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ABSTRACT 

Osteoarthritis (OA) is the most common articular disease and the most prevalent 

condition resulting in disability among the United States adult population. According to 

the U.S. Department of Health and Human Services, from 2010-2012, 52.5 million (22.7%) 

of adults aged ≥18 years had self-reported doctor-diagnosed arthritis, and 22.7 million 

(9.8%) reported arthritis-attributable activity limitation, which indicates not only an 

ethical, but also economic importance of this disease. OA is characterized by progressive 

loss of articular cartilage and leads to chronic pain and functional restrictions in the affected 

joint. Although current treatments are successful in some aspects to provide short-term pain 

relief and recovered joint mobility, their long term benefits remain elusive and there is still 

no cure for the disease. The limited capacity for treatment is mainly due to the cartilage`s 

inability to repair itself. Regenerative medicine using tissue-engineered cartilage has the 

potential to address this issue, but a remaining challenge is the development of a feasible 

large scale cell expansion process, since during the expansion in monolayer cultures, 

chondrocytes undergo the process of dedifferentiation. Several surface-engineering 

approaches with bioactive factors and surface chemistry have been previously studied to 

look at increasing the interfacial interaction between the materials and cells. This project 

aimed to study the effects of various concentrations of surface functional groups on 

chondrocyte behavior. The cell proliferation and phenotype maintenance within 

continuously variable one-dimensional concentration gradients were examined. This 
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method included fabrication of functionalized gradients by a vapor deposition technique 

that provided a fast, efficient, and reliable strategy by incorporating a series of 

concentrations in single substrates. Finally, human primary chondrocytes density and 

cellular survival were studied as response of amine and hydroxyl terminal groups` 

concentrations. 

 

Keywords: Cartilage, tissue engineering, cell expansion, surface functionalization, gradient 

concentrations.
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INTRODUCTION 

Osteoarthritis (OA) is the most common degenerative disease of the joints. It is a 

chronic condition that nowadays affects one in five adults in United States, and by 2030 it 

is estimated that 67 million Americans aged 18 years or older will present some kind of 

arthritis.1 OA can affect any joint of the body and happens when the protective cartilage 

that covers the end of the bones wears down, causing pain, swelling, discomfort, and 

difficulty of movement. In the worst case, bones can break down, developing an 

inflammatory process followed by more pain and disability.2 Although this becomes more 

common with age, it results from a combination of risk factors, including obesity, overuse 

of joints through sports or other common daily activity, previous trauma and genetic 

disposition.3 OA symptoms often hinder work and social life, with high economical costs, 

and it can affect the patient`s overall health, since the pain leads to reduced mobility and 

weight gain, development of diabetes, heart disease, and increased risk of falls and 

fractures.4 Due to inability of cartilage to repair itself, treating these patients is a challenge. 

While there is still no cure for this disease, current treatments are available to manage the 

symptoms, such as analgesics, nonsteroidal and corticosteroids anti-inflammatory drugs, 

injections of hyaluronic acid (a natural joint lubricant fluid and shock absorbent), and 

surgery.5 

CHAPTER I
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In the case of knee joints, for example, it has been estimated that 12% of Americans 

aged 25 years or older have clinical signs and symptoms of OA.6 It starts as a lack or loss 

of the articular cartilage at the end of the femur and tibia, and progresses into involvement 

with surrounding tissues and synovial fluid. In more severe cases, surgical treatments may 

be the only solution. Less invasive procedures include chondroplasty, microfractures of the 

underlying bone, osteochondral autograft transplant, amongst others. These methods 

usually provide only temporary relief for the pain.7 The most commonly performed 

procedure in advanced OA is the partial or total replacement of the weight-bearing surfaces 

of the joint by prosthesis of polymeric and metallic parts. Although this technique has 

evolved and improves pain relief for many patients, it does not resolve the prior functional 

limitations, and it can bring significant complications for being a highly invasive 

procedure. As an example, the currently used materials have a tendency to fail after long 

term usage if vital requirements are not met, such as modulus close to the bone, and high 

wear and corrosion resistance.8         

To overcome these complications, nonsurgical and less invasive alternatives are 

appealing, especially the injection of isolated mesenchymal stem cells and bone marrow 

concentrates.6 The matrix-induced autologous chondrocytes implantation has 

demonstrated encouraging clinical outcomes, with evidence of tissue regeneration.  

Carticel®, for example, is a FDA approved treatment that uses the patient`s own cells to 

repair knee cartilage injuries, forming a new hyaline-like cartilage, with properties similar 

to normal cartilage.9 However, these treatments are not promising for patients with 

moderate to severe OA, and clinical outcomes have observed the incidence of graft 

hypertrophy (a protuberance of tissue that grows above the adjacent native cartilage) and 
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bone marrow edema in many patients in postoperative phase, which unfortunately would 

require revision surgeries.7 

Overall, several therapies for osteoarthritis manage this chronic disease, but the need 

of development for an effective and safe treatment encourages the medical society to 

promote additional studies. Regenerative medicine using matrix-induced autologous 

chondrocyte implantation and/or tissue-engineered cartilage have the potential to resolve 

this issue by developing a cell-based biomaterial set up to restore or replace the damaged 

joint.10  

This project is focused on the cell expansion step for cartilage tissue engineering. We 

aimed to study the effect of various concentrations of hydroxyl and amine surface 

functional groups on chondrocyte behavior. The approach included fabrication of one 

dimensional functional concentration gradient substrate (FCGS) by a vapor deposition 

method11 and study of human primary chondrocyte proliferation and phenotype 

maintenance potential within functional groups of varying surface concentrations. 

In Chapter II of this thesis, the unmet medical need for effective solutions to repair 

osteoarthritis and the current treatments are briefly introduced, as well as the objective and 

hypothesis of this project.  

In Chapter III, the methodology for the synthesis and characterization of the FCGS 

substrates are described, along with the procedure for cell culture and immunofluorescence 

studies in order to verify chondrocyte proliferation and phenotype.  

In Chapter IV, the results of this study are presented and discussed.  

Chapter V summarizes the conclusions. 

Chapter VI summarizes this work.



4 

BACKGROUND 

2.1 Osteoarthritis 

Osteoarthritis (OA) is the most common articular cartilage disease and the most 

prevalent condition leading to disability among the adult population in the United States of 

America.12-14 Data from 2010-2012, compiled by the U.S. Department of Health and 

Human Service, indicates that 52.5 million (22.7%) adults aged ≥18 years had self-reported 

doctor-diagnosed arthritis, and 22.7 million (9.8%) reported arthritis-attributable activity 

limitation.1, 14 The economic costs of OA are high, including the procedure costs and 

treatment, adaption for a new life style and loss of work productivity. Symptomatic knee 

osteoarthritis, for example, leads to $27 billion in medical-care costs annually in the USA, 

which indicates not only an ethical, but also economic importance of this disease.15-16  

OA is characterized by the progressive loss of articular cartilage and leads to chronic 

pain and functional restrictions in the affected joint.17 Different factors can be involved in 

the development of the disease, specially ageing, traumatic events, genetic disposition and 

obesity.17 Unfortunately, articular cartilage has an avascular and aneural nature, which 

results in poor healing and a limited capacity for self-repair.3 Only small defects with 

minimal loss of extracellular matrix can be regenerated. Further, osteoarthritis  changes are 

usually diagnosed in the advanced stage, when the disease has progressed and a 
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pronounced alteration of the joint causes pain, and the changes can be detected 

radiographically. At this point, treatment becomes particularly difficult.3, 18      

Articular cartilage is a complex connective tissue that covers the surface of bones in 

synovial joints and promotes load-bearing resistance and enables low-friction articulation. 

