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ABSTRACT 

 
 
 

BIOMIMETIC AND ANTIMICROBIAL SURFACES FOR ORTHOPEDIC IMPLANTS 
  
 
 
 The number of total knee and hip replacement surgeries is expected to continue to rise in 

the United States. As such, the number of revision surgeries is also expected to rise. The two most 

common causes of failure for these implants is aseptic loosening, caused by incomplete 

osseointegration, and infection. Therefore, preventing infection while increasing the osteogenic 

properties of the surfaces used in orthopedic implants could reduce the number of revision 

surgeries. 

 It is the goal of this work to create nanostructured surfaces that both increase mineralization 

and antimicrobial properties of titanium surfaces commonly used in orthopedic implants. To 

accomplish this, chitosan/heparin polyelectrolyte multilayers (PEMs), with the addition of either 

bone morphogenetic protein 2 (BMP-2) or gentamicin, were adsorbed onto titania nanotubes. 

BMP-2 has been used in clinical applications to increase osseointegration in spinal fusions, and 

gentamicin is effective against the most common pathogens found in infected orthopedic implants. 

Both heparin and chitosan are biocompatible and have antimicrobial properties. BMP-2 has a 

binding site for heparin that increases BMP-2’s half-life in vitro.  

 The first chapter summarizes the motivation and previous strategies used to 

increase osseointegration and antimicrobial properties of nanostructured biomimetic orthopedic 

implant surfaces. The first chapter concludes with a shift in hypothesis testing, outlining three 

different hypotheses: 1) surface modification(s) increase cytocompatibility and the osteogenic 

properties of mammalian bone cells; 2) surface modification(s) reduce bacterial adhesion, 
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proliferation, and infection rate, without decreasing cytocompatibility; and 3) surface 

modification(s) provide a favorable environment in which mammalian cells can beat bacterial cells 

and colonize the surface first, thus increasing the osteogenic and antimicrobial properties of the 

surface. The testing of these hypotheses are explored in chapters 2 through 4. The second chapter 

explores hypothesis 1) by testing if BMP-2 released from chitosan/heparin PEM coated titania 

nanotubes surfaces induce an osteogenic response from rat bone marrow cells. Chapter 3 explores 

hypothesis 2) by testing if iota-carrageenan/chitosan and pectin/chitosan PEMs have antimicrobial 

properties against Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. 

aureus), and support rat bone marrow cell adhesion and proliferation. The last chapter explores 

hypothesis 3) by testing if gentamicin released from titania nanotubes coated with chitosan/heparin 

PEMs influences the “race to the surface” in favor of mammalian cells.  
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CHAPTER 1: PREVENTING TOTAL KNEE AND HIP IMPLANT FAILURE: CURRENT 

TECHNOLOGIES AND RECENT ADVANCEMENTS 

 

 

 

Overview 

 Complete joint replacement surgeries, such as knee and hip replacements, are widely used 

and effective treatment for joint disease. However, many of these implants fail and require revision 

surgery. The two most common causes of revision surgery are aseptic loosening and infection. 

Surfaces modifications, surface coatings, and drug delivery are common strategies used to prevent 

implant failure due to the two most common causes. This review focuses on the motivation and 

strategies used to develop dual-functioning drug-delivering nanostructured surfaces. The strategies 

summarized here represent the testing of  three main hypotheses: 1) surface modification(s) 

increase cytocompatibility and the osteogenic properties of mammalian bone cells; 2) surface 

modification(s) reduce bacterial adhesion, proliferation, and infection rate, without decreasing 

cytocompatibility; and 3) surface modification(s) provide a favorable environment in which 

mammalian cells can beat bacterial cells and colonize the surface first, thus increasing the 

osteogenic and antimicrobial properties of the surface. 

