hrs, respectively), and, thus, although the initial cell 

adhesion was large on PLGA23, cells proliferated slow, resulting in similar cell densities 

on PLGA23, PLGA300 and PLGA400 after five days. Therefore, it is the cell adhesion 

density as well as proliferation rate together that determined subsequent cell densities.  

In summary, breast adhesion and proliferation results indicated that PLGA300 

and PLGA400 decreased breast adenocarcinoma cell proliferation compared to PLGA0 

and PLGA23. But PLGA23 showed a relatively low proliferation rate, although it had a 

high initial cell adhesion density. 

 

3.4.2. Impact of nanotopography on breast cancer cell functions 

Importantly, upon further investigation, it was found that a significant number of 

breast cancer cells on the 23 nm PLGA surfaces were dead or apoptotic after three days. 

Apoptosis is an active, inherently programmed phenomenon, which has been shown to be 

initiated or inhibited by a variety of environmental stimuli, both physiological and 

pathological [138]. Apoptosis is programmed cell death and, thus, is expected for cancer 

cells. Three-day apoptosis results showed that PLGA23 induced more cells to enter the 

apoptosis process compared to PLGA300 and PLGA400, resulting in an overall lower 
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live cell percentage compared to any other nano-modified substrate in this study. 

However, after five days, PLGA23 and PLGA300 on the average showed lower live cell 

percentages than any other substrate. After further investigating the origins of this low 

live cell percentage on PLGA23 and PLGA300, it was found that this decrease on 

PLGA23 and PLGA300 resulted from a higher percentage of total apoptotic and dead 

cells after five days. According to the principles of the apoptosis assay, cells in the dead 

phase have experienced the loss of membrane integrity which accompanies the latest 

stages of cell death resulting from either apoptotic or necrotic processes. Therefore, a 

single observation indicating that cells are in a dead phase, in of itself, reveals little 

information about the process by which the cells underwent their demise. Thus, it is 

reasonable to put more emphasis on apoptotic cell percentages, which indicated that cells 

were undergoing programmed cell death. In addition, results demonstrated that after five 

days, the dead and apoptotic cell percentages increased on nano-patterned PLGA surfaces 

compared to the three-day results. These results revealed that PLGA nanotopography was 

a continuous external stimulus to induce breast cancer cell apoptosis. This apoptosis 

study also highlights the importance of not just relying on cell numbers, but also 

examining cell viability to determine cell responses which was not done in many other 

cell research.  

Moreover, tumors cannot grow beyond a few millimeters without an adequate 

blood supply. For this, cancer cells secrete VEGF to drive tumor angiogenesis (the 

formation of new blood vessels), growth and metastasis [139]. Results of the present 

VEGF assay further demonstrated that nanotopographies (specifically, 23 nm) may have 

anticancer properties as breast cancer cells on PLGA23, PLGA300 and PLGA400 
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synthesized significantly less VEGF than PLGA0. Furthermore, after one- and five days, 

group of cells on PLGA23 had the lowest nominal VEGF per cell (0.84 and 0.75, 

respectively) compared to nano-smooth PLGA. This result indicated that the group of 

cells on the 23 nm surface featured PLGA had significantly decreased bioactivity to 

secret much less VEGF and, thus, could largely limit the growth of tumors considering 

the essential role of VEGF on tumor growth. It seems that although breast 

adenocarcinoma cells were prone to adhere on PLGA23, subsequent cell functions (such 

as viability and VEGF synthesis) were significantly inhibited by this nanotopography. 

There are a number of reasons for this that require further investigation which will be 

discussed in Chapter 5. 

 

3.4.3. Impact of nanotopography on breast healthy cell growth 

This study also investigated healthy cell growth on the various PLGA surfaces. 

Results showed significantly more live healthy breast cells on PLGA23 compared to 

PLGA0 and PLGA400 up to five days. As a result, PLGA23 up-regulated breast healthy 

cell response and promoted healthy cell growth. Again, this effect was highly related to 

the nano pattern size since PLGA400 did not increase healthy cell viability compared to 

PLGA23 and PLGA300. Importantly, combining the results already mentioned from 

breast cancer cells, PLGA23 and PLGA300 both decreased breast cancer cell functions 

and increased breast healthy cell growth. The different interaction of cancer cells and 

healthy cells deserves some explanation and may be related to cancer versus healthy cell 

stiffness, organization of the cytoskeleton, interactions with the extracellular matrix, 
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initial protein interactions, cell protein secretion, and cell adhesion forces [140]. These 

differences result in the significantly different or even opposite cell responses to the same 

nanotopographical substrates. For example, studies by Keon et al. [131] have shown that 

healthy, non-cancerous, breast cells (MCF-10A) adhered in higher amounts than breast 

cancer cells (MCF7) on nanostructured polyurethane acrylate (PUA) surfaces (400 nm 

pillars, 400 nm perpendicular, or 400 nm parallel lines). Here, in this study, this specific 

nanometer surface feature size (23 nm) was delineated which inhibited cancer cell 

functions and enhanced healthy cell viability. The mechanism involved in the increased 

breast healthy cell response on PLGA23 will be examined in Chapter 5. 

 

3.4.4. Impact of seeding density on long-term cell behaviors 

In this study, various cell behaviors (including adhesion, proliferation, apoptosis 

and VEGF secretion) up to five days were examined with the same experimental methods 

at all time points. However, statistically significant differences decreased among various 

PLGA surfaces for longer term (three- and five days) cell functions. Here, a possible 

reason is proposed that seeding density may influence the degree of cell-biomaterial 

interactions. In order to test the effects of nanotopographies on cancer cell functions in an 

extreme situation with limited resources and space as well as to increase statistical 

accuracy, the seeding density was designed to be very high for proliferation, apoptosis, 

VEGF, and MTT assays. Thus, after a longer time, cells grew into multilayers and the 

cells may not have directly contacted the material surfaces which mean they would not be 

significantly affected by the surface nanotopographies. Also, they would secrete their 
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own ECM to potentially mask nanotopographies. Fortunately, longer term cell functions 

did show some degree of significant difference, even though these differences were not as 

distinct as the short term ones. This result indicated that nanotopography could exert a 

durative influence on cell functions. It is also important to mention that short term effects 

could play an important role on subsequent cell protein secretion and result in cell 

function increases or decreases. 

In summary, this study provides exciting results for the potential applications of 

nanopatterned biomaterials in cancer regenerative medicine, especially small PLGA 

nanometer scale size features such as 23 nm. These nanopatterned tissue engineering 

materials may be applied on implants inserted to regenerate tissue after tumor removal 

since they can potentially inhibit the return of cancer cells yet positively interact with 

healthy cells. This study recognized for the first time that 23 nm and 300 nm PLGA 

topographies could be one of those ideal implant surfaces.  

 

3.5. Conclusions 

In this part of the study, various nanopatterned PLGA surfaces with similar 

surface chemistry but different topographies were prepared. Breast cancer cell adhesion 

and proliferation results indicated higher cell densities on PLGA0 and PLGA23 than that 

on PLGA300 and PLGA400. VEGF immunoassay results showed significantly lower 

VEGF synthesis on PLGA23 and PLGA300 compared to any other PLGA surface, 

suggesting inhibited cancer cell functions on 23 nm and 300 nm surface featured PLGA. 

More importantly, healthy breast cell results indicated that the same PLGA23 and 
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PLGA300 improved healthy breast cell viability and proliferation. Thus, PLGA23 and 

PLGA300 may be ideal surface topographies for anticancer implants because they 

inhibited cancer cell functions and enhanced healthy cell growth. In summary, these 

results provided further insights into understanding the role surface nanotopographies can 

have on cancer cell interactions and more importantly, may open the possibility of using 

such polymer nanotopographies for a wide range of anticancer 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 nanotopography on cell functions 

(including adhesion, proliferation, apoptosis and VEGF secretion) were studied on both 

cancer and healthy cell lines. In this chapter, other important surface properties 

(specifically, surface chemistry as well as associated surface charges) were studied to 

comprehensively understand the effects of surface chemistry and surface charge on 

cancer cell functions with a goal of developing PLGA to further inhibit cancer cell 

functions. This study utilized an effective method, layer-by-layer (LBL) self assembly, to 

alter PLGA surface chemistry and surface charge by self assembling monolayers of 

biocompatible alginate and chitosan which have antifouling properties in the hope to 

control protein adsorption so that cancer cell functions will be further decreased without 

affecting healthy cell responses. Surface terminations on PLGA after coating with self 

assembly monolayers were confirmed by fourier transform infrared spectroscopy (FTIR). 

To further understand the influence of these surface properties on cell functions, cell 

responses (including proliferation and VEGF synthesis) were determined on the 
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chemically modified nano-smooth and nanopatterned PLGA surfaces using lung cancer 

cells, lung healthy cells, breast cancer cells and breast healthy cells. A strong dependence 

of cell proliferation and VEGF secretion on surface chemistry was observed for lung 

cancer cells, breast cancer cells and breast healthy cells. PLGA surfaces which were 

modified with an alginate self assembled monolayer exhibited an anti-cancer property, 

significantly decreasing lung carcinoma cell and breast cancer cell VEGF synthesis. 

Furthermore, alginate modified PLGA inhibited breast cancer cell proliferation, while 

promoted lung cancer cell proliferation. However, the 23 nm patterned PLGA substrates 

(regardless of surface chemistry and self-assembled monolayer) promoted lung healthy 

cell proliferation. Decreased breast healthy cell proliferation was observed on alginate- 

and chitosan-terminated PLGA substrates. The results of this part of the dissertation 

provided an important understanding of cell functions mediated by surface chemistry in 

addition to surface topography. Alginate-terminated PLGA substrates with 23 nm surface 

patterns were found to be the best anti-cancer material overall for lung and breast 

applications. An effective surface chemistry (alginate) coating on PLGA was discovered 

to inhibit cancer cell functions, which expands insights into designing and fabricating 

anti-cancer implants for the lung and breast.   

 

4.1. Introduction 

In addition to physical nanotopography, nanoscale chemistry and electrical 

signaling through surface changes can also regulate cell functions by modulating the 

extracellular milieu of the cell-biomaterial interface. Surface chemistry is highly related 
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to other associated surface properties (such as surface wettability, surface free energy and 

surface charge) and thus cell functions can be significantly affected. Altered surface 

chemistry can produce various defined biological surfaces (including protein adsorption, 

protein repellent, biofouling, etc.) and in turn affect cell behaviors. Surface charge is 

another important factor affecting protein adsorption and cell functions by inducing 

attraction or repulsion of proteins or cells depending on their isoelectric point and 

charges. For instance, thin polystyrene films irradiated by an electron beam to create 

trapped charges were able to immobilize the positively-charged protein, avidin-

fluorescein through electrostatic attraction [141]. Another study revealed that chitosan 

nanoparticles with a high degree of deacetylation had extended conformation because of 

charge repulsion, which allowed them to bind more readily to cell membranes than coiled 

chitosan of a lower degree of deacetylation. As a result, the uptake of chitosan 

nanoparticles by A549 cells increased with increasing degree of deacetylation [142]. 

Therefore, it is desirable to control protein adsorption and cell functions by altering 

surface chemistry and surface charge.  

Surface modification of PLGA substrates (PLGA0 and PLGA23) was developed 

here to change surface chemistry and surface charge but take advantage of the anti-cancer 

properties from the aforementioned 23 nm PLGA compared to nano-smooth PLGA. 

Specifically, an effort was made to identify proteins that can be coated on such surfaces 

to further inhibit cancer cell functions. Polyelectrolyte layer-by-layer deposition provides 

a facile and effective technique for the modification of various surfaces. In this method, a 

polyelectrolyte is deposited from an aqueous solution onto a surface of opposite charges 

resulting in a reversal of the net surface charge. A second, oppositely charged 
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polyelectrolyte, can be further deposited due to electrostatic interactions [143]. A 

biodegradable pair of polyelectrolytes, alginate (Alg) and chitosan (Chi) (Fig. 4.1.), has 

been used to coat PLGA surfaces because of the following two considerations [103, 143]: 

(1) an Alg or Chi multilayer coating has antifouling properties resistant to protein 

adsorption and, thus, may lead to decreased cancer cell adhesion and proliferation. For 

example, bovine serum albumin deposition could not be observed on an Alg or Chi 

multilayer formed on PLGA nanoparticles, for both Alg and Chi used as top layers. 

Moreover, HepG2 cellular uptake of Chi/Alg coated PLGA nanoparticles was 

significantly less compared to the bare nanoparticles [103]; and (2) an Alg or Chi 

multilayer provide many functional groups that can allow the covalent attachment of 

other functional sequences (such as collagen and folic acid)  to achieve specific cell 

responses of interest, such as increasing healthy cell adhesion and proliferation by 

binding specific adhesion proteins for healthy cells on Alg- or Chi-terminated surfaces.  