Its viscoelastic and compressive properties are provided by the extracellular matrix (ECM), 

composed mainly of water, collagen type II and the large proteoglycan aggrecan.19 Due to 

the lack of blood vessels and nerves, nutrients and cellular repair components must rely on 

diffusion from the synovial fluid. As a result, features and degeneration of the tissue leads 

to an imbalance between anabolic and catabolic products, and enhances still more the 

degradation process.10, 20  

The mechanism and physiological process of articular cartilage degradation is not fully 

understood, but it is assumed that at the initial stage, the matrix-network changes at the 

molecular level. The water content increases and an overexpression of matrix-degrading 

enzymes causes the matrix to lose collagen type II and proteoglycan, leading to reduced 

stiffness of the cartilage.21 The chondrocytes respond by enhancing proliferation and 

metabolic activity. In the last stage, the cells are not able to keep the high repair activity. 

Due to the loss of cartilage tissue, the subchondral bone reacts with fibrillation and 

formation of cysts, or osteophytes, of which the significance is still not known, but 

distinguishes OA from other arthritis.22 It is also established that the degeneration process 

is spatially diverse in the different cartilage zones, with chondrocyte cells expressing 

different activity levels.3 

The progress of OA can be tracked by morphological changes in the tissue. Healthy 

hyaline cartilage has a smooth surface and is usually white, elastic and firm. It has four 
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layers. The superficial layer has flat cells arranged parallel to the joint. The intermediate 

layer has round cells that form columns perpendicular to the surface, embedded in ECM, 

which stains with safranin O, a common marker for cartilage proteoglycan. The radial zone 

is a border between non-calcified and calcified cartilage, and the last zone, which is a 

tidemark before the subchondral bone, comprehends calcified cartilage. With the advance 

of OA, the cartilage shows discoloration and becomes dull and irregular. The surface is 

rough and sometimes new blood vessels can be found. It loses thickness, and in progressive 

stages full-thickness areas can be observed, exposing the subchondral bone. The tissue 

becomes disordered, cells become fibroblast-like and the ECM loses proteoglycan, no more 

standing for safranin O (Figure 2.1).3 
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Figure 2.1: Human knee articular cartilage zones, Safranin O/fast green staining. (a) 

Normal cartilage: (1) Smooth surface; (2) cells in the tangential zone are small and flat; (4) 

The complete cartilage matrix stains with safranin O; (5) the tidemark is intact. (b) Mild 

OA: (1) Surface irregularities; (3) the staining with safranin O is reduced. (c)  Severe OA: 

(1) Deep clefts in the surface; (2) cells have disappeared from the tangencial zone; (3) 

cloning; (5) reduced to no staining of the matrix with safranin O. Reprinted from Lorenz 

et al.3 with permission from Elsevier. Copyright (2006).  
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The limited ability for articular cartilage to repair itself makes it necessary the 

intervention of surgical treatments.23 Current clinical treatments include debridement of 

loose chondral flaps; mosaicplasty and transplants to fill the defect with healthy cartilage 

pieces; microfracture or stimulation of the intrinsic subchondral bone, and autologous 

chondrocyte implantation.10 Although these techniques are successful in some aspects to 

provide short-term pain relief and recovered joint mobility, each of them has limitations 

and their long term benefits remain elusive.7, 24-27 Marrow stimulation, for example, results 

in fibrocartilage, and autografts suffer from lack of integration. Therefore, the resulting 

repaired tissue does not exhibit the same biomechanical properties as the native articular 

cartilage and eventually breaks down, requiring additional treatments and, in the worse 

scenario, a total joint arthroplasty is the remaining solution.24 The lack of a well-established 

clinical solution to this problem has given attention to the development of new approaches 

involving bioengineered constructs to mimic the complex native articular cartilage 

composition and architecture, providing adequate cellular environment to favor the tissue 

long-term regeneration.28          

2.2 Tissue engineering approach 

An alternative approach for the repair of damaged articular cartilage comes from the 

tissue engineering therapy, that focus on developing a biological substitute to restore or 

replace the structure and function properties of the damaged tissue. The avascular nature 

of cartilage, with only one cell type, gives the impression to be an easy construct, but it is 

still allusive the development of a clinically relevant and functionally engineered cartilage 

tissue for load bearing applications.10, 29  
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In the process of articular cartilage tissue engineering, the first phase is the isolation of 

a few cells to be expanded in vitro (Figure 2.2). These cells can be taken from a donor 

(allogeneic), or in the best case from the own patient (autologous), and they can be mature 

cells (chondrocytes), or immature cells (mesenchymal stem cells). The expanded cells are 

seeded onto an appropriate three dimensional scaffolds and implanted in the injured 

tissue.29 Although this technology has been widely evolved since the first approach, from 

Vacanti et al. (1991), it still faces many challenges related to the choice of the best cell 

source, the in vitro culture environment conditions, biomaterial design, and remain difficult 

to incorporate neo-cartilage with adjacent healthy tissue. In addition, one of the main 

problems is the development of a feasible large scale cell expansion process. Adult 

chondrocytes have a limited ability to maintain their phenotype expression and 

dedifferentiate after extensive expansions in vitro. Therefore, it is fundamentally important 

to optimize the cell culture conditions.30 
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Figure 2.2: Schematic representation of articular cartilage tissue engineering. In the process 

of tissue engineering, a few cells are isolated from a donor and expanded in vitro to achieve 

a population large enough to fill the defect. Then, they are seeded onto an appropriate three 

dimensional (3D) scaffold and implanted in the injured tissue to restore or replace the 

functions and properties. This figure was reprinted from Al-Rubeai et al. with permission 

from the American Institute of Chemical Engineers (AIChE). Copyright (2005). 
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During the expansion in monolayer cultures, chondrocytes isolated from their tissue-

specific extra-cellular matrix undergo the process of dedifferentiation. After the suspension 

in medium, cells adhere at the bottom of the culture flask, in a monolayer, and after a few 

days they start to change their appearance to a fibroblast-like morphology.31 It is believed 

that this process is mediated by the formation of actin stress fibers induced when cells 

spread to adhere onto the substrate.30 Chondrocytes also switch the synthesis of cartilage 

matrix components. Articular chondrocytes in their natural environment produce a matrix 

that confers tensile strength and flexibility to the tissue, whereas growth plate chondrocytes 

(or hypertrophic chondrocytes) produce a matrix capable of undergoing mineralization. 

Therefore, cultured chondrocytes start to produce collagens types I and III instead of 

collagen type II, and low molecular weight proteoglycans (versican) instead of large 

aggregations of proteoglycans.32 In addition, chondrocytes derived from articular cartilage 

biopsies have a limited proliferative potential, and usually the conditions that favor the cell 

number increase are not those that favor phenotype maintenance.33 

Facing this important limitation on the expansion potential of adult chondrocytes for 

tissue engineering applications, efforts are needed aiming to optimize in vitro monolayer 

cell culture methods for neo-cartilage fabrication.      