1.1 Introduction 

1.2 Overview of Orthopedic Implants 

Complete joint replacement is a widely used and effective treatment for patients with 

injured or diseased joints. Those with end-stage joint deterioration due to osteoarthritis or 

rheumatoid arthritis make up the largest group of those considered for surgery.1 Total joint 

replacement causes a substantial improvement in physical health, including a reduction in chronic 
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pain and improved physical functioning.1 There are currently over 1 million total knee and hip 

implants performed annually in the United States.2 Elderly patients suffering from joint 

deterioration due to osteoarthritis or rheumatoid arthritis make up the majority of these surgeries.3 

It is projected that the population of people aged 65 years or older in the US will more than double 

from 40.2 million in 2010 to 88.5 million by 2050.4 As a result, the number of complete joint 

replacement surgeries is expected to increase to over 4 million by 2030.5  

While most complete joint replacement surgeries are successful, over 60,000 revision 

surgeries due to implant failure are performed annually.6 Revision surgeries are costly and expose 

patients to risks associated with infection and anesthesia. Patients that undergo revision surgery 

also experience significant decreases in physical functioning compared to those that have only a 

primary surgery.1 The most common cause of orthopedic implant failure is aseptic loosening of 

the implant from the surrounding bone tissue, followed by failure of the implant due to infection.5,7 

1.3 Implant Loosening and Osteointegration  
 

 In cementless arthroplasties, one of the key determinants of risk of aseptic loosening is the 

degree of osseointegration of the surface to the bone.3 Implant loosening is caused by the inability 

of an implant surface to integrate with the adjacent bone and other tissues due to physiological 

loads giving rise to implant-bone relative micromovements.8 To prevent loosening it is essential 

to have materials that promote the integration of the implant with the surrounding bone.9  

Osseointegration is the stable anchorage of an implant achieved by direct bone-to-implant 

contact.10 The higher the degree of osseointegration that takes place, the higher mechanical 

stability and the lower the probability of implant instability.9 Surface chemistry, roughness, and 

topography all play an important role in good osseointegration of the implant.9 
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 Mineralization is one of the first steps to osseointegration. The cells responsible for new 

bone formation and mineralization are osteoblasts. Mineralization occurs in two phases (Figure 

1.1). The first phase, phase one, of mineralization takes place in matrix vesicles released from 

osteoblasts. At the start of mineralization alkaline phosphatase (ALP) increases the generation of 

inorganic phosphate and internal transport into the vesical.11–13 After ALP activity peaks, calcium, 

and inorganic phosphate are internalized into the vesical. In the vesical, they form non-crystalline 

amorphous CaP that is then converted into octa-CaP crystals, and then eventually into insoluble 

hydroxyapatite crystals. After this, the next phase, phase 2, of mineralization occurs. During phase 

two of mineralization, hydroxyapatite is released from the vesicle, and extra-vesicular Ca2+ and Pi 

increases.14 With the increase of extra-vesicular Ca2+ and Pi, binding proteins including osteocalcin 

regulate the continued nucleation of hydroxyapatite crystals and the formation of new bone.13 The 

above-mentioned markers are all used as markers for osseointegration and new bone formation.  

 

Figure 1.1: A representative schematic of a matrix vesical during mineralization. Phase I is the 
increase of ALP activity and the uptake of Pi and Ca2+ into the matrix vesical. The ions then form 
non-crystalline amorphous CaP, which is then converted into octa-CaP crystals and then into 
hydroxyapatite crystals. Phase II  hydroxyapatite is released from the vesicle and extra-vesicular 
Ca2+ and Pi and binding proteins, including osteocalcin, regulate the continued nucleation of 
hydroxyapatite crystals and the formation of new bone. Created with BioRender.com 
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1.3.1 Changes in Surface Roughness and Topography Increase Osteogenic Properties of Cells  

Surface roughness has been shown to affect both osteoblast adhesion and 

differentiation.3,15–17 Rough surfaces, created by wet-grinding of pure titanium and Ti-6A1-4V 

alloy, increased ALP activity and osteocalcin production when compared to smooth surfaces.16 