 

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

PLGA substrates: (a) sodium alginate and (b) chitosan. 

 



 

 

110

Therefore, identifying appropriate surface chemistry in conjugation with surface 

topography on PLGA surfaces and understanding relevant cellular responses and 

behaviors are important for a wide range of biomedical applications. Specifically, for 

anti-cancer implant applications, the protein-resistant ability is expected to improve on 

nanopatterned PLGA substrates which are desirable for decreasing the initial protein 

adsorption on the nanopatterns and subsequent cancer cell adhesion and proliferation. 

The in vitro experiments of Chapter 2 and Chapter 3 revealed that the 23 nm featured 

PLGA surfaces showed higher cancer cell adhesion and proliferation but decreased 

cancer cell functions in terms of apoptosis and VEGF secretion compared to other PLGA 

substrates. This increased cancer cell adhesion and proliferation may be attributed to the 

higher nonspecific protein adsorption (such as fibronectin and vitronectin). 

For example, Meng et al. [144] found that fibronectin induced A549 cell migration and 

invasion and A549 cells stimulated by fibronectin showed increased phosphorylation of 

focal adhesion kinase.  

In addition, alginates of various forms have attracted much attention due to a wide 

range of their pharmacological properties, such as hemostatic agents, antiulcer drug and 

acidity-reducing drug [145]. More importantly, alginates have been observed to inhibit 

metastasizing of Lewis pulmonary carcinoma and exhibited antimetastatic effect in 

combination with cyclophosphamide [145]. Fujihara et al. [146, 147] also reported that 

sodium alginate showed a considerable antitumor activity against various murine tumors 

and revealed that the alginate had the ability to enhance cytostatic and cytolytic activities 

of macrophages, and thus the antitumor effect may partly be caused by the activation of 

macrophages. Moreover, another study by Otterlei et al. [148] found that alginates 
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stimulated human monocytes to produce high levels of three cytokines (tumor necrosis 

factor-alpha, interleukin-6, and interleukin-1) and further demonstrated that the 

mannuronic acid residues are the active cytokine inducers in alginates. These results 

suggest that alginate may exhibit antitumor activities to lung cancer and breast cancer. In 

addition, chitosan has also exhibited toxicity to various types of malignant cells. For 

instance, Qi et al. [149] found that chitosan nanoparticles (CNP) showed high antitumor 

activities to human hepatocellular carcinoma cells and induced cell necrosis in vitro, 

which was mediated by neutralization of cell surface charge, decrease of mitochondrial 

membrane potential and induction of lipid peroxidation. Further in vivo study in mice 

treated with chitosan and CNP found typical necrotic morphological changes of tumor 

tissues but no liver abnormalities. Another study by Lin et al. [150] demonstrated that 

mice fed with a diet containing chitosan had significant fewer aberrant crypt foci (one of 

the earliest changes seen in the colon that may lead to cancer) formation than those fed 

with control diet (cellulose). Also, the anti-tumorigenesis effect of water-soluble chitosan 

oligomer was observed as it significantly suppressed human colon adenocarcinoma cell 

and human gastric cancer cell proliferation, most probably through the p21/Cip and 

p27/Kip (cell cycle-related genes) pathways. Moreover, the conjugates of some kinds of 

anticancer agents with chitosan and its derivatives display good anticancer effects with a 

decrease in the adverse effects of the original drug due to a predominant distribution into 

the cancer and a gradual release of free drug from the conjugates in cancer chemotherapy 

[151]. These results imply the anti-cancer properties of alginate and chitosan and suggest 

their potential in inhibiting lung cancer and breast cancer cell functions. 



 

 

112

Therefore, in this chapter, surface chemical modification was achieved using a 

LBL self assembly method (alginate or chitosan monolayer) and its influence on cell 

functions (including proliferation and VEGF secretion) of lung cancer cells, lung healthy 

cells, breast cancer cells and breast healthy cells were investigated. Furthermore, surface 

chemistry modification was conducted on both nano-smooth and 23 nm surface featured 

PLGA surfaces to create a combined effect of surface chemistry and surface topography 

on cell behavior. The surface chemistry modification altered surface wettability and 

surface free energy which could be related to observed differences in cell responses. As a 

result, a strong correlation between surface chemistry and cell responses was 

demonstrated in this chapter, although PLGA surface topography also played an 

important role in mediating cell behaviors previously emphasized in Chapter 2 and 

Chapter 3. Moreover, the mechanism(s) of surface property (surface topography, surface 

chemistry and surface free energy) mediated cancer cell functions will be reported in 

Chapter 5.   

 

4.2. Experimental 

4.2.1. LBL deposition onto PLGA surfaces 

PLGA0 and PLGA23 were prepared according to Fig. 2.1. described in Chapter 2. 

Then, the PLGA films were soaked in 70% ethanol for 20 mins to sterilize and remove 

the residual contaminants attached to the material surfaces and were placed into 

individual wells of sterile 24 well tissue culture plates. All further treatment steps took 

place within a biological safety cabinet using sterilized solutions. The preparation 
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conditions for the various LBL deposited substrates are listed in Table 4.1. First, the 

surfaces were aminolyzed using 1 ml per well of a 20mg/ml solution of polyethylenimine 

(PEI, Mw ~ 2000 Da, Sigma-Aldrich) in water for 60 mins and rinsed thoroughly with 

0.5 M NaCl three times. Sodium alginate (Alg, ACROS) and chitosan (Chi, Mw ~ 100-

300 kDa, ACROS) were assembled separately at a concentration of 1 mg/ml in 0.5 M 

NaCl. The pH value of the Alg and Chi solution was adjusted to 5 by the addition of 

either 1 M HCl or NaOH and was sterized by filtration (pore size 0.22 µm, Corning). 

Then, the Alg solution was added to the wells (1 ml/well). After 15 mins, the Alg 

solution was removed and replaced with 0.5 M NaCl and rinsed for three times, followed 

by replacement with 1 ml of Chi solution for 15 mins and rinsed again with 0.5 M NaCl 

for three times. This process produced PLGA substrates with surface monolayers of Alg 

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

Name* 
Assembly 

layers 

Layer composition                    Surface 

chemistry 

PLGA0 - - PLGA 

PLGA0/Alg 2 PEI/Alg Alg 

PLGA0/Alg/Chi 3 PEI/Alg/Chi Chi 

PLGA23 - - PLGA 

PLGA23/Alg 2 PEI/Alg Alg 

PLGA23/Alg/Chi 3 PEI/Alg/Chi Chi 

* PLGA0: PLGA surfaces with nano-smooth features, PLGA0/Alg: PLGA surfaces with 

nano-smooth features and alginate surface chemistry, PLGA0/Alg/Chi: PLGA surfaces 

with nano-smooth features and chitosan surface chemistry, PLGA23: PGLA surfaces 

with 23 nm featured nanopatterns, PLGA23/Alg: PLGA surfaces with 23 nm featured 

nanopatterns and alginate surface chemistry, PLGA23/Alg/Chi: PLGA surfaces with 23 

nm featured nanopatterns and chitosan surface chemistry. 

 

4.2.2. Surface characterization 

4.2.2.1. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) images of all the PLGA films created here were 

obtained in ambient air using AFM-MFP3D (Asylum Research, Santa Babara, CA) and 

sharp topped cantilevers with a K value, stiffness value, of 0.06 N/M. The AFM operated 
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in contact mode at a scan rate of 256 lines/scan. Root mean square roughness (Rrms) 

values of various substrates were calculated from the scanning data.    

 

4.2.2.2. Fourier transform infrared (FTIR) spectroscopy 

Fourier transform infrared spectroscopy (FTIR) spectra were measured on a 

Nicolet Nexus 670 FTIR spectrometer equipped with a MCT/A detector and a Smart 

Aperture Grazing Angle accessory. FTIR spectra were background corrected by 

subtraction of a spectrum of the clean silicon wafer, and recorded by integrating 300 

scans with a resolution of 4 cm-1. 

 

4.2.2.3. Electron spectroscopy for chemical analysis (ESCA) 

ESCA was performed on all samples using a Perkin Elmer 5500 Multitechnique 

Surface Analyzer. An aluminum Kα1,2 monochromatized X-ray source was used to 

stimulate photoemission of the inner shell electrons of the samples. The energy of the 

electrons was then recorded and analyzed to identify the surface chemistry. 

 

4.2.2.4. Water contact angle measurements 

Water contact angles on the various PLGA surfaces of interest to this part of the 

study were measured through the sessile drop shape method under ambient conditions. 

For this, a drop of deionized water (3 µL) was placed on the PLGA surfaces and its 

profile was recorded immediately by a drop shape analyzer (Easy Drop FM40, Kruss). 

Contact angles were then calculated by computer software (DSA1, Kruss) based on the 
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recorded profile of the water drop. At least five different 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) MTT assay 

Lung carcinoma epithelial cell A549 (CCL-185, ATCC) at population numbers 

less than 7 were used in this study. The method of culturing cells and counting cells for 

seeding purposes were described in Section 2.2.3.2. For the MTT assay, lung carcinoma 

cells were seeded onto the PLGA surfaces at a density of 50,000 cells/cm2. After seeding, 

the cells were cultured in F-12K medium supplemented with 10% fetal bovine serum 

(FBS, Hyclone) and 1% penicillin/streptomycin (P/S, Hyclone) under standard cell 

culture conditions (5% CO2, humidified air at 37°C). After one day, the viable cell 

number was determined using a Celltiter 96 Non-radioactive Cell Proliferation Assay 

(G4100, Promega) that measures the reduction, by living cells only, of MTT. Shortly, 

after one day, medium was removed from the wells and the cells were washed with PBS 

twice. Then, all the samples were transferred to new unused 24 well tissue culture plates 

and 1 ml of fresh growth medium was added to each well. 150 µl of the dye solution 

(from the cell proliferation assay kit) was added to each well and the plates are incubated 

at 37°C in a humidified, 5% CO2 atmosphere. After 4 hrs, 1 ml of the Solubilization 

Solution/Stop Mix was added to each well and the plates were allowed to stand overnight 

with a humidified atmosphere to completely solubilize the formazan crystals. Then, 

contents of the wells were mixed to obtain a uniformly colored solution and the solution 

was transfered to 96 well plates (215 µl per well). The absorbance at 570 nm was 
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recorded using a microplate reader (Molecule Devices). The value of the background 

absorbance at 570 nm without cells run in parallel with the experimental samples was 

subtracted to yield corrected absorbance. The viable cell number was determined from a 

standard curve of absorbance versus known concentrations of lung carcinoma epithelial 

cell solutions run in parallel with the MTT assay. All the experiments were performed in 

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

 

4.2.3.2. Lung carcinoma epithelial cell (A549) VEGF immunoassay 

The quantikine human VEGF (vascular endothelial growth factor) immunoassay 

kit (R&D systems) was used for determining VEGF secretion from cells. The medium for 

the VEGF measurements were collected after one day of culture for the MTT assay in 

Section 4.2.3.1. The immunoassay was performed according to the manufacturer’s 

instruction. Briefly, 200 µl standards (prepared from the kit) and sample medium were 

pipetted into the 96-well plate (from the kit) and incubated for 2 hrs at room temperature. 

After washing with a binding buffer, an enzyme-linked polyclonal antibody specific for 

VEGF (from the kit) was added to the wells. Following a wash to remove any unbound 

antibody-enzyme reagent, a substrate solution (from the kit) was added to the wells and a 

color developed in proportion to the amount of VEGF bound in the initial step. Color 

development was stopped and the intensity of the color was measured at 450 nm by a 

micro plate reader (Molecular Devices). The VEGF concentration was determined from a 

standard curve of absorbance versus known concentrations of VEGF run in parallel with 

the experimental samples. The VEGF assay was conducted in triplicate (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 (lung normal cell) MTT assay 

Primary small airway normal epithelial cells (PCS-301-010, ATCC) at population 

numbers less than 5 were also used here. Primary small airway cells were seeded on the 

various PLGA surfaces at a density of 85,000 cells/cm2. After seeding, the cells were 

cultured in airway epithelial cell basal media (PCS-300-030, ATCC) supplemented with 

small airway epithelial cell growth kit components (PCS-301-040, ATCC) under standard 

cell culture conditions (5% CO2, humidified air at 37°C), the same as in Section 2.2.3.1. 