2.3 Surface functionalization 

Properties of biomaterial substrates, such as surface energy, roughness and chemistry 

have been linked to cell behaviors such as adhesion, morphology and proliferation for 

different cell lines.34 Several studies have suggested that alterations in one or more of these 

parameters can affect, for example, the biological stimuli for phenotype-specific gene 



12 

 

expression and functional differentiation of different mesenchymal stem cells (MSC) 

lineages.35-36 In most of the cases, the stimuli relies on biological intervention, such as 

growth factors and cytokines, but Curran et al. (2006) proposed that the stimuli could be 

also driven from specific substrate surface modifications. By that time, self-assembled 

monolayers (SAMs) have already been used to study the effects of different surface 

chemistries on cell behavior, since with SAMs it was possible to create well-defined, 

replicable and well-characterized surfaces with a range of chemical functionalities.35, 37-39 

By chemically modifying surfaces of glass-slides, different functionalities to the substrate 

are promoted, such as methyl (-CH3), hydroxyl (-OH), and amine (-NH2), all of them 

naturally found in biological systems. This technique for surface modification could ensure 

that the surface chemistry was the only variable within the substrates.37 Their results 

demonstrated that surface chemistry has influence on cell behavior, as they presented 

diverse cell viabilities for different functional groups on the same substrate.    

Another powerful in vitro system that has been explored and allowed significant control 

over surface chemical properties is SAMs of ω-functionalized alkanethiols on gold. J. E. 

Phillips et al. (2010) have analyzed the influence of four different biomaterial surface 

chemistries on human MSC differentiation along osteogenic, adipogenic and chondrogenic 

lineages, examining several phenotypic features, such as adhesion, morphology and long-

term growth. During the hMSC differentiation into chondrocytes, different functionalized 

surfaces have shown to be more favorable for cartilage-specific phenotype induction. For 

example, type II collagen was upregulated on amine and methyl surfaces, compared to 

hydroxyl SAMs, while the opposite effect was observed for aggrecan, which was 

upregulated on hydroxyl compared to amine and methyl SAMs.35 The variation on 
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chondrogenic gene expression of cartilage ECM components (collagen and aggrecan) in 

different surface functionalities, confirmed the importance of surface chemistry 

investigation for cell culture. 

2.4 Functional concentration gradient substrates (FCGS)  

As introduced before, surface chemistry has an important role in biological processes, 

including adhesion, protein adsorption, and cell attachment, growth and proliferation. 

FCGS have a high potential when studying surface chemistry because they enable the 

extrapolation of a continuous range of concentrations in one single substrate, allowing a 

rapid, efficient and precise platform for quantitative analysis of the phenomena to be 

studied.40-41 Moreover, cell behavior on different surface chemistries has been extensively 

studied on discrete samples, but FCGS allows study of the cell response to a wide range of 

concentrations on single-substrates and this approach gives opportunities to observe 

transition regions or other phenomena that would be undetected in a discrete format.41   

Different methods to generate SAM FCGS have been widely explored, such as 

microcontact and electric potential stamping, free diffusion, ultra-violet (UV)-induced 

oxidation, plasma and corona discharge, but preferential method is chosen according to the 

desired control of the sloop and functional properties, batch to batch reproducibility, and 

the versatility of the chemical groups on the surface. Liquid and vapor deposition involve 

quite simple devices and are appropriate when a gradual change in the functionality present 

is desired, but as liquid diffusion requires compatibility between the substrate and the 

solvent, many time the vapor deposition becomes more versatile.11   
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The most common chemistries employed for generating surface FCGS involve the 

attachment of organosilanes to silica or thiols to gold substrates. For the production of one 

single-component gradient, for example a hydrophobic component deposition on a 

hydrophilic substrate, the vapor deposition method can be used to control the motion of 

dilute solution liquid drops on surfaces, manipulating the grafting density and producing 

gradients on a micrometer length scale.40 Ma et al. adapted a simple “vacuum away” 

confined channel vapor deposition method that allows the generation of linear gradient 

chemical concentrations profiles on silicon and glass substrates. They reported the 

versatility of the method for a range of functionalities, with good control over the 

concentrations profiles. Thereby, it has god potential to study the concentration-dependent 

effects of different functional species on cell behavior, aiming to enhance cell expansion 

for biomedical engineering applications. 11         

In this method, silicon and glass slide substrates are pretreated with ultraviolet light 

generated ozone to clean the surface from organic contaminants. A Teflon® support, with 

place for chlorosilane reservoir and the glass substrate, is inserted into a rectangular glass 

tubing, which is placed in a sealed metal chamber. Dynamic vacuum is applied from the 

side nearest the reservoir and, after the reaction, methanol is injected through the opposite 

side to quench the diffusion process.  

The expected profile of the FCGS in this system can be described according to Fick’s 

diffusion laws: 

J=-D∂c(x,t)/∂x                (1) 

∂c(x,t)/∂t=-D∂c2(x,t)/∂
2
x              (2) 
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It is considered that for this boundary case, at position x=0 the concentration is 

constant, ∂c(0)/∂t=0, and at position x=±∞ the concentration is almost zero, c(±∞)=0. 

Then, for relatively short distances, x≪2(Dt)
1/2

, and the solution for equation 2 can be 

simplified as 

c(x,t)=c(0)[1-x/(Dtπ)
1/2

]              (3) 

Where concentration has almost a linear relationship with distance.11  

 

2.5 Objectives, motivation, innovation and hypothesis. 

This thesis summarizes our effort to optimize chondrocyte cell expansion for cartilage 

tissue engineering. Although functionalized surfaces have been previously explored to 

study cell behavior, chemical concentrations have not been widely studied. In our 

approach, hydroxyl and amine gradient concentration substrates were probed to investigate 

chondrocyte proliferation and phenotype maintenance behavior in monolayer culture.    
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EXPERIMENTAL 

3.1 Functional concentration gradient substrates (FCGS) fabrication 

For creation of FCGS, a “vacuum away” confined channel vapor deposition method 

was used to fabricate linear gradient chemical concentrations profile, followed by 

sequential “click reactions” carried out for generation of different functionalities.11 

3.1.1  Chlorine-terminated FCGS fabrication 

Microscope glass coverslips (2.5 cm2, Fisher Scientific) were used as substrates for 

gradient fabrication. After washing with methanol, toluene and methanol, and blown dry 

with nitrogen, substrates were pretreated with ultraviolet light generated ozone (UVO; 

Jelight Company Inc. Model No. 42A) for one hour to remove organic contaminants from 

the surface. A Teflon support, with a channel for a chlorosilane reservoir (1.5 x 2.5 x 1.1 

cm) and the glass substrate (7.5 x 2.5 x 1.0 cm), was inserted into a rectangular glass tubing 

(30 x 2.5 x 1.3 cm), which was intern in a sealed metal chamber. Dynamic vacuum (4 mPa) 

was pulled from the side nearest the reservoir and away from the substrate and, after a 

defined reaction time, methanol was injected through the opposite side to quench the 

diffusion process. 

A solution of 10% 4-chlorobutyldimethylchlorosilane (150 μL, neat in the Teflon 

reservoir) was used as the chemical source for the fabrication of chlorine-terminated FCGS 
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(Scheme 3.1). Vapor deposition was performed for 10 seconds, and substrates were washed 

successively with methanol, toluene, and methanol, and blown dry under nitrogen. Samples 

were stored in a vacuum desiccator at room temperature until used. 