While surface roughness increases osteogenic properties of osteoblast-like cells, roughness has 

also been shown to inhibit the cells responsible for bone removal, osteoclasts. 3,15,18 A study done 

by Bjursten et al.19 implanted rabbits with titania disks with either nanotube or grit-blasted 

surfaces. After four weeks of implantation in the tibias, pull-out testing showed a significantly 

increased bone-bonding strength in nanotube surfaces by nine-fold compared to grit-blasted 

surfaces. Histological analysis confirmed greater bone-implant contact area, new bone formation, 

and calcium and phosphorus levels on the nanotubes surfaces compared with the grit-blasted 

surfaces.19 This study suggests that nanotubes enhance bone bonding to implants in vivo. 

Currently, there are multiple implants in clinical use that contain surface micro-pits and 

depressions. These surfaces show an increase in osteointegration when compared to smooth 

implants in vivo.3  

  Bone cements composed of polymethyl methacrylate (PMMA) are primarily used to 

transfer forces from bone to prosthesis; however, these cements have poor cytocompatibility and 

osteointegration.10,20,21 The incorporation of multi-walled carbon nanotube powders into PMMA 

bone cement increased cell adhesion and proliferation of rat bone marrow mesenchymal stem cells 

in vitro.21 In vivo it was found that when implanted in rabbits PMMA containing carbon nanotubes 

had significantly more bone integration by 12 weeks compared to PMMA controls.21  

Nanotopographical structures enhance bone formation both in vitro and in vivo.18,19,22–25 

Our group has fabricated novel nanotubular titania surfaces using an anodization process. This 
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process uniformly modifies titanium surfaces with titania nanotubes.26  The nanotube formation 

starts when a dense layer of titanium-oxide (titania) forms on the surface. Then small pores form. 

Adjacent small pores integrate and become large pores, and at the same time, small tubes are 

formed. These small tubes continue to integrate into larger tubes until the main tubes are formed 

(Figure 1.2).27 Our group has demonstrated that titania nanotube surfaces provide a favorable 

template for bone cell growth and differentiation. Nanotube surfaces support higher cell adhesion, 

proliferation, and viability for up to 7 days in culture compared to titanium surfaces. Cells cultured 

on nanotube surfaces demonstrate higher alkaline phosphatase (ALP) activity, and improved 

calcium and phosphorus accumulation. This suggests that osteoblast activity can be significantly 

enhanced using controlled nanotopographies such as nanotubes.26 Further studies on bone 

formation on nanotube surfaces have been conducted. A study by Ballo et al. histologically 

evaluated bone growth on implants after 7 and 28 days.18 Implants had topographical 

nanostructures with well-defined semispherical protrusions and variable sizes (60nm, 120 nm, and 

220 nm). Surfaces with 60 nm features had significantly higher bone-implant contact compared to 

120 nm and 220 nm surfaces. 
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Figure 1.2: Schematic diagram of the evolution of straight nanotubes at a constant anodization 
voltage, as follows: (a) dense oxide layer formation, (b) pore formation and deepening, (c) 
integration of some adjacent small pores into a big one, (d) earlier nanotube arrays formation, 
and (e) perfect nanotube arrays formation. Reproduced with permission from [27] copyright 

2008, Journal of Material Science 

1.3.2 Surface Modifications and Coatings to Increase Osteointegration 

Materials currently used for implants include 316L stainless steel, cobalt-chromium (Co-