After one day, the viable cell number was determined using the Celltiter 96 Non-

radioactive Cell Proliferation Assay (G4100, Promega), the same as described in Section 

4.2.3.1. The viable cell number was determined from a standard curve of absorbance 

versus known concentrations of live small airway epithelial cell solutions run in parallel 

with the MTT assay. All the experiments were performed 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 (MCF-7) MTT assay 

Breast adenocarcinoma epithelial cells (HTB-22, ATCC) at population numbers 

less than 7 were used for MTT assay. Breast cancer cells were seeded on the various 

PLGA surfaces at a density of 50,000 cells/cm2. After seeding, the cells were cultured in 

DMEM supplemented with 10% fetal bovine serum (FBS, Hyclone) and 1% 

penicillin/streptomycin (P/S, Hyclone) under standard cell culture conditions (5% CO2, 

humidified air at 37°C). After one day, the viable cell number was determined using the 
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Celltiter 96 Non-radioactive Cell Proliferation Assay (G4100, Promega), the same as 

described in Section 4.2.3.1. The viable cell number was determined from a standard 

curve of absorbance versus known concentrations of live breast cancer epithelial cell 

solution run in parallel with the MTT assay. All the experiments were performed in 

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

 

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

The medium for the VEGF measurements was collected after one day of culture 

for the MTT assay in Section 4.2.4.1. The quantikine human VEGF immunoassay kit 

(R&D systems) was used for determining VEGF concentration, the same as described in 

Section 4.2.3.2. The VEGF assay was conducted in triplicate (n=3) and was repeated at 

least three separate times (N=3). 

 

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

Human mammary epithelial cells (HEMpiC, 7610, ScienceCell) representing 

healthy breast epithelial cells at population numbers less than 5 were also used in this 

study. HEMpiC from ScienceCell were isolated from normal human breast tissue. 

Mammary Epithelial Cell Medium (MEpiCM) consisting of basal medium (ScienceCell, 

7611), mammary epithelial cell growth supplement (MEpiCGS, ScienceCell, 7652) and 

penicillin/streptomycin (P/S, ScienceCell, 0503) was used to culture HEMpiC cells. For 

the MTT assay, HEMpiC were seeded on the PLGA surfaces at a density of 35,000 

cells/cm2 and were cultured under standard cell culture conditions (5% CO2, humidified 

air at 37°C). After three days, the viable cell number was determined using the Celltiter 
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96 Non-radioactive Cell Proliferation Assay (G4100, Promega), the same as described in 

Section 4.2.3.1. The viable cell number was determined from a standard curve of 

absorbance versus known concentrations of live human mammary epithelial cell solutions 

run in parallel with the MTT assay. All the experiments were performed in triplicate 

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

 

4.2.5. Statistical analysis 

Statistical results were analyzed using one-way analysis of variance (ANOVA) 

and the data are expressed as the mean ± standard deviation of the mean.  

 

4.3. Results  

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

The chemistry treatments using LBL self assembly monolayers (alginate and 

chitosan) revealed a significant effect on altering the surface topography of PLGA 

surfaces as shown in Fig. 4.2. Clearly, after the deposition of LBL monolayers, the nano 

surface pattern of PLGA23 remained, but a noticeable change in surface topography and 

surface roughness of PLGA0, PLGA0/Alg and PLGA0/Alg/Chi was revealed. In 

addition, the results of Rrms values also confirmed that there were significant variations in 

PLGA surface nanotopography (Table 4.2.). The surface roughness increased after the 

first layer deposition of alginate (Rrms(PLGA0/Alg)>Rrms(PLGA0), 

Rrms(PLGA23/Alg>Rrms(PLGA23)), but the Rrms values decreased  as the further 

deposition of a chitosan monolayer. It is possible that the adding of another self assembly 
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monolayer may partly go into the space created by the first deposition and, thus, decrease 

surface roughness values. These results revealed that the LBL self assembly treatment 

changed surface topography and surface roughness at the same time as changing surface 

chemistry. This is an important point in the study of the effect of surface chemistry on 

cell behavior, since the impact of surface roughness was not ruled out here but the 

combined influence of surface roughness and surface chemistry were presented by the 

LBL self assembly treatment.  



 

 

122

 

(Continued on next page) 
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Fig. 4.2. 3D and 2D AFM images of PLGA0 (a and d), PLGA0/Alg (b and e), 

PLGA0/Alg/Chi (c and f), PLGA23 (A and D), PLGA23/Alg (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 deposition of monolayers are shown 

in Fig. 4.3. For PLGA, the peak at 1775 cm-1 was assigned to the PLGA ester -C=O 

stretching. As the PEI aminolyzed PLGA surface, the peak at 1775 cm-1 was observed to 

lessen in intensity and a second peak at 1630 cm-1 appeared, which was a characteristic 

absorbance peak for the -C=O stretching of amide bonds. In addition, another two new 

peaks at about 1590 cm-1 and 1550 cm-1 were observed which were assigned to the 

primary amine N-H and secondary amine N-H bend in PEI. These results indicated that 

PLGA surface was activated by PEI through aminolysis. Furthermore, the FTIR spectra 

of PLGA/PEI/Alg showed characteristic peaks at around 1614 cm-1 of alginate from 

symmetric -COO− stretching vibrations. In addition, the band at 1520 cm-1 from the 

symmetric -NH3
+ deformation was observed after the deposition of alginate and chitosan. 

However, after LBL assembly, the bands corresponded to the species -COO− and -NH3
+ 

was observed in the FTIR, but their position is retained as the separate species. Thus, 

FTIR cannot be used directly to identify the interaction of -COO− with -NH3
+ and the 

presence of polyelectrolyte complexes. 
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Fig. 4.3. FTIR spectra of PLGA, PLGA/PEI, PLGA/PEI/Alg and PLGA/PEI/Alg/Chi 

from 1000 to 4000 cm-1. Peak 1, 2, 3, 4, 5 and 6 correspond to 1775 cm-1, 1630 cm-1, 

1614 cm-1, 1590 cm-1, 1550 cm-1 and 1520 cm-1, respectively. 

 

4.3.3. ESCA spectra 

Surface chemistry of the various PLGA films was analyzed by ESCA and the 

spectra are shown in Fig. 4.4. After the aminolysis of PLGA by PEI, a new element, 

nitrogen was added to the surface, and, thus, a new peak at ~400 eV corresponded to N1s 

was observed in the ESCA of PLGA/PEI. After deposition of alginate, a new peak of 

Na1s was observed, but the nitrogen peak disappeared, indicating that the alginate 

PLGA 

PLGA/PEI 

PLGA/PEI/Alg/Chi 

PLGA/PEI/Alg 

4 

5 
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(containing Na) monolayer covered the PLGA/PEI surfaces. Furthermore, the deposition 

of chitosan was confirmed by the N1s peak in the spectra of PLGA/PEI/Alg/Chi since 

chitosan contains nitrogen. Clearly, ESCA results confirmed the aminolysis of PLGA by 

PEI and the deposition of alginate and chitosan.  
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Fig. 4.4. ESCA spectra of PLGA, PLGA/PEI, PLGA/PEI/Alg and PLGA/PEI/Alg/Chi. 
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4.3.4. Surface wettability of LBL deposited PLGA 

Water contact angle measurements are listed in Table 4.2. Surface wettability 

(i.e., hydrophilic or hydrophobic surfaces) has been traditionally determined by water 

contact angles (θ) according to the definition of hydrophilic surfaces having a water 

contact angle (θ) less than 65° by Vogler [152]. Thus, all the PLGA surfaces of present 

study were hydrophobic according to that definition and the chemistry modification 

increased the hydrophilicity of PLGA surfaces. Water contact angle results indicated the 

following trend with hydrophobicity: PLGA0>PLGA0/Alg>PLGA0/Alg/Chi, 

PLGA23>PLGA23/Alg>PLGA23/Alg/Chi. These two groups of results revealed that the 

change of surface chemistry had a significant influence on surface wettability and 

alginate and chitosan made the substrates more hydrophilic. The water contact angle for 

PLGA0 was higher than that of PLGA23, PLGA0/Alg higher than PLGA23/Alg, and 

PLGA0/Alg/Chi higher than PLGA23/Alg/Chi. Since PLGA0 and PLGA23 (PLGA0/Alg 

and PLGA23/Alg, PLGA0/Alg/Chi and PLGA23/Alg/Chi) had the same chemistry, this 

difference could be attributed to the altered surface topography and surface roughness. 

With the same surface chemistry, increased roughness on nanopatterned surfaces 

(PLGA23, PLGA23/Alg and PLGA23/Alg/Chi) demonstrated increased hydrophilicity. 

The water contact angle of various PLGA substrates was found to have a strong 

correlation with both surface chemistry and surface topography.  
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Table 4.2. Surface roughness (Rrms), local geometric areas (Sgeo) (2 µm × 2 µm) and static 

water contact angles on the various PLGA films 

Substrate Rrms (nm) Sgeo (µm2) Contact angles 

θ(H2O) 

PLGA0 0.54 4.0 98.1 ± 0.4 

PLGA0/Alg 5.38 4.0 90.8 ± 0.9 

PLGA0/Alg/Chi 3.31 4.1 87.4 ± 0.6 

PLGA23 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 on the various PLGA surfaces after 

one-day are shown in Fig 4.5. Compared to the pure uncoated PLGA surfaces, the 

chemistry modified surfaces with self assembled monolayers of alginate or chitosan had 

significantly more live lung carcinoma cells. Specifically, after one-day, the total live cell 

numbers on PLGA0/Alg and PLGA0/Alg/Chi were 35% and 30% significantly higher 

than that on PLGA0, respectively. Similarly, PLGA23/Alg and PLGA23/Alg/Chi both 

showed more live cells than PLGA23, 31% and 17% more, respectively. However, no 

significant difference was observed between PLGA0/Alg and PLGA0/Alg/Chi or 

between PLGA23/Alg and PLGA23/Alg/Chi. Moreover, on the average, substrates with 
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nanopatterns (i.e., PLGA23, PLGA23/Alg and PLGA23/Alg/Chi) demonstrated 

significantly higher viable cell numbers compared to nano-smooth substrates (i.e., 

PLGA0, PLGA0/Alg and PLGA0/Alg/Chi). Thus, both surface chemistry and surface 

topography influenced lung cancer cell growth but the competitive interactions of the two 

factors need to be further investigated. 

 

Fig 4.5. One-day total live cell numbers of lung carcinoma epithelial cells cultured on the 

various PLGA substrates. Data are expressed as the mean ± SEM; N=3. *p<0.01 and 

**p<0.05 compared to PLGA0; ***p<0.1 compared to PLGA0/Alg/Chi. 

 

4.3.5.2. Lung carcinoma cell VEGF synthesis 

Although chemistry (alginate and chitosan) modified PLGA surfaces 

demonstrated more live lung carcinoma cells than the pure uncoated PLGA surfaces, 

VEGF secretion by lung carcinoma cells showed an impressive opposite result. Specially, 

VEGF secretion results after one-day of culturing lung epithelial carcinoma cells on the 
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various substrates are shown in Fig 4.6. Clearly, alginate modified surfaces showed 

significantly lower VEGF concentration compared to the unmodified PLGA surfaces. 

Specifically, on the average, cells on PLGA0/Alg secreted 12% less VEGF than cells on 

PLGA0. Moreover, cells on PLGA23 secreted 8% less VEGF than PLGA0 and 

PLGA23/Alg showed 10% lower VEGF concentration compared to PLGA23. 

Furthermore, cells on PLGA23/Alg exhibited 18% less VEGF secretion compared to 

PLGA0. These results revealed that cells on alginate modified PLGA surfaces (no matter 

whether nano-smooth or 23 nm surface nanopattern) secreted less amounts of VEGF, 

suggesting decreased lung carcinoma cell bioactivity. Moreover, it is safe to conclude 

that a collective effect of surface nanopattern and chemistry was achieved on 

PLGA23/Alg to obtain significant decrease in VEGF secretion. 
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Fig. 4.6. One-day VEGF secretion by lung carcinoma cells cultured on the various PLGA 

substrates. Data are expressed as the mean ± SEM; N=3. *** p < 0.1 compared to 

PLGA0; ## p < 0.05 compared to PLGA23; ### p < 0.05 compared to PLGA23, 

PLGA23/Alg and PLGA0/Alg/Chi. 

 

4.3.6. Lung healthy epithelial cell proliferation 

One-day total live cell number results of healthy lung epithelial cells, primary 

small airway cells, are shown in Fig. 4.7. Interestingly, surface chemistry (no matter 

whether alginate and chitosan) did not show any statistically significant influence on lung 

healthy cell proliferation. There was no significant difference between PLGA0, 

PLGA0/Alg and PLGA0/Alg/Chi. Also, no significant difference was observed between 

PLGA23, PLGA23/Alg and PLGA23/Alg/Chi. However, on the average, PLGA23 had 

33% more viable lung healthy cells than PLGA0, similar to the result in Section 2.3.8 of 

Chapter 2. Moreover, PLGA23/Alg and PLGA23/Alg/Chi both showed significantly 
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more viable cells, 37% and 25% than PLGA0/Alg and PLGA0/Alg/Chi, respectively. The 

results revealed that nanotopography can play a more pronounced role on healthy lung 

epithelial cell proliferation, whereas the surface chemistries of interest to this study 

showed no significant influence. 