 

 

  

Scheme 3.1 Reaction scheme of chlorine-terminated gradient fabrication. 4-

chlorobutyldimethylchlorosilane was deposited on glass surface using a “vacuum away” 

confined channel vapor deposition method. 
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3.1.2 Azide-terminated FCGS fabrication  

After the chlorine FCGS fabrication by vapor deposition, a SN2 substitution of chlorine 

end group with azide end group was carried out (Scheme 3.2). The chlorine FCGS 

substrates were incubated in a solution of NaN3 (0.2 g, 61 mM) in dimethylformamide 

(HPLC grade, 50 mL) solution with a small amount of 18-crown-6 as a phase transfer-

catalyst, at 65 °C. After 48 hours, slides were removed, washed with methanol, toluene and 

methanol, and blown dry under nitrogen. Samples were stored in a vacuum desiccator at 

room temperature until used.42 

 

 

 

  

Scheme 3.2: Reaction scheme of azide-terminated gradient fabrication. Chlorine end group 

was substituted to azide end group in a SN2 reaction. 
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3.1.3 Amine-terminated FCGS fabrication  

For the amine-terminated FCGS fabrication, azide-terminated FCGS was incubated in 

a solution of PPh3 (0.78 g, 3 mM) in H2O (54 μL, 3 mM) and THF (30 mL) at room 

temperature for 12 hours (Scheme 3.3). The substrates were then washed with methanol, 

toluene and methanol and blown dry under N2. Samples were stored in a vacuum desiccator 

at room temperature until used.  

 

Scheme 3.3: Reaction scheme of amine functionalized surface. The azide end group was 

reduced to amine end group via phosphinimine hydrolysis, using triphenylphosphine as the 

reduction agent. 
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3.1.4 Hydroxyl-terminated FCGS fabrication   

For the hydroxyl-terminated FCGS fabrication, a copper-catalyzed alkyne-azide 

cycloaddition was carried out (Scheme 3.4). Azide-terminated FCGS slides were immersed 

into 3-butyln-1-ol (60 μL, 0.79 mM)/CuSO4 (60 mg, 0.37 mM)/ Sodium ascorbate (120 

mg, 0.60 mM)/ THF (15 mL)/ H2O (15 mL), at room temperature for 48 hours. To remove 

the residual copper catalyst, the substrates were washed in EDTA (10 mmol/L, ph = 7) 

solution for 2 hours, then washed with methanol, toluene and methanol, and blown dry 

under N2. Samples were stored in a vacuum desiccator at room temperature until used. 
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Scheme 3.4: Reaction scheme of hydroxyl functionalized surface. (a) The azide end group 

was converted to hydroxyl end group via an alkyne-azide cycloaddition reaction. Copper 

(II) sulfate was reduced by sodium ascorbate to produce the catalyst copper (I). (b) 

Proposed mechanism for the alkyne-azide cycloaddition reaction, from Himo et al. (2005).  

 

(a) 

(b) 
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3.2 Surface analysis 

A well-defined surface characterization of FSGS has an important role for biological 

applications, in order to standardize and quantify the results. In this study, contact angle 

and X-ray Photoelectron Spectroscopy (XPS) were choose to analyze surface energy and 

composition.  

3.2.1 Contact angle measurement 

Advancing contact angles were measured using an Advanced Goniometer (Rame-Hart 

Instrument Co., Model 500) at room temperature, using 2 μL (18 MΩ cm-1) ultrapure water 

as the probe fluid and analyzed by a drop shape analysis method (ImageJ, free download 

from http://imagej.net/Downloads). The data was collected from five equidistant points on 

the surface of the substrates at 5 mm intervals, and standard uncertainty was determined 

by standard error between measurements on three samples prepared under identical 

conditions. 

3.2.2  X-ray Photoelectron Spectroscopy  

The concentration profile and functionality of engineered substrates were determined 

by XPS measurements, performed on a PHI 5000 Versa Probe II Scanning XPS 

Microprobe spectrometer, using silicon wafers as substrates (Si[100], one side polished, 

Silicon Quest Int., cut to 25 x 25 mm). The X-ray source was monochromated Al K, 

scanning over a bind energy range of 0 to 700 eV with dwell time of 100 ms. The analyzer 

pass energy was 117.4 eV for the survey spectra and 20 eV for the high resolution C1s scan. 

Each spectra was collected over a 300 x 700 μm area of the samples. Peak area was 
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analyzed and atomistic concentrations were calculated with Multipak software using 

Gauss-Lorentz function and assuming a linear background. 

 

3.3 In vitro study  

The well-defined FCGS samples were used to examine the effect of amine and 

hydroxyl concentration on cellular proliferation and phenotype maintenance from primary 

human chondrocytes isolated from OA cartilage.   

3.3.1 Cell isolation 

Institutional Review Board (IRB) approval was obtained at each of the institutions 

involved for the use of human tissue.  For the amine functional group study, chondrocyte 

cells were isolated from the tibial plateaus and femoral condyles of a single patient 

undergoing total knee arthroplasty for osteoarthritis, and for the hydroxyl functionalized 

group study, chondrocytes were isolated from the femoral head of a single patient 

undergoing hip arthroplasty for degenerative arthritis. Both patients were male and in their 

50`s years of age. 

Under a laminar flow hood, joints were placed in a disposable dish containing 

phosphate buffered saline (PBS; Invitrogen, Grand Island, NY) solution supplement with 

0.2 mg/mL primosin. When necessary, mesenchymal repair tissue was removed with 

scissors and scalpels to clear the cartilaginous layer completely. Full-thickness strips of 

cartilage were obtained by cutting across the layers, excluding the subchondral bone. The 

strips of cartilage were placed into a dish containing 4 mg mL-1 collagenase type II (230 

u/mg; Worthington Biochemical Corporation; Lakewood, NJ) in Hank`s buffered salt 
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solution Reduced Serum Eagle's Minimum Essential Media (Opti-MEM® I Reduced 

Serum Media (1x), Gibco; Invitrogen, Grand Island, NY), and diced into about 1-3 mm3 

pieces, using scalpels. The pieces of cartilage were transferred to a 50 mL Erlenmeyer, and 

placed on a stir plate in a humidified 5% CO2-balanced air atmosphere at 37 °C for 4 hours, 

stirring at low speed. The solution was then transferred to a 50 mL polypropylene tube 

(without chunks) and, again, centrifuged for 3 minutes at 3000 rpm. The supernatant was 

discarded. The pellet was resuspended in PBS to wash cells from collagenase and, again, 

centrifuged for 3 minutes at 3000 rpm. This process was repeated once. Cells were 

resuspended in a complete chondrocyte medium (Opti-MEM supplemented with 0.1 

mg/mL primosin and 0.05 mg/mL ascorbate) and the suspension was passed through a 22 

mm diameter ~80 μm stainless steel syringe filter to remove cellular debris. Cells were 

placed in a Corning® 75 cm2 rectangular canted neck cell culture flask (Corning, NY), and 

precultured in a humidified 5% CO2-balanced air atmosphere at 37°C for 24 hours. After 

the preculture phase, supernatant was aspirated and cells were treated with 5 mL 0.05% 

trypsin, for 9 minutes, gently shaking to release cells. The solution was transfered to a 15 

mL polypropylene tube, centrifuged for 3 minutes at 3000 rpm, aspirated and washed with 