Cr) alloys, titanium and titanium alloys. A major problem with stainless steel and Co-Cr alloys are 

the toxic effects of nickel (Ni), cobalt (Co), and chromium (Cr) metals released from implants due 

to corrosion in the environment of the body.9,28 Furthermore, these materials usually do not have 

a biologically active surface that encourages osseointegration. To increase the osseointegration 
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properties of these surfaces there has been increasing research on developing surfaces with various 

coatings.3  

Hydroxyapatite (HA) is an integral part of bone mineral.13 HA as a coating and as a porous 

surface, has been shown to increase osteogenic markers both in vitro and in vivo.29–31  MC3T3-E1 

osteoblasts showed a significant increase in ALP activity and messenger RNA (mRNA) transcripts 

for early-stage osteoblast markers, when grown on HA compared to plastic surfaces. 29 These 

coatings have also been studied in human clinical trials.32–35 An article by Voigt et al. reviewed 14 

studies on primary total knee implants between 1990 and 2010. It was found that in patients 65 

years of age and older HA-coated tibial implants may provide better durability than other forms of 

tibial fixation.34 Conversely, a review by Goosen et al., which looked at eight studies compared 

uncemented HA-coated primary total hip arthroplasty to non-coated uncemented implants. 

Radiological data revealed equal endosteal bone ingrowth in the surface of the prosthesis, showing 

no difference between the two implants.35  

  Metal implants that have not been modified usually have a bio-inert hydrophobic surface. 

Therefore, to overcome this problem, surfaces can be functionalized with hydroxyl groups (−OH), 

to impart hydrophilicity.3,36,37  To determine the role of functional groups on titanium implants, a 

study by Lu et al. used self-assembled monolayer (SAM) technique to introduce various functional 

layers onto the titanium surfaces. They showed that HA could be deposited on surfaces with 

−PO4H2 and −COOH functional group, but not those with −CH=CH2 and -OH. By adding just 

−OH groups did not decrease the contact angle of the surfaces by more than one % where −PO4H2 

and −COOH decreased the contact angle compared to Ti by over 20 %.36 The addition of calcium 

hydroxide (Ca(OH)2) to porous Ti created a complete carbonated apatite coating after 14 days 

soaking in modified simulated body fluid (m-SBF).37 Calcium, phosphorous, magnesium and 
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fluoride ions have also been incorporated into surfaces and shown promise a t promoting 

osteointegration.3,38–40  

1.3.3 Growth Factors  

Growth factors have been incorporated into scaffolds for bone tissue engineering; however, 

these techniques use super-physiological amounts of growth factors with inconsistent growth 

factor release. The use of large amounts of growth factor can result in nonspecific delivery and 

overgrowth of the tissue with the potential for unsafe side effects.41 

Bone morphogenic proteins (BMPs) have been extensively researched because of their 

ability to induce bone and cartilage development42. The first BMP was isolated in the 1980s with 

the crystal structure of human BMP-2 and BMP-7 published in the 1990s. BMPs are part of the 

transforming growth factor beta (TGF-β) superfamily and are multifunctional cytokines. BMPs 

are divided into four subfamilies depending on sequence and function: (1) BMPs 2 and 4, (2) 

BMPs 5, 6, 7, 8a and 8b, (3) BMPs 9 and 10, and (4) BMPs 12, 13 and 14. BMP-2, BMP-4, and 

BMP-7 have osteogenic potential.43  

Bone morphogenic protein-2 (BMP-2) is useful for the treatment of critical-sized bone 

defects with results comparable to autologous bone grafts.42 The use of BMP-2 for the treatment 

of tibial fractures was investigated by the Surgery for Tibial Trauma (BESTT-ALL) trial.44 In this 

study, 450 patients with an open tibial fracture were randomized to receive either the  standard of 

care, the standard of care, and an implant containing 0.75 mg/ml of rhBMP-2, or standard of care 

and an implant containing 1.50 mg/ml rhBMP-2. When patients were re-examined at 12 months 

post-surgery, the 1.50 mg/ml rhBMP-2 group had a 44% reduction in the risk of failure, 

significantly fewer invasive interventions, and significantly faster fracture true-healing, when 

compared with control patients.44 Because of BMP-2’s success in bone healing, it has been 
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approved by the Food and Drug Administration (FDA) and used in spinal fusions since 2002.45 

Two BMPs are currently available for clinical applications, recombinant human BMP-2 (rhBMP-