 

Fig. 4.7. One-day total live cell numbers of primary small airway lung healthy epithelial 

cells cultured on the various substrates. Data are expressed as the mean ± SEM; N=3. *** 

p<0.1 compared to PLGA0; ## p<0.05 compared to PLGA0/Alg; ### p<0.1 compared to 

PLGA0/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 adenocarcinoma cell numbers were 

conducted to further investigate the effects of surface chemistry and surface topography 

on breast cancer cells in addition to lung carcinoma cells. The alginate self assembly 

monolayer demonstrated a significant influence on breast cancer cell proliferation (Fig. 
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4.8.). Specifically, PLGA0/Alg had 39% less viable cells than PLGA0, and 31% less than 

PLGA0/Alg/Chi. Similarly, PLGA23/Alg also showed a significantly lower live cell 

number compared to PLGA23 and PLGA23/Alg/Chi, 31% and 41% less, respectively. 

However, there was no statistically significant difference between unmodified and 

chitosan monolayer modified PLGA surfaces. Furthermore, when comparing various 

PLGA surfaces with same chemistry but differenct surface patterns, no significant 

difference was observed between nano-smooth and nanopatterned PLGA surfaces. 

However, PLGA0/Alg and PLGA23/Alg both showed significantly lower breast cancer 

cell numbers compared to any other PLGA substrate. Here, breast cancer cells showed a 

pronounced dependence on surface chemistry as alginate inhibited breast cancer cell 

proliferation the most.  

 

Fig. 4.8. One-day total live cell numbers of breast adenocarcinoma epithelial cells 

cultured on the various PLGA substrates. Data are expressed as mean ± SEM; N=3. 

*p<0.01 compared to PLGA0; ## p<0.05 compared to PLGA0/Alg/Chi; **p<0.05 

compared to PLGA23; # p<0.01 compared to PLGA23/Alg/Chi.   
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4.3.7.2. Breast adenocarcinoma cell VEGF synthesis 

The total VEGF concentration secreted by breast adenocarcinoma cells after one-

day of culturing on the various chemically modified nano-smooth and nanopatterned 

PLGA surfaces is shown in Fig. 4.9. Similar to the results of breast cancer cell 

proliferation in Section 4.3.5.1., an alginate self assembled monolayer modified PLGA 

decreased VEGF secretion from breast cancer cells and thus inhibited the bioactivity of 

breast cancer cells. Specifically, PLGA0/Alg showed statistically significant 10% and 6% 

less total VEGF content compared to PLGA0 and PLGA0/Alg/Chi, respectively. 

Similarly, the cells on the alginate modified 23 nm patterned PLGA surface 

(PLGA23/Alg) also demonstrated significantly lower VEGF concentrations than 

PLGA23 and PLGA23/Alg/Chi, 9% and 6% less, respectively. Furthermore, between the 

substrates with the same chemistry but different topography, on the average, PLGA23, 

PLGA23/Alg and PLGA23/Alg/Chi showed slightly lower VEGF concentration than 

PLGA0, PLGA0/Alg and PLGA0/Alg/Chi, although these differences were not 

statistically significant. Here, surface chemistry and surface topography both affected the 

VEGF secretion from breast cancer cells, however, surface chemistry played a more 

significant role than surface topography when both factors were presented.  
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Fig. 4.9. VEGF secreted by breast adenocarcinoma cells (MCF-7) cultured on the various 

PLGA substrates after one day. Data are expressed as the mean ± SEM; N=3. **p < 0.05 

compared to PLGA0; ### p < 0.01 compared to PLGA23. 

 

4.3.8. Breast healthy cell (HEMpiC) proliferation 

Prior results from this study indicated that alginate self assembled monolayer 

modified PLGA decreased breast adenocarcinoma cell proliferation and VEGF secretion. 

However, for cancer tissue replacement by healthy tissue, it is also important to 

investigate the interactions of healthy breast cells with chemistry modified nanopatterned 

PLGA surfaces. For this, live HEMpiC cell numbers were determined and the results are 

presented in Fig. 4.10. Comparing the surfaces with the same topography but different 

surface chemistry, PLGA0/Alg statistically improved 15% viable breast healthy cell 

number compared to PLGA0/Alg/Chi after one day. However, PLGA23 had significantly 

(22%) more viable HEMpiC cell numbers compared to PLGA23/Alg after one day. 
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These results revealed that a chitosan self assembled monolayer decreased healthy breast 

cell proliferation, and alginate also induced a slight decrease in healthy breast cell 

proliferation. In addition, comparing PLGA substrates with the same chemistry but 

different surface topography, no significant difference was observed between nano-

smooth and nanopatterned substrates. Similar to breast adenocarcinoma cells, surface 

chemistry played a significant role on healthy breast cell growth than surface topography.  

 

Fig. 4.10. Three-day total live cell numbers of HEMpiC (normal breast epithelial cells) 

cultured on the various PLGA substrates. Data are expressed as mean ± SEM; N=3. *** 

p<0.1 compared to PLGA0/Alg; ### p<0.1 compared to PLGA23.  

 

4.3.9. Nominal VEGF per cell for lung and breast cancer cells  

Furthermore, after normalizing VEGF concentration and total live cell numbers 

on PLGA0, nominal VEGF per cell was obtained on the various substrates as shown in 

table 2.3. After one-day, lung cancer cells on all the chemically or nanopatterned 
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modified substrates exhibited low norminal VEGF per cell compared to PLGA0. 

Moreover, lung cancer cells on PLGA23/Alg had the lowest nominal VEGF per cell and 

had only 0.43 nominal VEGF per cell compared to nano-smooth PLGA. These results 

indicated that both the surface nanopattern and chemistry modification decreased lung 

cancer cell bioactivity, especially lung cancer cells on PLGA23/Alg were significantly 

less bioactive and secreted much less VEGF. However, further investigation on breast 

cancer cells indicated that the significant decrease on alginate self assembled substrates 

resulted from the total decreased breast cancer cell number, but not from the decreased 

VEGF secretion per cell. Another possible reason is that here only the live cell numbers 

were used to calculate the nominal VEGF per cell, however the VEGF collected from the 

culture media may have also included the VEGF secreted by apoptotic or dead cells 

before their death. In this way, the VEGF concentration was not the real content secreted 

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

Sample PLGA0 PLGA0/Alg PLGA0/Alg/Chi PLGA23 PLGA23/Alg PLGA23/Alg/Chi

Normalized lung 

cancer cell VEGF 

concentration* 

1.00 0.88 0.91 0.92 0.83 1.04 

Normalized total live 

lung cancer cell 

number** 

1.00 1.35 1.30 1.48 1.94 1.74 

Nominal VEGF per 

lung 

cancer cell*** 

1.00 0.65 0.70 0.62 0.43 0.60 

Normalized breast 

cancer cell VEGF 

concentration 

1.00 0.90 0.96 0.96 0.88 0.93 

Normalized total live 

breast cancer cell 

number 

1.00 0.61 0.88 0.92 0.63 1.07 

Nominal VEGF per 

breast 

cancer cell 

1.00 1.50 1.09 1.04 1.39 0.87 

*Normalized VEGF concentration obtained by normalizing all the VEGF concentration 

on PLGA0/Alg, PLGA0/Alg/Chi, PLGA23, PLGA23/Alg and PLGA23/Alg/Chi to the 

concentration on PLGA0; **normalized total live cell obtained by normalizing all the 

total live cell numbers on PLGA0/Alg, PLGA0/Alg/Chi, PLGA23, PLGA23/Alg and 

PLGA23/Alg/Chi to the total live cell number on PLGA0; ***nominal VEGF per cell 

obtained by dividing the normalized VEGF concentration by normalized total live cell 

number. 
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4.4. Discussion    

4.4.1. Surface chemical modification of PLGA substrates by LBL deposition 

LBL deposition of alginate and chitosan has been demonstrated as a facile and 

versatile technique for the chemical modification of a wide range of surfaces [143, 153]. 

Moreover, alginate and chitosan have been demonstrated to be biocompatible, 

biodegradable, antifouling and antitumor, thus, could be ideal candidates for the chemical 

modification of biomaterial surfaces. As demonstrated in this study, LBL deposition of 

alginate and chitosan on nano-smooth and nanopatterned PLGA surfaces has effectively 

altered surface chemistry, surface wettability and surface topography. The deposition of 

alginate induced an increase in surface roughness values on both nano-smooth and 

nanopatterned PLGA. However, the further deposition of chitosan produced less 

roughened surfaces. Moreover, the results here indicated that the LBL depositon 

treatment using alginate and chitosan could readily alter PLGA surface wettability. The 

deposition of alginate and chitosan monolayers decreased the hydrophobicity of PLGA 

which was expected since both alginate and chitosan are hydrophilic. This result agrees 

with the analysis of surface chemistry on the various substrates (from FTIR), that polar 

groups of –OH, –COO− and –NH2 were more hydrophilic and rendered the surface less 

hydrophobic.  

 

4.4.2. The effects of LBL deposition on lung cancer and healthy cell functions  

In the present study, variable surface chemistry, surface wettability and surface 

topography were obtained by LBL deposition of alginate and chitosan on nano-smooth 
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and nanopatterned PLGA surfaces, and moreover, the influence of these surface 

properties on lung carcinoma cell behaviors was evaluated. One-day cell proliferation 

results indicated that more lung cancer cells grew on alginate and chitosan deposited 

PLGA surfaces. The increase could be attributed to the increased hydrophilicity of 

alginate and chitosan surfaces, considering that more hydrophilic surfaces may lead to 

better cell spreading and promote cell proliferation. In addition, LBL deposition altered 

surface roughness and surface charge, thus, the increased lung carcinoma cell 

proliferation on alginate and chitosan deposited substrates can be the result of the 

collective influence of various properties.  

Another important significant finding of this study was that an alginate deposited 

surface largely decreased the ability of lung carcinoma cells secreting VEGF. No matter 

whether nano-smooth and nanopatterned PLGA surfaces, alginate deposited surfaces had 

significantly lower VEGF concentration which strongly suggested anti-cancer properties 

of alginate. Moreover, PLGA23/Alg demonstrated a larger decrease of VEGF from 

PLGA0 compared to both PLGA0/Alg and PLGA23, suggesting that surface chemistry 

and surface nanotopography both had a remarkable influence on VEGF secretion of lung 

carcinoma cells. Further investigations on the nominal VEGF per cell revealed that this 

decrease can be attributed to the significantly decreased lung cancer cell bioactivity on 

PLGA23/Alg which provided a negative impact on lung cancer cell growth. 

In addition, lung healthy cell responses on various PLGA surfaces were also 

investigated here and interestingly, noticeable different results were observed. After one-

day of culture, PLGA23, PLGA23/Alg and PLGA23/Alg/Chi all showed significantly 

higher viable cell numbers compared to PLGA0, PLGA0/Alg and PLGA0/Alg/Chi, no 
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matter the surface chemistry. Obviously, more rough surfaces increased lung healthy cell 

proliferation. However, as the surface roughness and surface chemistry altered, similar 

live cell numbers were observed among PLGA0, PLGA0/Alg and PLGA0/Alg/Chi (also 

PLGA23, PLGA23/Alg and PLGA23/Alg/Chi), suggesting that alginate and chitosan 

may have the ability to decrease lung healthy cell proliferation. Thus, two opposite 

influences of surface roughness and surface chemistry interacted together to determine 

cell growth. Here, it was further confirmed than nanotopography can have positive 

influences on lung healthy cell behaviors. 

 

4.4.3. The effects of LBL deposition on breast cancer and healthy cell functions  

  Importantly, in addition to lung cancer and lung healthy cell responses, breast 

cancer and breast healthy cell behaviors on the various LBL deposited surfaces were also 

reported. In some aspects, the breast cells demonstrated a different correlation with 

various surface properties compared to lung cells. One-day cell proliferation results 

indicated that alginate deposited PLGA surfaces, no matter surface roughness, inhibited 

breast cancer cell proliferation, resulting in significantly lower viable cell numbers than 

pure PLGA and chitosan-terminated PLGA. Alginate has been reported to have anti-

tumor effect depending on the composition of the homopolymer of l,4-linked β-D-

mannuronic acid (MM-block) and α-L-guluronic acid (GG-block) in alginates, i.e., 

alginates with a higher content of MM-block exhibited higher antitumor activity than 

those with a lower content and a high MM-block content may be required for the 

development of the antitumor activity of the polymer [147]. However, the anti-cancer 

properties of alginate to lung cancer and breast cancer haven’t been widely investigated 
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and reported. In the present study, the negatively charged alginate substrates inhibited 

VEGF secretion of both lung and breast cancer cells, suggesting that alginate may be a 

potential candidate as surface coating or modification on anti-cancer biomaterials. The 

secretion of VEGF by lung cancer and breast cancer cells has been effectively inhibited 

by alginate, especially when surface nanopatterns were present. On the average, both 

lung cancer and breast cancer cells on PLGA23/Alg demonstrated lower VEGF 

concentrations compared to PLGA0/Alg. Therefore, it is safe to conclude that the 

collective effect of nanopatterns and surface chemistry has been achieved on 

PLGA23/Alg, which allows for the complete control of PLGA surface properties to 

achieve specific purposes of directing cancer cell functions. Overall, PLGA23/Alg was 

recognized as the best candidate of anti-cancer cell-biomaterial interface to both lung 

cancer and breast cancer. 