PBS. Cells were resuspend in 5 mL of complete chondrocyte medium. Trypan Blue was 

used to count viable cells in a hemocytometer, and cells were seeded at the engineered FGC 

substrates, previously sterilized with ethylene oxide, in a density of 3000 cells/cm2 in 6-

well plates, and incubated in a humidified 5% CO2-balanced air atmosphere at 37 °C for 

24 hours according to the period of interest for each assay, with medium changed every 

day. 33, 44 
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3.3.2 Histological staining and immunohistochemistry 

After each incubation period, the supernatant was aspirated and samples were fixed 

with 3.7% warm formaldehyde (Acros Organics; Hampton, NH) solution for 9 minutes, at 

37 °C. The solution was aspirated and a new solution with 0.5% TritonX-100 (Acros 

Organics) in CS buffer (0.1 M PIPES, 1 mM EGTA, and 4% (w/v) 8000 MW polyethylene 

glycol, pH=6.9) was used to permeabilize cells, incubating one more time at 37 °C for 9 

minutes. Samples were rinsed 3 times with CS buffer solution at room temperature, for 5 

minutes each wash, followed by a soak in 0.05% fresh sodium borohydride (Acros 

Organics) in PBS, used to quench activity and remove excess formaldehyde, and incubated 

at room temperature for 10 minutes. Samples were washed 3 times with PBS and treated 

for histological staining and immunohistochemistry.42 

 

3.3.3 Proliferation assay 

Samples were observed after 24 hours, 3 days and 7 days incubation periods, for actin, 

C5-Maleimide and nuclei organization. Samples were blocked from non-specific binding 

with 5% donkey serum (Invitrogen) in PBS, incubated at 37 °C for 20 minutes, and stained 

with rhodamine phalloidin (Invitrogen, 1:200 dilution) for one hour. After rinsing three 

times with PBS, samples were stained with Alexa Fluor 488 C5-maleimide (Invitrogen, 

1:200 dilution) for one hour. DAPI (Sigma, 1:1000 dilution) was used to stain the cell 

nuclei, for 20 minutes, followed by three times wash in PBS. Samples were imaged on a 

IX81 microscope (Olympus).42 
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3.3.4 Phenotype maintenance assay  

For phenotype maintenance assay, samples were fixed as previously mentioned after 3 

days, 7 days and 14 days. After 30 minutes incubation with 0.1% donkey serum and 0.01% 

sodium azide (Acros Organics) in PBS, samples were blocked with donkey serum 10% in 

PBS for 1 hour, at 37 °C. Samples were then incubated with CD 14 (SC9150; Santa Cruz 

Biothechnology, Santa Cruz, CA; 1:100 dilution) and CD 90 (SC6071, Santa Cruz; 1:100 

dilution) primary antibodies overnight, and stained with appropriate Alexa Fluor secondary 

antibodies (anti-rabbit Alexa Fluor 546 and anti-goat Alexa Fluor 488; Invitrogen; 1:400 

dilution) and DAPI (1:1000 dilution) for 1 hour, washed three times with PBS and viewed. 

CD14/CD90 ratio was obtained by dividing the fraction of cells expressing the surface 

marker CD14, by the fraction of cells expressing CD90, and it was used to quantify 

phenotype maintenance. Samples were imaged on a IX81 microscope (Olympus).42 

 

3.4 Statistical analysis 

All experiments were conducted three times (n = 3), using 3 gradient substrates and 3 

uniform SAM substrates. Samples were recorded at 4X montage for statistical analysis of 

each of the 5 concentration regimes along the gradient. CellSens (Olympus Corporation), 

was used to count cell number, and number of cells expressing CD14 and CD90. Randomly 

picked images (n = 5) were taken at 40X magnification at each concentration regime along 

the FCGS for qualitative analysis. All quantitative data is presented as the average ± 

standard error and significance is performed as means of one-way analysis of variance 

(ANOVA), with P-value set as less than 0.05.42 
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RESULTS AND DISCUSSION 

4.1 Surface analysis 

The fidelity of our fabrication methods was assessed by characterization of the 

substrates by contact angle measurements and XPS. 

4.1.1 Contact angle 

In this current study, a “confined away” channel vapor deposition method was used to 

create linear gradient chemical concentration profiles of hydroxyl and amine functional 

groups on glass cover slide substrates. The chemical source (organosilane) and substrate 

were placed in a sealed chamber and a dynamic vacuum pulled from the opposite direction 

to create the diffusion concentration gradient. This method, previously adapted from Epps 

et al.40, allowed control of the organosilane deposition profile by using a specific setup that 

confined the diffusion to a small gap (≈ 1.5 mm) above the substrate surface, and also by 

the controlled size and position of the reservoir.   

To verify the linear concentration profiles of the functionalized substrates, static 

contact angle measurements were used. The data was collected at five equidistant points 

on the surface at 5 mm intervals. The one-dimensional gradient formation was identified 

by the gradually changing contact angle across the surface of the chlorine, azide, amine 

and hydroxyl terminated gradients (Figure 4.1). The contact angle increased along the 
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length of the gradients and the gradual change of the surface energy is noted by the 

variation of concentrations. The standard uncertainty of contact angle measurements at 

each position was determined by the standard error between independent measurements on 

three samples prepared under identical conditions.  

For the chlorine FCGS, the water contact angle increased from 39±2 ° to 64±2 ° across 

the gradient. After the SN2 substitution of chlorine end group by azide, the contact angle 

of the gradient decreased, varying from 28±2 ° to 50±1 °. For the amine FCGS, after the 

phosphanimine hydrolization of the azide FCGS, the contact angles went from 38±1 ° to 

56±1 °. Finally, after the alkyne-azide cycloaddition, for the hydroxyl FCGS, the contact 

angles ranged from 20±1 ° to 43±2 °. These changes were due the different hydrophobicity 

of each functional group, and indicated that all reactions were successfully completed. 
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(a) 

(b) 

Figure 4.1: (a) Scheme of contact angle points distribution across the substrates. The data 

was collected from five equidistant points on the surface at 5 mm intervals. (b)    Gradient 

concentration profiles for chlorine (Cl), azide (N3), amine (NH2) and hydroxyl (OH) FCGS, 

and for chlorine uniform SAM and clean glass slide, measured by water contact angle. 

Static contact angle changed gradually across the surface of the FGCS as reflect of the 

increasing of the organosilane concentration. Changes in contact angle between terminal 

group substrates indicated that reactions were successfully completed. Deionized water 

static contact angle (mean ± S.E., n = 3). 
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4.1.2 X-ray Photoelectron Spectroscopy  

Previous studies have reported that terminal chemical groups could, for example, 

control cell growth and modulate cell adhesion to the substrate. Therefore, the response of 

chondrocyte cells to two different chemical groups, amine (-NH2) and hydroxyl (-OH) was 

investigated. The functionality of each engineered substrate was verified using X-ray 

photoelectron spectroscopy (XPS) survey spectra (0-700 eV), by identification of the 

monolayer components. 