2, (INFUSE); Medtronic Sofamor Danek, Memphis) and rhBMP-7 (osteogenic protein 1 (OP-1), 

Stryker Biotech, Hopkinton, MA).42 Most products use a high dose of BMP-2 to compensate for 

the short half-life in vivo (1-4 hours).41,46 The INFUSE product uses a high dose of BMP-2 

(1.5mg/ml).47 In June 2008 the FDA issued a Public Health Notification of life -threatening 

complications associated with rhBMP-2 use.41 These complications included swelling of the neck 

and throat tissue, which resulted in compression of the airway and/or neurological structures of 

the neck, and some reports difficulty swallowing, breathing, or speaking.41 

Because of the safety concerns associated with higher doses of BMP-2, work has been 

done on incorporating lower concentrations of it into scaffolds for use in bone tissue 

engineering.48–50 One solution is to use polyelectrolyte multilayers (PEMs) to provide tunable 

growth factor concentration and release.51,52 Polyelectrolyte multilayers (PEMs) are prepared by 

layer-by-layer (LbL) assembly of polyelectrolytes to produce highly tunable thin-film polymer 

coatings.52 PEMs self-assemble due to the electrostatic interactions between the oppositely 

charged and sequentially deposited polyelectrolytes.53 BMP-2 has a binding site for heparin that 

modulates its bioactivity.54 In the presence of heparin, degradation of BMP-2 was blocked and the 

half-life in culture media was prolonged by nearly 20-fold.55 Our group has shown that chitosan-

heparin polyelectrolyte multilayers (PEMs) and polyelectrolyte complexes can bind and stabilize 

growth factors, preserving growth factor activity for weeks in physiological pH and temperature, 

and enabling their presentation to cells in a context that enhances growth factor activity. 56–58 In 

vitro release results demonstrated that different biologically relevant amounts of heparin-bound 
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growth factors, FGF-2 and TGF-β1, can be delivered from chitosan-heparin polyelectrolyte 

multilayers.59  

A previous study by Hu et al. incorporated BMP-2 into PEMs on titanium foil to increase 

osteogenesis.60 Chitosan/gelatin multilayers were constructed onto Ti6Al4V surfaces. A loading 

amount of rhBMP-2 (273.83 ng/substrate) was added to the surfaces and showed an increase in 

ALP activity and mineralization in vitro and increased bone density and bone formation in vivo 

when implanted in rabbits.60 Another study conjugated BMP-2 onto titania nanotube surfaces using 

dopamine.61 Surfaces with conjugated BMP-2 saw an increase in ALP and mineralization after 7 

and 14 days. The total concentration of BMP-2 onto surfaces was not reported, and samples were 

incubated in 50 ml of 80 ng/ml rhBMP-2.61  

1.4 Implant Infection 

While the leading cause of implant failure is loosening, the second most common cause of 

implant failure is infection.7,62 In some cases, infection necessitates removal of the implant, 

followed by a delay in revision surgery to re-implant a new prosthesis. This causes the patients to 

have increased periods of immobility and a higher chance of reinfection and loosening associated 

with another surgery.3 Infection occurs either at the time of the operation or later via the 

bloodstream.63 Most infections occur when bacteria are introduced directly into the patient during, 

or soon after, surgery; individuals moving around the operating room contribute the largest portion 

of pathogenic bacteria in the wound.63,64 The presence of clotted blood and compromised soft 

tissue in the surgical wound make it ideal for bacterial colonization.64 Bacteria and adhesion and 

colonization occur in two phases (Figure 1.3).65 Phase I occurs during the first 1-2 hours and Phase 

II occurs during the next 2-3 hours.65 The most common pathogens in orthopedic implant-

associated infections are Staphylococcus epidermidis (S. epidermidis, 32%) and Staphylococcus 
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aureus (S. aureus, 34%).7 The prevalence of S. epidermidis as the pathogenic organism for 

infections of prosthetic joints is increasing.63 

 