Moreover, breast healthy cell proliferation on various PLGA surfaces was 

investigated and unfortunately, the alginate and chitosan both inhibited breast healthy cell 

growth. However, although PLGA23 enhanced breast healthy cell proliferation as 

described in Chapter 3, the positive effect of 23 nm featured surface topographies was not 

observed here. PLGA23/Alg and PLGA23/Alg/Chi did not show higher live breast 

healthy cell numbers compared to PLGA0/Alg and PLGA0/Alg/Chi. This result 

suggested that the nanopattern effect may have been masked by surface chemistry and 

breast healthy cells did not successfully sense the nanopatterns underlying the self 

assembly monolayer. Therefore, further studies need to be conducted to create the 

effective combination of surface chemistry and surface topography to positively influence 

breast healthy cell functions. 
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4.5. Conclusions 

 In this chapter, LBL deposition of alginate and chitosan was used to modify 

surface chemistry and surface roughness of nano-smooth and nanopatterned PLGA 

surfaces. Results indicated that the LBL self assembly effectively altered PLGA surface 

chemistry, surface topography and decreased the hydrophobicity of PLGA surfaces. 

Alginate deposited PLGA surfaces exhibited anti-cancer properties, significantly 

decreasing lung cancer cell and breast cancer cell VEGF synthesis. Furthermore, alginate 

modified PLGA inhibited breast cancer cell proliferation, whereas it showed no 

significant influence on lung carcinoma cell proliferation. However, breast healthy cell 

demonstrated a strong correlation to surface topography, and the 23 nm surface featured 

PLGA surfaces (no matter what surface chemistry) promoted lung healthy cell 

proliferation. The results of this part of the dissertation provided important information of 

cell responses mediated by surface chemistry in addition to surface topography and an 

effective surface chemistry (alginate self assembly monolayer) was discovered to inhibit 

cancer cell VEGF secretion. It is believed that surface chemistry and surface topography 

could be effectively combined to generate expected influences on various cell lines of 

value for healthy tissue replacement of cancerous tissue.   
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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 nanotopographies on lung healthy 

and carcinoma and breast healthy and adenocarcinoma cell functions (such as adhesion, 

proliferation, apoptosis, morphology and VEGF secretion) was systematically studied. 

The results over all the time periods tested revealed that cancer cells can recognize and 

respond differently to nanotopographies compared to flat topographies, as different cell 

lines showed dramatically different cell behaviors on the same PLGA nanotopography. 

Similarly, the role of nanoscale topography in controlling various cell functions has been 

observed in an increasing number of studies on other cell lines [43, 52, 154-156]. 

However, the relevant mechanism(s) behind these cell behaviors on nanostructured 

material surfaces has not been well understood especially for lung and breast cancer cells. 

This study was designed to do just that as it created various PLGA surfaces either with i) 

different topographies but the same chemistry or ii) different chemistry but the same 

topography. Specifically, in the present chapter, the correlation of material surface 

properties (including surface topography, surface chemistry, surface wettability, surface 
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charge, and surface free energy) with cell functions were systematically investigated. 

First, various PLGA surfaces were characterized by AFM to investigate surface 

nanotopographies and surface area quantitatively in an effort towards understanding how 

surface properties affect various cell functions. Second, PLGA surface wettability and 

surface free energy were examined in order to correlate how surface wettability and 

surface free energy are related to initial protein adsorption that controls cell responses. 

Lastly, ELISA experiments were performed to quantify the adsorption of two important 

proteins (fibronectin and vitronectin) involved in cell adhesion and subsequent cell 

functions. In summary, this part of the thesis will report on nanotopography-mediated 

cancer and healthy cell functions in relationship to surface properties and protein 

adsorption, depicting some possible clues behind topography-mediated cell functions. 

 

5.1. Introduction 

Great attention has been paid to exploring the cell-material interface in 

biomaterial science, as many studies have revealed that the physiochemical properties of 

an implant has a large impact on regulating cell behavior and functions [129, 157-159]. In 

particular, many studies have shown the effects of substrate topography or roughness [54, 

55, 160], surface chemistry [161], surface charge [162], and surface free energy [161] on 

cell morphology, adhesion, migration, proliferation, and gene expression. Here, the 

present studies have demonstrated that nanotopographies (as small as 23 nm) inhibited 

both lung cancer and breast cancer cell functions and enhanced lung healthy and breast 

healthy cell proliferation. Also, changing roughness is easier and is more likely to be 

cleared by the FDA faster than changing chemistry. Therefore, topography is of specific 
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interest because of the great potential in the application of ideal anticancer implants. 

However, the effect of nanoscale topography on cancer and normal cell functions has not 

been throughly understood to date. Especially, the infinite number of potential 

combinations of cell types, biomaterial compositions, and topographical patterns have 

increased the difficulty in extricating the precise interaction mechanisms between 

implants and cell responses [163]. For example, in addition to the myriad of different 

topographical cues intentionally presented to cells, all materials contain topographies. In 

addition, the functional, behavioral, and morphological differences between cell types 

imply that distinct cell types may respond differently to topographical cues [164]. 

A possible mechanism suggests that substrate nanotopographical discontinuities 

lead to preferential protein adsorption, and subsequent protein patterning [163]. Patterned 

protein deposition has been observed on substrates modified to have topographical cues 

and such proteins were found to be effective in patterning cells [165-167]. Particularly, in 

this study, the 23 nm PLGA surface topography has patterns on a similar size scale as 

proteins, which could have an important effect on directing protein deposition due to the 

suitable “dock-in” sites. Morever, protein adsorption and subsequent bioactivity are 

highly related to cell responses including adhesion, proliferation, morphology, and 

apoptosis. For example, it was observed that avidin adsorption on polystyrene increased 

with surface roughness on nanometer-size topographical patterns most likely caused by 

the increase of the effective surface area [136]. Another study revealed that significantly 

greater quantity of vitronectin adsorbed on nanophase ceramics compared to convetional 

ceramics, which, subsequently, may have contributed to the observed enhanced adhesion 

of osteoblasts [168]. Similarly, it was also found that more fibronectin (a protein which 
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promotes osteoblast adhesion) adsorption occurred on RNT (rosette nanotubes) coated 

hydrogels than uncoated hydrogels and osteoblast adhesion and proliferation were 

subsequently greatly enhanced on RNT coated biomimetic nanoscale hydrogels [169]. In 

this study, PLGA surface properties (including surface topography or roughness, surface 

chemistry, surface charge, and surface energy) were changed systematically by creating 

different nano size surface features and subsequent protein adsorption may hace been 

greatly affected. Therefore, studying the amount of protein adsorbed on nanotopographies 

could be an important clue to uncover the mechanisms of the novel topography-mediated 

cell responses observed here. 

In addition, it is claimed that if the topographical effect was assessed using 

substrates of same chemistry, the process of cell sensing and adapting to topographies 

(such as focal adhesions, protein secretion, gene expression, cell-matrix signal pathways, 

etc.) may play an important role in determining cell fates [1]. Especially, isotropic 

nanotopographies could direct more cell functions with relatively less dramatic changes 

in cell shape. Specifically, it was found that a separation of  ≥ 73 nm between cell 

adhesive gold nanodots coated with cyclic RGDfK peptide resulted in limited MC3T3-

osteoblast attachment and spreading, and dramatically reduces the formation of focal 

adhesion and actin stress fibers [4]. Another study by Matthew et al. [77] indicated that 

13 nm high islands increased fibroblast functions compared to planar surfaces through the 

gene up-regulation, notably in the areas of cell signaling, proliferation, cytoskeleton, and 

production of extracellular matrix proteins. Also, it has been proposed that the cell 

nucleus can turn the mechanical cues arising from nano topographically induced 

morphological changes into gene changes [170]. Moreover, during the cell sensing and 
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adaptation process, a topographical pattern determines what cell functions are regulated 

and the scale affects the degree to which that function is regulated.   

With this in mind, studies presented in this chapter were designed to explore the 

correlation between the various surface properties and cell behaviors. Specifically, the 

impacts and correlation of surface topography and surface chemistry on cell functions 

were investigated. Moreover, the surface free energy of various substrates was calculated 

and its influence on cell functions was evaluated. Lastly, the adsorption of cell adhesion 

proteins (fibronectin and vitronectin) was measured and a strong relation between protein 

adsorption and cell responses was built.  

 

5.2. Experimental 

5.2.1. Fabrication of nanometer surface and LBL deposited nanometer surface 

PLGA films 

PLGA surfaces with various topographies were fabricated following the same 

method described in Section 2.2.1. LBL deposited nanometer surface PLGA substrates 

were created using the method described in Section 4.2.1.  

 

5.2.2. Atomic force microscopy 

Atomic force microscopy (AFM) images of all the PLGA films created here were 

obtained in ambient air using AFM-MFP3D (Asylum Research, Santa Babara, CA) and 

sharp topped cantilevers with a K value, stiffness value, of 0.06 N/M. The AFM operated 

in contact mode at a scan rate of 256 lines/scan. The scan areas were 2 µm × 2 µm, 5 µm 
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× 5 µm, and 10 µm × 10 µm for each substrate. An image processing software of IGOR 

Pro 6.21 was used to analyze the results. For the analysis of topographical parameters, 

root mean square roughness Rrms and local geometric area (Ageo) were obtained for all the 

samples using images with scan area of 10 µm × 10 µm.    

 

5.2.3. Determination of surface wettability and surface free energy 

Contact angles on various nanopatterned and LBL deposited nanopatterned PLGA 

surfaces (PLGA0, LGA23, PLGA300 and PLGA400; PLGA0, PLGA0/Alg, 

PLGA0/Alg/Chi, PLGA23, PLGA23/Alg and PLGA23/Alg/Chi) were measured through 

the sessile drop shape method under ambient conditions. Contact angles of three different 

liquids (deionized water, glycerol and formamide) were measured (see Table 5.1). 3 µL 

of the test liquid was dropped onto the substrate and the liquid drop was photographed 

and analyzed by a drop shape analyzer (Easy Drop FM40, Kruss, Germany). Contact 

angles on at least three different regions on each sample were measured and averaged.  

 Owens-Wendt method was used to calculate surface free energy of nano-smooth 

and nanopatterned samples utilizing the results of the contact angle measurements [171]. 

Briefly, the contact angles of two measuring liquids would yield two equations in the 

form of Eqn. 5.1, with different values of the constant coefficients. Therefore, two linear 

equations are obtained in the following form and used to calculate the surface free energy 

of the various substrates:  

γSL=(1+cosθ) γL=2 (γS
d γL

d)1/2 + 2 (γS
p γL

p)1/2    (Eqn. 5.1) 

where γSL is the solid-liquid interfacial energy, θ is the contact angle between the solid 

and the measuring liquid; γL, γL
d and γL

p are the total, dispersive component and polar 
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component of the liquid surface tension, respectively, which are listed in Table 5.1; γS
d 

and γS
p are the dispersive and polar components of solid surface tension. It is assumed 

that the equalities γS
 =γS

d + γS
p and γL

 =γL
d + γL

p are valid while using Eqn. 5.1; that is, the 

total surface free energy of a sample is obtained by adding up the dispersive and polar 

components of the surfaces [172]. 