In the survey spectra for the chlorine functionalized substrate, it was observed that the 

expected peaks from oxygen (O1s), silicon (Si2s and Si2p) and carbon (C1s) were present. 

One additional peak at 201 eV corresponding to the chlorine (Cl2p) was also present, from 

where it was assumed that 4-chlorobutyldimethylchlorosilane was successfully grafted 

onto the surface (Figure 4.2). 

In the survey spectra for the amine functionalized substrate, the loss of the Cl2p signal 

was observed, which indicated that the SN2 substitution of the chlorine end group by azide 

group, followed by the phosphanimine hydrolization with reduction of the azide terminal 

group to a primary amine terminal group, was successfully completed (Figure 4.3). 

In the survey spectra for the hydroxyl functionalized substrate, besides the loss of the 

chlorine peak, a small peak around 400 eV, corresponding to nitrogen (N1s) was 

determined, confirming the efficient alkyne-azide cycloaddition reaction and complete 

conversion of the chlorine terminal group to hydroxyl terminal group (Figure 4.4). 
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Figure 4.2: Survey spectra (0-700 eV) from XPS for the chlorine surface concentration 

gradient. The peak at 201 eV, assigned as Cl2p, verified that the chlorine was successfully 

tethered onto the silica wafer surface. 
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Figure 4.3: Survey spectra (0-700 eV) from XPS for the amine surface concentration 

gradient. The peak at 201 eV, assigned as Cl2p, disappears, which indicates that the chlorine 

was quantitatively converted to amine functionality. 
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Figure 4.4: Survey spectra (0-700 eV) from XPS for the hydroxyl surface concentration 

gradient. The peak at 201 eV, assigned as Cl2p, disappears, and a new peak evolves at 400 

eV, assigned as N1s. It could been inferred that the chlorine functionalized surface was 

quantitatively converted to a hydroxyl functionalized surface. 
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The concentration profile was also verified using high resolution C1s spectra for the 

chlorine FCGS (Figure 4.5). The C1s curves were fit based on Gauss-Lorentz function with 

Multipak software, considering a linear background, and peak areas were calculated by 

integration as described previously. The peak area increased along the gradient position, 

which confirmed the results obtained by contact angle measurements.  

 After decomposition of the C1s peak, it showed to consist of two components, one at 

284.8 eV related to C-C and C-H groups, and one at 286.5 eV related to C-Cl group.45 The 

overall peak area was analyzed with Multipak and the surface coverage fraction calculated 

by dividing the overall area under the peak by the number of carbons per molecule, by the 

overall area of a standard sample peak by the number of carbons per molecule of the 

standard sample, as shown in equation 4.1: 

surface coverage fraction= 

Areapeak

number of carbons of sample

Areapeak,0

number of carbons of standard sample

    Equation 4.1 

  The standard sample was prepared and tested under similar conditions as our samples.  

 With the surface coverage fraction, the surface concentration was calculated by 

equation 4.2: 

surface concentration=coverage fraction x concentration of 100% coverage 

   Equation 4.2 

 The concentration of 100% coverage was considered as a silane deposition density of 

465 pmol/cm2.46 The surface coverage fraction and surface concentration were plotted 

versus the gradient position (Figure 4.6). It was assumed total conversion of chlorine end 

group to amine and hydroxyl end groups after the respective reactions.  The surface 
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concentration of uniform SAMs was calculated by extrapolation of the calibration curve, 

and found to be 240 pmol/cm2. 
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Figure 4.6: Surface concentration and surface coverage fraction as a function of position 

along the chlorine-terminated gradient surface, determined by XPS (n = 3).  

  

Figure 4.5: Peak fitting of XPS C1s high resolution spectra for each gradient position on 

chlorine FCGS. The peak area increased along the subtrate position, which implied that the 

concentration increased along the gradient. Decomposition was based on Gauss-Lorentz 

function.   
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4.2 In vitro study  

The amine and hydroxyl FCGS systems were used to correlate primary human 

osteoarthritic chondrocyte proliferation and phenotype maintenance by cell number 

counting and chondrogenic phenotype CD14/CD90 ratios.  

4.2.1 Proliferation assay 

In order to study the chondrocyte density and proliferation as a function of hydroxyl 

and amine functionalized gradient concentrations, the samples were stained for cell nuclei 

(DAPI, blue) after 1, 3 and 7 days of culture. The number of cells at each gradient position 

was quantified via nuclear staining counts, and the number of cells per area was plotted as 

a function of FCGS position.  

Statistical testing showed that differences in cell proliferation for both hydroxyl and 

amine functionalized substrates were significant. Furthermore, one-way analysis of 

variance (ANOVA) was performed to analyze the data, comparing same positions of the 

gradients in different time points, and different positions of the gradient in a same time 

point.  

For the hydroxyl terminated FCGS, after 24 hours of culture (day 1), the number of 

adherent cells was higher (18 ± 4 cells/mm2) at the lower concentration, around 162 

pmol/cm2 (position 0.25 mm), decreasing along the gradient and reaching a second peak at 

201 pmol/cm2 (16 ± 2 cells/mm2). At positions 0.25 mm and 0.75 mm, corresponding to 

162 pmol/cm2and 175 pmol/cm2, it was observed that the number of cells decreased over 

3 d and 7 d of culture, while in positions 1.25 mm and 1.75 mm (surface concentration 

from 188 pmol/cm2 to 201 pmol/cm2) the number of cells initially decreased (3 d) and 
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increased again (7 d). Overall, it was assumed that the position 1.75 mm of the hydroxyl 

gradient could indicate the best hydroxyl surface concentration for the chondrocyte cells 

proliferation, 201 pmol/cm2 (Figure 4.7).  

For the uniform hydroxyl functionalized SAM substrates, which possessed a 

concentration of 240 pmol/cm2, it was observed a higher number of cell adherence at 1 d 

when compared to any position of the hydroxyl gradient. We see a general decrease of cell 

number over time, and the count at 7 d was characterized by a more uniform cell 

distribution response, considering the more constant cell distribution over the substrate 

(Figure 4.8).  

For the amine terminated FCGS, the cell adhesion at all the positions was suitable, 

since chondrocytes were seeded at 30 cell/mm2 and the adhesion fluctuated from 28 ± 2 

cell/mm2 at 188 pmol/cm2 to 31 ±  3 cell/mm2, after 24 hours of culture. However, the cell 

number decreased at all positions along the time (after 3 d and 7 d of culture). After 7 d of 

culture, the cell number was higher at lower concentrations of the gradient, with a mean of 

19 ± 1 cells/cm2 at position 0.25 mm of the substrate, corresponding to 162 pmol/cm2 

(Figure 4.9).   

For the amine functionalized SAM substrates, at a uniform concentration of 240 

pmol/cm2, the same phenomena of cell adhesion was observed after 24 hours, followed by 

a decrease in cell number after 3 d and 7 d of culture. The fluctuations of cell distribution 

along the substrate were more discrete than for the amine gradient substrates (Figure 4.10).  