Figure 1.3: Representation of bacterial adhesion to a biomaterial substrate. Phase I adhesion 
involves reversible cellular association with the surface. During Phase II, bacteria undergo 
irreversible molecular bridging with the substrate through cellular surface adhesin compounds. 
After approximately 1 d, certain bacterial species are capable of secreting a protective 
exopolysaccharide matrix (biofilm) that protects the adhered bacteria from host defenses and 
systemically-administered antibiotics. Reproduced with permission from [76] copyright 2006, 

The Royal Society of Chemistry 

1.4.1 Preventing Infection with coatings  

There have been multiple studies on surface modification including coating of devices to 

prevent infection, using surfactants, proteins such as albumin, and polysaccharides such as heparin 

and chitosan.66–68 The chemical structure of heparin is shown below (Figure 1.4).  

 

Figure 1.4: The chemical structure of heparin 

Silver and silver coatings increase the antimicrobial properties of surfaces.69–71 AgNO3  

causes the cytoplasm membrane to detach from the cell wall in both E. coli and S. aureus.69 HA 
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coatings were S. doped with AgNO3, which reduced the number of S. aureus and E. coli present 

on the surface while maintaining cell proliferation and differentiation of human embryonic palatal 

mesenchyme cells (HEPM).70 Silver-coated titanium implants were implanted in rabbits and 

compared to normal titanium implants. There was a significant decrease in the infection rate of 

47% in rabbits with titanium implants to 7% in rabbits with silver-coated implants.71 While 

promising in vitro and in animal studies, there have been a few human trials with fixation pins, 

that have shown no significant difference in infection rate between titanium pins and silver-coated 

titanium pins.72,73 One of the studies even had to be discontinued because there was a significant 

increase in silver serum levels of the patients, along with no statistical difference in infection rate.72  

Nitric Oxide (NO) is a small molecule produced in the body, as a natural immune defense, 

that acts as a vasodilator, neurotransmitter, and anti-thrombogenic and antimicrobial agent.74–77 

Bacterial infections stimulate macrophages to produce NO, which is a strong oxidizing agent. NO 

diffuses across the bacteria cell and targets important structures within the cells, including DNA 

and proteins.65 NO released from materials is effective against multiple strains of gram-positive 

and gram-negative bacteria and is not prone to drug resistance.76 NO-releasing polysaccharide 

derivative proved effective against E. coli, Acinetobacter baumannii (A. baumannii), and S. 

aureus, by reducing bacterial growth by an 8-log reduction after 24 hours.76 To study anti-

thrombogenic properties, titania nanotube NO-releasing surfaces have been developed.75 

Chitosan is a polysaccharide derived from crustaceans and is biocompatible for a range of 

tissue engineering applications.3 The chemical structure of chitosan is shown below (Figure 1.5). 

Chitosan has also been used in biomaterials for its anti-microbial properties.78–80 Chitosan is a 

positively charged polysaccharide and has thus been used in PEMs to coat surfaces and increase 

antimicrobial properties.3,75,80,81  
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Figure 1.5: The chemical structure of Chitosan  

 Another surface modification is the ultraviolet (UV) treatment of titanium oxide. When 

treated with UV light, superoxide and hydroxyl ions form on the surface. These ions cause 

oxidative damage to the bacterial membranes.3 Titanium and titanium oxide (TiO2) pins were 

inserted into rabbits and then inoculated with methicillin-resistant S. aureus (MRSA). Pins were 

then treated with ultraviolet A (UVA) light for 60 min per day for seven days and the number of 

colonies formed was measured. The TiO2 pins had significantly less bacteria in vivo.82 While UVA 

treatment of pins was successful in rabbits, it can have unsafe side effects. To overcome the 

concerns of treating with UVA, carbon-containing TiO2 can also be made photoactive under 

visible-light and provide bacteria-killing properties against S. aureus, Shigella flexneri, and 

Acinetobacter baumannii.83  While both of these techniques show promise, they would be 

impractical for implants that are not exposed to air and therefore difficult to expose to light (UVA 

or visible).  