 

Table 5.1. Liquids and their values of the surface tension (γL, mN/m) at 20 °C used for 

contact angle and surface free energy measurements. γL
d and γL

p are the dispersive and 

polar components of γL, respectively (adapted from [172])  

Liquid Specifications γL (mN/m) γL
d (mN/m) γL

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 fibronectin and vitronectin on the various 

PLGA surfaces (PLGA0, PLGA23, PLGA300, and PLGA400; PLGA0, PLGA0/Alg, 

PLGA0/Alg/Chi, PLGA23, PLGA23/Alg, and PLGA23/Alg/Chi) was measured by an 

enzyme-linked immunosorbent assay (ELISA). For this, all the PLGA substrates were 

soaked in DMEM supplemented with 10% FBS and 1% P/S (without cells) under 

standard cell culture conditions (5% CO2, humidified air at 37°C) for 24 hrs. The PLGA 

substrates soaked in DMEM without FBS and P/S were used as background controls. 
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After 24 hrs, non-specific fibronectin and vitronectin adsorption on the substrates was 

removed by rinsing in phosphate buffered solution (PBS) and blocked by soaking in 2% 

bovine serum albumin (BSA, Sigma-Aldrich) for 1 hr. The absorbed fibronectin was then 

bound to a primary rabbit anti-bovine fibronectin antibody (Chemicon, AB2047) for 1 hr 

and the absorbed vitronectin bound to a primary rabbit anti-human vitronectin polyclonal 

antibody (Chemicon, AB19014) for 1 hr. The samples were further incubated with a 

secondary goat anti-rabbit antibody conjugated with horseradish peroxidase (Bio-Rad, 

170-6515) for 1 h. After washing with 0.05% Tween 20 (Sigma-Aldrich), the amount of 

fibronectin and vitronectin absorption on various PLGA samples was measured with an 

ABTS kit (Vector Laboratories, SK-4500). The secondary antibody binding was detected 

using a microplate spectrophotometer at 405 nm (SpectraMax340PC, Molecular 

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

 

5.3. Results 

5.3.1. Surface topography and surface roughness of various PLGA films 

AFM images of the different surface topographies of nanopatterned PLGA 

surfaces are shown in Fig. 5.1. For PLGA0, PLGA23, PLGA300 and PLGA400, pattern 

sizes corresponded to the diameters of the PS beads used and PLGA23 showed pattern 

sizes less than 100 nm. Topographical results obtained from AFM confirmed the 

evolution of surface pattern sizes increasing with the diameters of the PS beads. 

Quantitative roughness values (Rrms) and real geometric surface areas of the 

nanopatterned PLGA surfaces are listed in Table 5.2. Specifically, PLGA0 had a much 
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smaller Rrms value than PLGA23, PLGA300 and PLGA400, but PLGA0 still had some 

nano scale roughness and, thus, was called nano-smooth PLGA surface in this thesis. In 

addition, as the pattern sizes increased from the 23 nm to 300 nm and 400 nm, the surface 

roughness values (Rrms) increased from 3.73 nm to 10.78 nm and 24.11 nm. Although the 

diameters of the patterns increased largely from nano scale (23 nm) to submicro scale 

(300 nm and 400 nm), the relatively small change of roughness values (Rrms) could be 

attributed to the very slight alteration in vertical heights of the patterns when the 

horizontal diameters of the patterns were greatly changed. The surface geometric area 

values also showed that PLGA0, PLGA23, PLGA300 and PLGA400 had very similar 

surface area values (100 µm2, 100.1 µm2, 100.6 
µm2 and 102.3 

µm2) and further confirmed 

the very small alteration of vertical heights of the patterns when using largely different 

diameters of PS beads. 

For the LBL deposited PLGA surfaces, the nanopattern remained on 

PLGA23/Alg and PLGA23/Alg/Chi, but the deposition of alginate and chitosan 

monolayers changed the surface roughness of PLGA0 and PLGA23. Specifically, the 

deposition of the alginate monolayer largely increased the surface roughness values of 

PLGA0 and PLGA23. However, the further deposition of the chitosan monolayer slightly 

decreased the surface roughness values. Thus, the surface roughness measurement 

revealed the following trend as: PLGA0<PLGA0/Alg/Chi<PLGA0/Alg and 

PLGA23<PLGA23/Alg/Chi<PLGA23/Alg. As expected, the deposition of alginate and 

chitosan monolayers altered the surface roughness at the same time as they changed 

surface chemistry. For PLGA0, the LBL deposition of alginate on the nano-smooth 

PLGA surface increased the surface roughness from 0.54 nm to 5.38 nm, but the 
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deposition of another monolayer of chitosan decreased the surface roughness to 3.31 nm. 

For PLGA23, although the LBL deposition changed the surface roughness values from 

3.73 nm for PLGA23 to 7.41 nm and 5.01 nm for PLGA23/Alg and PLGA23/Alg/Chi, 

the tightly arrayed surface pattern was still observed from the AFM images of 

PLGA23/Alg and PLGA23/Alg/Chi. Again, the surface area values of the LBL deposited 

PLGA and non-modified PLGA were very similar, but a slight decrease was 

demonstrated from PLGA0/Alg to PLGA0/Alg/Chi, from PLGA23/Alg to 

PGA23/Alg/Chi. This result also agreed with the fact that the deposition of another 

monolayer of chitosan decreased the surface roughness of PLGA0/Alg and PLGA23/Alg. 

In this study, the deposition of the alginate and chitosan monolayer not only changed the 

surface chemistry, but it also altered the surface roughness.  

Table 5.2. Surface roughness (Rrms) and local geometric area (Sgeo) of all the samples 

measured by AFM (10×10 µm2 scan area) 

Sample Rrms (nm) Sgeo (µm2) 

PLGA0 0.54 100.0 

PLGA23 3.73 100.1 

PLGA300 10.78 100.6 

PLGA400 24.11 102.3 

PLGA0/Alg 5.38 100.3 

PLGA0/Alg/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 µm × 2 µm-, 5 µm × 5 µm -, and 10 µm × 10 µm 2D and 3D AFM images of 

PLGA0 (a, b, c and a’, b’ c’), PLGA23 (d, e, f and d’, e’, f’), PLGA300 (g, h, i and g’, h’, 

i’), PLGA400 (j, k, l and j’, k’ l’), PLGA0/Alg (m, n, o and m’, n’ o’), PLGA0/Alg/Chi 

(p, q, r and p’, q’, r’), PLGA23/Alg (s, t, u and s’, t’, u’) and PLGA23/Alg/Chi (v, w, x 

and v’, w’, x’).  

(v) 
   (v’) 

(w) 

(x)    (x’) 

  (w') 
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5.3.2. Surface wettability and surface free energy  

As shown in Table 5.3., although water contact angle measurements revealed 

slightly different results, the difference among PLGA0, PLGA23, PLGA300 and 

PLGA400 was statistical. All the nano-smooth and nanopatternd PLGA surfaces were 

hydrophobic (θH2O>90°). As nanopatterns were present on the PLGA, the surfaces 

became more hydrophilic with decreased water contact angles. Clearly, surface 

wettability can be influenced by surface topography, but the observed impact of 

topography on controlling PLGA surface wettability was slight while keeping the same 

surface chemistry. Surface free energy results of nano-smooth and nanopatterned PLGA 

calculated from Eqn. 5.1 using water and glycerol contact angles are shown in Fig. 5.2. 

Among all the PLGA substrates, PLGA300 revealed the highest surface free energy (17.9 

mN/m), PLGA23 had the second highest (16.5 mN/m), and PLGA0 demonstrated the 

lowest surface free energy (13.6 mN/m). Generally, nanopatterned PLGA surfaces 

exhibited higher surface free energy than nano-smooth surface. Considering all the nano-

smooth and nanopatterned PLGA had the same surface chemistry, this increase could be 

attributed to the surface nanotopographies. 
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Table 5.3. Contact angles measured by water and glycerol on nanopatterned substrates 

  Substrate  
Contact angles measured by different liquids (°) 

θ (H2O)     θ (Glycerol)  

PLGA0  98.1 ± 0.4 94.9 ± 1.8 

94.5 ± 2.3 

92.4 ± 2.6 

97.7 ± 2.7 

PLGA23  93.8 ± 1.8 

PLGA300  91.6 ± 1.6 

PLGA400  96.6 ± 0.5 

 

 

 

Fig. 5.2. Calculated surface free energy (using contact angle results of water and 

glycerol) of PLGA0, PLGA23, PLGA300 and PLGA400. 
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The contact angle results on alginate and chitosan deposited PLGA substrates are 

shown in Table 5.4. Clearly, the deposition of alginate and chitosan on PLGA surfaces 

decreased the water contact angles compared to the pure PLGA surfaces, indicating 

increased water wettability. This result is obvious since both alginate and chitosan are 

more hydrophibic than PLGA, resulting in increased water wettability than pure PLGA 

surfaces. Moreover, the increase in hydrophibility on nanopatterned surfaces 

(PLGA23/Alg and PLGA23/Alg/Chi) was more significant than that on nano-smooth 

surfaces (PLGA0/Alg and PLGA0/Alg/Chi). Here, the deposition of alginate and chitosan 

changed both surface chemistry and surface roughness, which both could contribute to 

the alteration of surface wettability.  

 

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

Substrate  
Contact angles measured by different liquids (°) 

θ (H2O) θ (Formamide)  

PLGA0  98.1 ± 0.4 72.8 ± 1.8   

PLGA0/Alg  90.8 ± 0.9 56.5 ± 2.9  

PLGA0/Alg/Chi  87.4 ± 0.6 59.3 ± 1.8  

PLGA23  93.8 ± 1.8 61.9 ± 2.9  

PLGA23/Alg  76.3 ± 2.2 61.3 ± 3.0  

PLGA23/Alg/Chi  68.5 ± 1.4 45.9 ± 3.6  
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5.3.3. Fibronectin and vitronnectin adsorption  

Cell adhesive protein adsorption on nanopatterned PLGA surfaces demonstrated 

different adsorption features for fibronectin and vitronectin (Fig. 5.3). Results of 

fibronectin adsorption indicated little difference between nano-smooth and nanopatterned 

PLGA surfaces. Specifically, PLGA23 showed significantly 20% more fibronectin 

adsorption compared to PLGA0. However, no significant difference was demonstrated 

between PLGA0, PLGA300 and PLGA400. Vitronectin adsorption revealed a significant 

difference between nano-smooth and nanopatterned PLGA surfaces. PLGA23, PGA300 

and PLGA400 all showed significantly higher vitronectin adsorption than that on 

PLGA0, 13%, 30% and 26%, respectively. Among the nanopatterned PLGA surfaces, 

vitronectin adsorption on PLGA300 was slightly higher than that on PLGA23 and 

PLGA300, although the difference was not statistically significant.  
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Fig. 5.3. Fibronectin and vitronectin adsorption per substrate size (expressed by light 

absorbance) on PLGA0, PLGA23, PLGA300 and PLGA400 measured by the enzyme-

linked immunosorbent assay (ELISA). Data are expressed as mean ± SEM (N=3). 

**p<0.05 and ***p<0.1 compared to PLGA0; ## p<0.05 compared to PLGA23. 

 

Fibronectin and vitronectin adsorption on the LBL deposited PLGA surfaces are 

presented in Fig. 5.4. Results revealed decreased vitronectin adsorption but increased 

fibronectin adsorption on alginate and chitosan deposited surfaces (i.e., PLGA0/Alg. 

PLGA0/Alg/Chi, PLGA23/Alg and PLGA23/Alg/Chi) compared to untreated pure PLGA 

surfaces (i.e., PLGA0 and PLGA23). Specifically, PLGA0/Alg, PLGA0/Alg/Chi, 

PLGA23/Alg and PLGA23/Alg/Chi all exhibited significantly lower vitronectin 

adsorption than that on PLGA0 and PLGA23. As a result, although PLGA23 had higher 

vitronectin adsorption than PLGA0, PLGA23/Alg demonstrated significantly 36% lower 

vitronectin adsorption compared to PLGA0. However, fibronectin adsorption results 
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exhibited the opposite trend as alginated and chitosan deposited surfaces had increased 

fibronectin adsorption compared to pure PLGA surfaces. PLGA0/Alg and 

PLGA0/Alg/Chi both showed significantly higher fibronectin adsorption than that on 

PLGA0, 31% and 63% more, respectively. However, the increase in fibronectin 

adsorption on the nanopatterned surfaces was not as significant as the increase on nano-

smooth substrates. PLGA23/Alg/Chi showed significantly 12% more vitronectin 

adsorption compared to PLGA23. No significant difference was observed between 

PLGA23 and PLGA23/Alg. The results indicated that surface chemistry played an 

important role on protein adsorption, which may have partially masked the influence of 

nanotopography on the nanopatterned surfaces.  
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Fig. 5.4. Fibronectin and vitronectin adsorption per substrate size (expressed by light 

absorbance) on PLGA0, PLGA0/Alg, PLGA0/Alg/Chi, PLGA23, PLGA23/Alg and 

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

are expressed as mean ± SEM (N=3). *p<0.01 and **p<0.05 compared to PLGA0; ## 

p<0.05 compared to PLGA0/Alg; & p<0.01 and &&& p<0.1 compared to PLGA23. 

 

5.4. Discussion 

5.4.1. Surface nanopattern mediated cell functions  

5.4.1.1 The impact of protein adsorption on cell adhesion 

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

densities on PLGA23, PLGA300 and PLGA400 compared to nano-smooth PLGA 

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

revealed a possible mechanism for the increased cell adhesion on nanopatternd PLGA 
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surfaces. It is known that proteins immediately adsorb on the biomaterial surfaces once a 

biomaterial is in contact with a protein containing solution and cells subsequently 

recognize this initial layer of proteins to initiate integrin-mediated adhesion [173]. 