 Overall, chondrocyte cells adhered and proliferated significantly higher on amine 

functionalized substrates compared to hydroxyl substrates. These results were expected 

based on previous studies reported in literature, where self-assembled monolayers of 
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organosilanes have been used to evaluate the effect of surface chemistry on cell behavior 

for different cell lines, and the amine group was reported to have a positive effect on cell 

adhesion, spreading and growth, when compared to other functional groups.47-49   
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Figure 4.7: (a) Chondrocyte proliferation response as a function of hydroxyl concentration 

on hydroxyl FCGS. Cell number was collected at each sample position after days 1, 3 and 

7 of culture. Values are represented as means ± standard error (S.E.), with P < 0.05 and n 

= 3. (b) Statistical analysis for cell proliferation on hydroxyl gradients data. Grey shaded 

boxes indicate significant differences for cell number from different positions in a same 

time point, or different time points in a same position (ANOVA with Tukey’s, P < 0.05). 
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Figure 4.8: (a) Human primary chondrocyte proliferation response in hydroxyl SAM 

substrate, with uniform concentration of 240 pmol/cm2.Cell number was collected at each 

sample position after days 1, 3 and 7 of culture. Values are represented as means ± S.E., 

with P < 0.05 and n = 3. (b) Statistical analysis for cell proliferation on hydroxyl uniform 

SAM data. Grey shaded boxes indicate significant differences for cell number from 

different positions in a same time point, or different time points in a same position 

(ANOVA with Tukey’s, P < 0.05). 
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Figure 4.9: Immunofluorescent staining of actin (red), C5-maileimide (green) and nuclei 

(blue) for human primary chondrocyte culture on hydroxyl functionalized gradient surface 

after days 1, 3 and 7 of culture. Images were taken every 5 mm down length of the gradient. 

Scale bar = 20 μm.   
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Figure 4.10: (a) Human primary chondrocyte proliferation response as a function of amine 

concentration on functionalized amine FCGS. Cell number was collected at each sample 

position after days 1, 3 and 7 of culture. Values are represented as means ± S.E., with P < 

0.05 and n = 3. (b) Statistical analysis for cell proliferation on amine gradients data. Grey 

shaded boxes indicate significant differences for cell number from different positions in a 

same time point, or different time points in a same position (ANOVA with Tukey’s, P < 

0.05).  
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Figure 4.11 (a) Human primary chondrocyte proliferation response in amine SAM 

substrate, with uniform concentration of 240 pmol/cm2. Cell number was collected at each 

sample position after days 1, 3 and 7 of culture. Values are represented as means ± S.E., 

with P < 0.05 and n = 3. (b) Statistical analysis for cell proliferation on amine gradients 

data. Grey shaded boxes indicate significant differences for cell number from different 

positions in a same time point, or different time points in a same position (ANOVA with 

Tukey’s, P < 0.05). 
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Figure 4.12: Immunofluorescent staining of actin (red), C5-maileimide (green) and nuclei 

(blue) for human primary chondrocyte culture on amine functionalized gradient surface 

after days 1, 3 and 7 of culture. Images were taken every 5 mm down length of the gradient. 

Scale bar = 20 μm.   
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Actin organization was also observed over the 1 d, 3 d and 7 d of culture (Figures 4.9 

and 4.12). Different surface functionalization has been shown to influence the chondrocyte 

shape and modulate the cytoskeletal arrangement, which can alter the cellular behavior.42 

Differentiated chondrocytes have a characteristic rounded phenotype with a diffuse actin 

microfilament network that influence the secretion of ECM components (collagen type II 

and aggrecan). When attached to a two dimensional substrate, the cells dedifferentiate 

towards a more fibroblastic phenotype, reorganizing the actin filamentous into distinct 

stress fibers and adjusting to a spread morphology.50 Cellular actin distribution was 

detected by binding to a red fluorescent labelled phalloidin (excitation/emission: 540/565 

nm). It was observed that for both amine and hydroxyl functionalized substrates, at low 

concentrations of the gradients (162 to 175 pmol/cm2), the chondrocytes retained their 

rounded morphology shape, and the actin organization tended to be more localized towards 

one side of the cell, reminiscent of the apical organization of actin in healthy chondrocytes. 

However, for more concentrated regions (188 to 201 pmol/cm2), it could be visualized that 

tiny differences in the cytoskeletal organization, appeared to be less organized, similar to 

previous reports of OA chondrocytes.42 This difference became more pronounced after 7 

days of culture. The actin filaments were also decorated with tropomyosin labeled with 

Alexa fluor 488 C5 maleimide (green) 51, and the superposition of the green and red 

fluorescence confirmed the observed results for cytoskeletal organization. 

4.2.2 Phenotype maintenance assay 

In order to quantify chondrocyte phenotype maintenance as a response of each 

engineered FCGS position, the two surface markers CD14 and CD90 were used. The 
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surface marker CD14 is a lipopolysaccharide receptor found on freshly isolated 

chondrocytes, while the surface marker CD90 is a glycosylphosphatidylinositol-anchored 

glycoprotein associated with cellular proliferation.42 

 As introduced before, when human articular chondrocytes are cultured in vitro, they 

undergo the phenomenon of dedifferentiation. These cells change the production of ECM 

components as well as surface markers. At the same there is a down regulation of collagen 

type II, aggrecan and the surface marker CD14, whilst is an up regulation of collagen type 

I, versican and CD90. Usually, the ratios Col2/Col1 and aggrecan/versican are used as 

traditional phenotype indicators, but Diaz-Romero et al. (2008) have reported a similar 

pattern for the ratio CD14/CD90, with the advantage of a faster decreasing of the ratio with 

time, which indicates that CD14/CD90 can be used as a membrane based chondrocyte 

differentiation index.52 In a similar study, Giovannini et al. (2010) studied changes at the 

protein level of different surface markers and ECM components for chondrocyte cells 

cultured in vitro. Their previous results were confirmed at a mRNA gene level and 

established the CD14/CD90 ratio potential as chondrocyte differentiation index.53 

Statistical testing showed that differences in phenotype maintenance based on 

CD14/CD90 ratio were significant for both hydroxyl and amine functionalized substrates. 

Furthermore, one-way ANOVA was performed to analyze the data, comparing the same 

positions of the gradients at different time points, and different positions of the gradient at 

a same time point.  

 For the hydroxyl terminated substrates, chondrocytes experienced a decrease in the 

ratio CD14/CD90 from 3 d of culture to 7 d, and that number increased significantly at day 

14 (Figures 4.13 and 4.14). For the FCGS substrates, the CD14/CD90 ratio had similar 
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pattern in intermediate concentrations from 175 to 201 pmol/cm2 (positions 0.75 mm to 

1.75 mm), but an extremely high number at position 2.25 mm (higher concentration), 

corresponding to 214 pmol/cm2. The same trend was observed for the uniform SAM 

hydroxyl surface, and it could be associated to a border interference. Overall, it was 

concluded that the hydroxyl functionalized substrates promoted chondrocyte survival after 

long periods of culture, and the increased ratio CD14/CD90 at 14 d compared to 3 d could 

be associated the cell proliferation over time. However, no assumptions could be made 

about the influences of different concentrations on this cell behavior.  

 For the amine terminated substrates, the ratio CD14/CD90 increased from 3 d to 7 d, 

and decreased again at 14 d (Figures 16 and 17). Comparing the different positions of the 

FCGS, it was observed that intermediate positions had the same pattern, where overall the 

cells maintained their phenotype comparing 3 d to 14 d. At positions close to the edges 

(position 0.25 mm and 2.25 mm), cells experienced phenotype loss over time, but this was 

due to the higher ratio of CD14/CD90 in the local area at 3 d compared to other regions of 

the substrate, and these discrepancies could be related to an edge effect. At 14 d, all 

positions had relatively similar ratios and overall the amine functionalized substrates 

promoted chondrocyte phenotype maintenance.    
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Figure 4.13: (a) Chondrocyte survival of each gradient position based on phenotype 

maintenance using CD14/CD90 ratios for days 3, 7 and 14 of culture on hydroxyl FCGS. 