Fibronectin and vitronectin have been recognized as two major adhesion proteins to 

mediate cell-biomaterial adhesion. A study by Lafrenie et al. [118] found that A549 cells 

were deficient in vitronectin receptor αvβ3 but did express fibronectin receptor. However, 

another study showed that A549 cells did express integrin αvβ3 [174]. In this way, it is 

reasonable to expect that A549 cell adhesion had a significant dependence on fibronectin 

but maybe limited dependence on vitronectin. PLGA23, PLGA300 and PLGA400 had 

significantly higher vitronectin adsorption than that on nano-smooth PLGA, whereas only 

PLGA23 showed significantly higher fibronectin adsorption compared to PLGA0. This 

result suggested that both fibronectina and vitronectin preferentially and competitively 

adsorbed onto various PLGA surfaces. The reason for the observed increase in select 

protein adsorption resulted from the alterations in surface topography from a 

conventional to a nanopatterned surface. Greater surface wettability was shown on 

nanopatterned PLGA surfaces and this increase could be linked to the greater protein 

adsorption. A study by Kooten et al. [175] found that assembled fibronectin matrix was 

higher on the polystyrene substrates with higher wettability exposed to plasma treatment 

to increase oxygen surface incorporation, and subsequent endothelial cell proliferation 

increased with increasing oxygen incorporation. In addition, as the nanometer surface 

roughness increase, there is a greater charge density at the surface which can adsorb 

greater quantities of proteins [173]. The present study in this dissertation further 

confirmed the effects nanotopography alone can have on protein adsorption. As a result, 
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this increase in vitronectin and fibronetin adsorption on nanopatterned PLGA led to the 

greater lung cancer cell adhesion compared to nano-smooth PLGA.  

However, the adhesion of breast adenocarcinoma cells showed a different 

dependence on protein adsorption and significantly higher MCF-7 cells were observed on 

PLGA23 compared to PLGA0. MCF-7 cells were shown to have a great affinity and 

bound well to both fibronectin and vitronectin [176, 177], and, thus, MCF-7 cell adhesion 

could be related to the adsorption of both fibronectin and vitronectin. In Chapter 3, breast 

cancer cells showed a significantly higher adhesion density on PLGA23 than that on 

PLGA0, PLGA300 and PLGA400. This increase can arise from the greater protein 

adsorption of both fibronectin and vitronectin on PLGA23 compared to PLGA0. 

However, although PLGA300 and PLGA400 had greater vitronectin adsorption than 

PLGA0, the breast cancer cell adhesion density was not promoted on PLGA300 and 

PLGA400. The possible reason could be that the conformation and biological activities of  

vitronectin coated on nanopatterned PLGA was not favorable to breast cancer cell 

adhesion. Importantly, a study by Underwood et al. [178] provided evidence that 

antibodies specific to a cell attachment region of fibronectin bound preferentially to the 

conformation of fibronectin on the more hydrophilic tissue culture polystyrene compared 

to untreated hydrophobic polystyrene. In contrast, antibodies specific to the cell-binding 

region in vitronectin displayed slightly increased binding to vitronectin coated on 

hydrophobic polystyrene. Here, the nanopatterned PLGA was more hydrophilic 

compared to nano-smooth PLGA, which may limit the conformation and bioactivity of 

adsorbed vitronectin and, thus, breast cancer cell adhesion was not promoted on 

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

Surface free energy was calculated from contact angles in this study and 

nanopatterned PGA had higher surface free energy than nano-smooth PLGA. In this 

study, the influence of surface topography on cell responses was independently studied 

by introducing nanopatterns but with the same surface chemistry through a deliberately 

designed experiment. Therefore, alterations in surface topography had a slight effect on 

surface wettability and surface free energy and resulted in slight increase in surface free 

energy on nanopatterned PLGA.  

Surface free energy has been known to significantly influence cell attachment, 

spreading and proliferation. Here, both PLGA23 and PLGA300 had higher surface free 

energy compared to PLGA0 and PLGA400, suggesting high cell adhesivity and 

spreading. There was evidence that substrates with higher surface free energy have more 

potential to cause “wetting” of cell aggregates on their surfaces and induce cell spreading 

and cell proliferation [171, 172]. A study by Yang et al. [172] provided evidence that 

there was a strong correlation between cell responses and the surface free energy and 

found that nanocrystalline diamond which was treated with NH3 plasma had the highest 

free energy and exhibited the best osteoblast responses, whereas the worst osteoblast 

responses was found on the lowest surface free energy diamond surface which was 

treated by H2 plasma. Also, the cell proliferation density is related to cell adhesion as 

more cell adhesion means subsequent more cell proliferation. Thus, improved cell 

proliferation can be expected on the surfaces with higher cell adhesion and surface free 

energy. As a result, lung carcinoma cells indicated enhanced proliferation density on both 

PLGA23 and PLGA300 and breast adenocarcinoma cells showed increased proliferation 
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density on PLGA23. Moreover, improved protein adsorption on nanopatterned PLGA 

surface may also related to higher surface free energy, and small change in protein 

adsorption can have a profound influence on cell adhesion and proliferation. 

 

5.4.1.3. The relationship of PLGA surface properties and cell functions 

The surface properties of various PLGA surfaces and corresponding cell 

behaviors are summarized in Table 5.5. Clearly, different cell functions (including 

adhesion, proliferation, apoptosis and VEGF secretion) showed varied cell responses to 

surface nanotopography. Both lung cancer and breast cancer cells exhibited decreased 

cell adhesion and proliferation density on PLGA0 and PLGA400 compared to PLGA23 

and PLGA300. However, four cell lines (lung cancer cell, lung normal cell, breast cancer 

cell and breast normal cell) all had higher cell proliferation density on PLGA23 

compared to PLGA0. As discussed above, cell adhesion and proliferation was related to 

protein adsorption and surface free energy influenced by surface topography. PLGA23 

had nanoscale surface roughness comparable to the dimensions of proteins, which was 

favorable for the protein conformation and bioactivity due to the suitable “dock-in” sites. 

Moreover, the increased surface free energy of PLGA23 can promote the dispersion of 

cell aggregates and cell adhesivity to the material surface, and thus high cell adhesion and 

proliferation was observed on 23 nm topographical surfaces. 

However, although PLGA23 showed higher cell adhesion and proliferation 

density, a higher percentage of cell apoptosis and decreased VEGF secretion was 

discovered on PLGA23 after further investigation of critical cell bioactivity indicators. 

For both lung cancer and breast cancer cells, a greater percentage of cancer cell apoptosis 
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occurred on PLGA23. Moreover, the secretion VEGF, an essential growth factor for 

cancer growth and development, also revealed that cancer cells on PLGA23 secreted the 

least VEGF. Clearly, the lack of VEGF could significantly inhibit the growth of cancer 

cells and thus limit the formation of tumors. It is known that nanotopography can alter the 

gene express profiles of various cell types [163] and influence integrin-mediated 

signaling cascades [1]. The proposed hypothetical model showing how the surface 

nanotopography direct cancer cell fates is presented schematically in Figure 5.5. Cell 

interactions with ECM are mediated by integrins that control cell gene expression, 

apoptosis and growth factor synthesis in a synergistic manner. The predicted size of 

surface occupancy by the head of an integrin heterodimer is about 10 nm in diameter 

[124, 179]. This suggested that a 23 nm tightly arrayed semispherical pattern would 

restrict the clustering of integrins and the following formation of focal adhesion and actin 

stress fibers through disordering the assembly of intergins by continuous protrusions. 

Therefore, 23 nm patterns severely limit intergrin activation and cell-biomaterial 

communication, resulting in dramatically reduced cell spreading, proliferation and 

migration and eventually cell apoptosis. However, larger surface patterns (especially 

PLGA400) had relatively much larger size compared to integrins, and, thus, clustering of 

integrins could be allowed to form on the pattern surface or spacing of patterns. The 

activated integrins could effectively promote the formation of focal adhesions and actin 

stress fibers, resulting in cell spreading and proliferation. However, experiments will be 

needed to identify this proposed hypothetical model. 
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Fig. 5.5. Schematic presentation of nanopatterns which direct cancer cell apoptosis: (a) 

23 nm patterns severely limit intergrin clustering and activation, resulting in dramatically 

reduced cell spreading, proliferation and eventually cell apoptosis; (b) 400 nm surface 

patterns support clustering and activation of integrins, resulting in assembly of actin 

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

and nanopatterned PLGA samples 

Substrate PLGA0 PLGA23 PLGA300 PLGA400 

 
Surface 

properties 

Surface roughness Rrms (nm) 0.54 3.73 10.78 24.11 

Surface free energy (mN/m) 13.60 16.49 17.91 15.02 

Protein 
adsorption 

Fibronectin 
(absorbance/cm2) 

0.22 0.26 0.23 0.25 

Vitronectin 
(absorbance/cm2) 

0.35 0.40 0.46 0.44 

 
 
 
 

Cell 
responses 

Cell 
adhesion 

Lung cancer cell 
Low adhesion 

density  
- - - 

Breast cancer cell 
Low adhesion 

density 
- 

Low adhesion 
density 

Low adhesion 
density 

 
Cell 

proliferation 

Lung cancer cell 
Low 

proliferation 
density 

- - 
Low 

proliferation 
density 

Lung healthy cell - 
High live cell 

number 
High live cell 

number 
- 

Breast cancer cell - - 
Low 

proliferation 
density 

Low 
proliferation 

density 

Breast normal cell - 
High live cell 

number 
- - 

 
Apoptosis 

Lung cancer cell - 
High apoptosis 

percentage 
- - 

Breast cancer cell - 
High apoptosis 

percentage 
- - 

VEGF 
secretion 

Lung cancer cell - 
Low VEGF 
secretion 

- - 

Breast cancer cell - 
Low VEGF 
secretion 

- - 

* “-” represents cell responses not optimal for corresponding combination of cells and 

substrates 



 

 

177

5.4.2. Nanopattern and LBL monolayer mediated cell functions  

5.4.2.1. The impact of surface properties on protein adsorption 

This study showed that the adsorption of the cell adhesive proteins fibronectin and 

vitronectin was significantly influenced by the alteration in surface chemistry. Altered 

surface properties (surface chemistry, surface wettability, surface charge) and 

competitive adsorption of fibronectin and vitronectin on substrate surfaces could be 

responsible for the altered protein adsorption. In the present study, the deposition of 

alginate and chitosan increased the hydrophilicity of substrate surfaces. This is expected 

as both alginate and chitosan are hydrophilic and, thus, LBL deposition on PLGA 

surfaces increased hydrophilicity. Fibronectin showed a strong affinity to more 

hydrophilic surfaces as more fibronectin adsorbed on the alginate and chitosan deposited 

surfaces. Some studies also discovered that hydrophilic substrates absorbed more 

fibronectin molecules than hydrophobic substrates. For example, Sousa et al. [180] found 

that fibronectin displayed higher affinity for the pure titanium with a titanium oxide layer, 

the more hydrophilic one, and lower for the TiO2 sputtered on Si substrate, the more 

hydrophobic one. Another study also showed that the amounts of serum proteins, 

including fibronectin, adsorbed from serumcontaining medium were larger to more 

hydrophilic plasma-treated polytetrafluoroethylene surfaces than those adsorbed to more 

hydrophobic unmodified polytetrafluoroethylene [181]. However, no consistent 

conclusion has been established since other studies also revealed increased fibronectin 

binding on more hydrophobic surfaces [182, 183]. For instance, increased fibronectin 

binding and more rapid adsorption kinetics were observed on hydrophobic silanized-

silica in contrast to hydrophilic silica [183]. Moreover, the increased fibronectin 
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adsorption could be attributed to other surface properties in addition to surface wettability. 

The fibronectin adsorption result clearly indicated that positively charged chitosan-

terminated films adsorbed higher amount of fibronectin adsorption in comparison to 

negatively charged alginated-terminated surfaces. This observation can be well explained 

by the strong electrostatic attraction between negatively charged proteins (i.e., fibronectin 

and vitronectin) and positively charged chitosan at or near the substrate surfaces. Similar 

observation has also been reported by Wittmer et al. [184] on LBL (poly (L-lysine) and 

dextran sulfate) assembly multilayer films. 

However, vitronectin adsorption exhibited the opposite trend in comparison to 

fibronectin adsorption and less vitronectin adsorbed on alginate- and chitosan-terminated 

substrates. Here, vitronectin exhibited a preference for more hydrophobic surfaces. 