Values are represented as means ± S.E., with P < 0.05 and n = 3. (b) Statistical analysis for 

cell phenotype maintenance on hydroxyl gradients data. Grey shaded boxes indicate 

significant differences for cell number from different positions in a same time point, or 

different time points in a same position (ANOVA with Tukey’s, P < 0.05). 
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Figure 4.14: (a) Chondrocyte survival of each gradient position based on phenotype 

maintenance using CD14/CD90 ratios for days 3, 7 and 14 of culture on hydroxyl uniform 

SAM surface, with uniform concentration of 240 pmol/cm2. Values are represented as 

means ± S.E., with P < 0.05 and n = 3. (b) Statistical analysis for cell phenotype 

maintenance on hydroxyl gradients data. Grey shaded boxes indicate significant 

differences for cell number from different positions in a same time point, or different time 

points in a same position (ANOVA with Tukey’s, P < 0.05). 
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Figure 4.15: Immunofluorescent staining of CD14 (red), CD90 (green) and nuclei (blue) 

for human primary chondrocyte culture on hydroxyl functionalized gradient surface after 

days 3, 7 and 14 of culture. Images were taken every 5 mm down length of the gradient. 

Scale bar = 20 μm. 

(a) 

(b) 
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Figure 4.16: (a) Chondrocyte survival of each gradient position based on phenotype 

maintenance using CD14/CD90 ratios for days 3, 7 and 14 of culture on amine FCGS. 

Values are represented as means ± S.E., with P < 0.05 and n = 3. (b) Statistical analysis for 

cell phenotype maintenance on amine gradient data. Grey shaded boxes indicate significant 

differences for cell number from different positions in a same time point, or different time 

points in a same position (ANOVA with Tukey’s, P < 0.05).  
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Figure 4.17: (a) Chondrocyte survival of each gradient position based on phenotype 

maintenance using CD14/CD90 ratios for days 3, 7 and 14 of culture on amine SAM 

surface, with uniform concentration of 240 pmol/cm2. Values are represented as means ± 

S.E., with P < 0.05 and n = 3. (b) Statistical analysis for cell phenotype maintenance on 

amine uniform SAM data. Grey shaded boxes indicate significant differences for cell 

number from different positions in a same time point, or different time points in a same 

position (ANOVA with Tukey’s, P < 0.05).   
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Figure 4.18: Immunofluorescent staining of CD14 (red), CD90 (green) and nuclei (blue) 

for human primary chondrocyte culture on amine functionalized gradient surface after days 

3, 7 and 14 of culture. Images were taken every 5 mm down length of the gradient. Scale 

bar = 20 μm. 
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 CONCLUSIONS 

Osteoarthritis (OA) is thought to be the most prevalent dysfunction among the 

musculoskeletal group disease, specially affecting the population aged 60 years or older. 

The high prevalence of OA, its social costs and high impact on physical function and 

quality of life, underline the importance of management of this disorder.54 Current 

treatments include mosaicplasty and microfracture, which can be successful in some 

aspects to provide short-term pain relief, have limitations and their long term benefits 

remain elusive. The repaired tissue does not have the same biomechanical properties and 

eventually breaks down, requiring additional treatments or a total joint arthroplasty. 

The cartilage tissue engineering strategies aim to combine reparative cells and porous 

three-dimensional scaffolds for repairing or restoring the damaged tissue. This scaffold-

based therapies require a large number of chondrogenic cells to regenerate the damaged 

extracellular matrix (ECM) of the articular cartilage, and in order to obtain suitable number 

of cells, the requirement for extensive in vitro expansion in monolayer cultures is apparent. 

However, during expansion in monolayers, chondrocyte cells lose their phenotype and 

dedifferentiate, changing the production of ECM components, as well as the physical 

appearance to that of a fibroblast-like morphology. Therefore, in order to develop a 

successful cell-based technology for OA treatment, the optimization of the cell expansion 

process is desired, through regulating the substrate/cell interaction.55       

CHAPTER V
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The objective of this study was to evaluate whether controlled changes in substrate 

surface chemistry via functionalization with amine and hydroxyl terminated silane could 

regulate proliferation and phenotype maintenance of primary human chondrocytes, as well 

as analyze the effects of different concentrations of the terminal chemical groups on 

chondrocytes behavior.  

Substrates were fabricated using a “vacuum away” method which enabled the 

generation of linear gradient chemical concentration profiles in 25 mm2 glass cover slides. 

The linear profile and functionality of the substrates were confirmed by water contact angle 

and XPS measurements. 

After 24 hours of culture, chondrocytes experienced high adhesion in amine 

functionalized substrates compared to hydroxyl substrates. After 7 days, a more remarkable 

influence of the different concentrations on cell proliferation and a higher cell number was 

observed in higher concentration of hydroxyl (position 2.25 mm), compared with lower 

concentration of amine (position 0.25). After 14 days of culture, both amine and hydroxyl 

functionalized surfaces induced chondrocyte phenotype maintenance, and chemical 

concentrations did not significantly affect this cell behavior.            

Actin organization was also studied to observe cytoskeletal arrangement. Overall, 

chondrocytes maintained their round shape for both study groups, but in lower 

concentrations the actin organization was more localized towards one side of the cell, 

which is a similar behavior of healthy chondrocytes. In higher gradient concentrations the 

actin filaments looked less organized, similar to OA chondrocytes.  
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These results are critical in improving the expansion process of autologous harvested 

chondrocyte cells, as an important step on behalf of a viable tissue engineering strategy for 

osteoarthritis treatment.  
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 SUMMARY 

This thesis outlines our efforts to investigate the effect of hydroxyl and amine 

functionalized surfaces on chondrocyte behavior aiming to optimize in vitro culture 

methods for cell expansion, facing the current challenge of cartilage tissue engineering to 

develop feasible large scale expansion methods. Since chondrocytes undergo the process 

of dedifferentiation when cultured in monolayer systems, we aimed to study conditions to 

increase cell number and favor phenotype maintenance. To explore the effect of the two 

surface chemistry concentrations, we fabricated gradient substrates by a “vacuum away” 

deposition method, controlled by diffusion. The samples were tested by contact angle and 

XPS, in order to verify the linear gradient concentration profile and the surface 

functionalities. The proliferative potential of the substrates was analyzed by studying 

human osteoarthritic chondrocyte density response as a function of the terminal group’ 

concentration, and phenotype maintenance was quantified by the ratio of two surface 

markers, namely CD14/CD90. The results show that surface chemistry has a significant 

impact on human chondrocyte behavior. After 7 days of culture, cell numbers were found 

to reach maximum density for higher concentrations of functionalized hydroxyl FCGS, 

while the maximum density was related to lower concentrations on amine FCGS. Both 

functional groups were found to promote phenotype maintenance after 14 days of culture, 

but chemical concentrations did not have significant impact in this assay. 

CHAPTER VI
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