Similarly, Toromanov et al. [185] reported that vitronectin adsorbed in increasing amount 

as the hydrophobicity of the substrate increases (the fraction of -OH groups decreases). In 

addition, electrostatic interactions could play an important role in vitronectin adsorption. 

Because vitronectin bears a net negative charge, the anionic alginate-terminated surfaces 

tended to adsorbed less protein than the cationic chitosan-terminated surfaces. However, 

more vitronectin adsorption was still observed on PLGA0/Alg in comparison to 

PLGA0/Alg/Chi. Complex competitive adsorption of fibronectin with vitronectin may be 

responsible for the observed results. Fibronectin has been shown to adsorb more than 

vitronectin onto same substrates under competitive condition [186]. Here, it is also 

observed that more fibronectin adsorbed on the alginate- and chitosan-terminated 

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

vitronectin).  

 

5.4.2.2. The impact of surface properties on cell proliferation 

Lung carcinoma cells exhibited higher cell proliferation on alginate- and chitosan-

terminated substrates compared to pure unmodified PLGA. This result can be well 

explained by the increased fibronectin adsorption on these surfaces. Since lung cancer 

cells express fibronectin receptor but are deficient in vitronectin receptor αvβ3 [118], the 

increased fibronectin adsorption could induce more lung cancer cell adhesion and 

subsequent cell proliferation. Moreover, fibronectin could be reorganized in an 

extracellular matrix-like structure on more hydrophilic surfaces by cells [105], and 

extensive rearranging of fibronectin molecules can happen on hydrophilic surfaces, 

whereas, on hydrophobic substrates, the rearrangement is restricted due to a higher 

binding force between the protein and surface [187]. Thus, high lung cancer cell 

proliferation was observed on more hydrophilic surfaces with more fibronectin 

adsorption in this study.  

However, breast cancer cells showed the lowest cell proliferation only on 

alginate-terminated surfaces (PLGA0/Alg and PLGA23/Alg). This observation can be 

well explained by the total least protein adsorption of fibronectin and vitronectin on 

PLGA0/Alg and PLGA23/Alg. Since MCF-7 express both fibronectin and vitronectin 

receptors [188], cell proliferation can be affected by the adsorption of both fibronectin 

and vitronectin. In Fig. 5.4, on the average, alginate-terminated surface had the least total 
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protein adsorption including fibronectin and vitronecin 

(PLGA0/Alg<PLGA0/Alg/Chi<PLGA0, PLGA23/Alg<PLGA23/Alg/Chi<PLGA23), 

and decreased protein adsoprtion on alginate-terminated substrates had potential to 

decrease breast cancer cell adhesion and further less live cells were observed on these 

surfaces.  

 

5.4.2.3. The correlation between surface properties and cell functions 

The surface properties and cell functions of various substrates are summarized in 

Table 5.6. Clearly, through the deposition of alginate and chitosan on PLGA surfaces, 

surface properties and corresponding cell functions were significantly changed. Both 

positive and negative impacts were observed on cancer and healthy cells. Lung cancer 

cell proliferation increased on alginate- and chitosan-terminated surfaces, while breast 

cancer cell proliferation was significantly decreased on alginate-terminated surfaces. The 

possible reason was related to surface protein (fibronectin and vitronectin) adsorption as 

discussed above. However, lung healthy cell proliferation exhibited little correlation with 

surface chemistry but a significant correlation with surface nanopatterns. Lung healthy 

cell proliferation was significantly increased on nanopatterned substrates (PLGA23, 

PLGA23/Alg and PLGA23/Alg/Chi) no matter what surface chemistry compared to 

substrates without nanopatterns (PLGA0, PLGA0/Alg and PLGA0/Alg/Chi). However, 

for breast healthy cells, alginate- and chitosan-terminated substrates revealed 

significantly lower cell proliferation compared to corresponding pure PLGA substrates. 

Moreover, chitosan exhibited more profound inhibition on breast healthy cell 
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proliferation in comparison to alginate. The mechanism(s) of these phenomena need to be 

clarified in the future study.  

More importantly, further investigation on VEGF secretion showed that alginate 

had a negative effect on both lung cancer and breast cancer cells. On alginate-terminated 

surfaces (PLGA0/Alg and PLGA23/Alg), lung cancer and breast cancer cells had 

significantly lower VEGF concentrations compared to any other substrates. Here, 

alginate-terminated surfaces showed anti-cancer properties which could be attributed to 

the chemistry of alginate since alginate has exhibited anti-tumor properties to other 

cancer cells as described in Introduction section of this chapter. Moreover, cancer cells 

on PLGA23/Alg revealed slightly lower VEGF concentration than PLGA0/Alg. This 

result indicated that surface nanopattern and surface chemistry simultaneously inhibited 

cancer cell VEGF secretion, but surface chemistry still played a leading role. Inhibition 

of VEGF has been recognized as a novel approach for cancer therapy. However, in some 

cases where chemistry change needs to be avoided, surface nanotopography could be an 

ideal candidate to inhibit cancer cell functions since only physical changes introduced 

and no any pharmacy or chemistry used.  
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Table 5.6. Surface properties and corresponding optimal cell functions of nanopatterned 

and LBL deposited substrates 

Substrate PLGA0 PLGA0/Alg 
PLGA0/ 
Alg/Chi 

PLGA23 PLGA23/Alg 
PLGA23/ 
Alg/Chi 

Surface 
Properties 

Surface 
chemistry 

PLGA alginate chitosan PLGA alginate chitosan 

Water contact angle ( ͦ ) 98.1 90.8 87.4 93.8 76.3 68.5 

Protein 
adsorption 

Fibronectin 
(absorbance/cm2) 

0.30 0.40 0.49 0.48 0.50 0.54 

vitronectin 
(absorbance/cm2) 

0.41 0.26 0.21 0.45 0.26 0.29 

Cell 
responses 

 
Cell 

proliferation 

Lung cancer cell 
Low live 

cell 
number 

-* - 
Low live 

cell 
number 

- - 

Lung healthy cell - - - 
High live 

cell 
number 

High live cell 
number 

High live 
cell 

number 

Breast cancer cell - 
Low live cell 

number 
- - 

Low live cell 
number 

- 

Breast healthy 
cell 

High 
live cell 
number 

- - 
High live 

cell 
number 

- - 

VEGF 
secretion 

Lung cancer cell - 
Low VEGF 

concentration 
- - 

Low VEGF 
concentration 

- 

Breast cancer cell - 
Low VEGF 

concentration 
- - 

Low VEGF 
concentration 

- 

* “-” represents cell responses not optimal for corresponding combination of cells and 

substrates 
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5.5. Conclusions 

 This chapter summarizes the surface properties and cell functions on all the 

substrates with nanopattern or LBL coating. Surface topography and roughness, surface 

free energy and protein adsorption was believed to play profound roles on regulating cell 

functions. It was concluded that cell adhesive protein adsorption can affect cancer cell 

adhesion and subsequent cell proliferation. Moreover, it was believed that surface free 

energy was related to cell spreading and cell proliferation. However, competitive roles 

were present to cells when positive or negative impacts were induced by different factors. 

In addition, on alginate- and chitosan-terminated substrates, surface roughness, surface 

chemistry and surface charge all had significant influence on cell functions and 

especially, alginate-terminated nanopatterned substrates exhibited optimal cancer cell 

behaviors. Clearly, these results provided important guidance and cues for designing 

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

 

This dissertation systematically investigated cancer and healthy cell responses on 

nanopatterned PLGA substrates, and further chemistry modification on nanopatterned 

PLGA and cell responses to these modified substrates. As a result, it generated a large 

amount of useful information to guide the design and fabrication of ideal anti-cancer 

implants. Here, an ideal anti-cancer biomaterial surface is proposed based on the 

conclusions of this dissertation and future directions are pointed out for the further 

development of this field. 

 

6.1. Ideal anti-cancer implants for lung cancer 

This dissertation demonstrated that 23 nm surface featured PLGA can induce lung 

cancer cell apoptosis and decrease their VEGF secretion probably due to the inhibition of 

integrin clustering by 23 nm protrusions. However, PLGA23 increased lung cancer cell 

adhesion and proliferation since more fibronectin was absorbed on nanopatterned 

surfaces. Further chemistry modification by LBL deposition of alginate and chitosan was 

expected to decrease fibronectin adsorption, unfortunately, fibronectin adsorption was not 

decreased on these chemistry modified surfaces. However, the VEGF secretion of lung 

cancer cells on alginate deposited surfaces was further decreased compared to PLGA23. 

Therefore, based on these conclusions, the ideal anti-cancer implants for lung cancer have 
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the following properties: nanopatterns (less than 100 nm), low fibronectin adsorption and 

low surface free energy. For the future, decreasing fibronectin adsorption on 

nanopatterned PLGA should be the focus for fabricating ideal implants for lung cancers. 

However, a challenging problem arises when designing surfaces to achieve multiple 

purposes since when changing one surface property other surface properties change 

simultaneously. The combination and balance of these surface properties are important 

for designing anti-cancer surfaces for lung cancer. The studies and conclusions in this 

dissertation provided a large amount of guidance and cues for achieving this goal. 

 

6.2. Ideal anti-cancer implants for breast cancer 

As demonstrated in this dissertation, breast cancer cell responses to PLGA 

substrates are strongly correlated to the various surface properties of PLGA. Breast 

cancer cell apoptosis was induced on 23 nm surface featured PLGA and VEGF secretion 

also decreased on PLGA23. The anti-cancer properties of nanopatternded PLGA were 

determined by the pattern size as patterns less than 100 nm (e.g., 23 nm surface featured 

PLGA) had desirable effects on apoptosis and VEGF, whereas nanopatterns with larger 

pattern sizes (e.g., 400 nm surface featured PLGA) showed no anti-cancer properties. 

However, breast cancer cell adhesion and proliferation again increased on PLGA23 due 

to the increased vitronectin adsorption and higher surface free energy on PLGA23. 

Fortunately, after further modification of PLGA surface with alginate, the vitronectin 

adsorption on alginate-terminated PLGA23 was largely decreased and, thus, breast cancer 

cell proliferation on PLGA23/Alg was inhibited significantly.  
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Clearly, it is important to design implants for specific purposes when the cell 

responses of different cell lines are different to the same surface properties. For example, 

if the main purpose of the implants is to kill or inhibit cancer cells, surfaces with 

nanopatterns, low protein adsorption and low surface free energy should be exploited. 

However, if healthy cells are expected to grow on the implant surfaces, the surface 

properties should be designed to have high protein adsorption and surface free energy. 

This dissertation provided important information for the design of desirable implant 

interfaces. 

 

6.2. Future directions 

For future directions, responses of multiple types of cells under competitive 

conditions to nanopatterned PLGA need to be studied. Many different cell types are in 

contact with the implants in vivo, so it is reasonable to investigate more lung tissue or 

breast tissue related cell responses on the nanopatterned PLGA under competitive 

conditions. For example, co-culturing of cancer cells and breast cells could be an 

important step for the full evaluation of a new anti-cancer implant material.  

Secondly, investigating anti-cancer ability of LBL deposited nanopatterned PLGA 

with multiple layers is also important due to the consideration of stability and anti-cancer 

efficiency of LBL modification on nanopatterned PLGA. Moreover, the exploring of LBL 

deposition on 300 nm or 400 nm patterned PLGA surfaces and the collective influence of 

surface chemistry and surface patterns on cancer/healthy cell functions could be another 

important future direction. 
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Thirdly, a better understanding of mechanism(s) behind the cells responses to the 

nanopatterned and also chemistry modified PLGA substrates is needed. Importantly, it is 

better to investigate the effects of surface properties on cell functions independently and 

then, the way how to effectively combine the optimal surface properties needs to be 

determined to achieve specific purposes.   

Lastly, animal studies to determine the in vivo biological responses of 

nanopatterned and chemistry modified PLGA substrates need to be conducted to evaluate 

the biocompatibility and anti-cancer properties of these substrates. For example, human 

lung cancer or breast cancer cells can be injected subcutaneously into mice. When the 

tumor volumes reach a specific size, animals can be implanted with the nanopatterned 

PLGA substrates. After pre-determined time, incisional biopsies, scanning electron 

microscopy, fluorescence microscopy, etc., can be used to observe tumor size and 

morphology to evaluate the anti-cancer properties of the implanted substrates. 

In summary, for the first time, lung cancer and breast cancer cell responses on 

nanopatterned PLGA (including chemistry modified PLGA) have been systematically 

investigated and the correlation between surface properties and cell functions has been 

well established in this dissertation. Overall, alginate-terminated PLGA substrates with 23 

nm surface patterns are the best material created in this study for anti-cancer (specifically, 

lung cancer and breast cancer) implants. This dissertation provided a large amount of 

information to the field of anti-cancer implant application and further research of 

nanopatterned anti-cancer implants and their application in clinical practice could be based 

on this dissertation. 
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