1.4.2 Antibiotic Delivery 

Antibiotic-delivering matrices and coatings are used to help prevent post-operative 

infections of complete joint replacement surgeries. By controlling the release of antibiotics directly 

from the implant, high doses of the drug can be delivered without exceeding the systemic toxicity 

level of the drug.65 Antibiotics including, gentamicin, amoxicillin, tobramycin, cefamandole, 

cephalothin, carbenicillin, and vancomycin, have been included in and released from implants65,84–
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89. Some of these coatings have already been demonstrated to actively prevent infections in vivo 

and are used in especially critical conditions.7 When PMMA cements are used in cemented joint 

replacements, post-operative infections increase 13%.20 Therefore, antibiotics have been 

incorporated into PMMA bone cements to prevent infection.3,20,88,89 However, with the addition of 

antibiotics, such as vancomycin, there is a potential for a negative effect on bending and fatigue 

strength.88 

Gentamicin is an aminoglycoside and is used to treat various bacterial infections. The 

chemical structure of gentamicin can be seen below (Figure 1.6). All aminoglycosides are poly-

cations, and the resulting polarity is responsible for the pharmacokinetic properties shared by all 

members of the group. Gentamicin irreversibly binds to the 30S component of the ribosome. This 

binding disrupts the normal ribosomal function, limiting protein synthesis, accumulation of 

abnormal initiation complex, and misreading of the mRNA template.90 While gentamicin is mainly 

used to treat gram-negative bacterial infections, it is effective against gram-positive bacteria such 

as Staphylococcus aureus and Pseudomonas aeruginosa.91 

 

Figure 1.6: The chemical structure of gentamicin. 

 Because of gentamicin’s ability to treat various bacterial infections, it has been 

incorporated into scaffolds and coatings for medical devices and implants.20,84,92,93 Gentamicin has 

been incorporated into bone cement, and when at a concentration lower than 2/60 
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(gentamicin/cement), there was no significant change in compressive or diametral tensile strength 

compared to the PMMA control.20 While including gentamicin in bone cement did not have 

negative impacts on mechanical properties, there is still worry of the incomplete release of 

gentamicin from the surface. Therefore either lower concentrations of antibiotics reach the implant 

site or higher doses of antibiotics are required to be seeded into the scaffold.65 One strategy to 

increase and control the release of gentamicin from the surface of the implant is through 

gentamicin loaded biodegradable polymers.  

 Biodegradable polymers have been extensively reviewed and provide a reliable way to 

deliver antibiotics in a controlled manner.3,65 To accomplish this and polyelectrolyte multilayers 

(PEMs) are used to deliver tunable amounts of gentamicin, like the delivery of growth factors 

stated earlier.94–97  The study by Escobar et al. used poly-ւ-lysine (PLL) and complexes of 

poly(acrylic acid) (PAA) to absorb gentamicin onto glass surfaces. These surfaces exhibited a burst 

release of gentamicin and were more effective than glass at preventing the proliferation of S. 

aureus.96 This is similar to previous studies that found a burst release of gentamicin during the first 

six hours.92,96 The  burst release of gentamicin in the study by Escobar et al. was thought to be due 

to gentamicin incorporation into the PEMs at a pH 4.5. Gentamicin becomes less protonated at a 

physiological pH (7.4), weakening the interaction between the antibiotic and the poly(acrylic acid) 

(PAA). 

While gentamicin has proven to be a valuable antibiotic, it is also cytotoxic and inhibits 

osteogenic cells.94,98,99 Because of gentamicin’s potential cytotoxic effects it is important to 

develop gentamicin-delivering surfaces intended for orthopedics that do not inhibit cellular 

attachment and growth. 
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1.5 Preventing Infection and Implant Loosening 
 

  Implant loosening and implant infection are the two main causes of complete joint 

replacement failure.5,7 Having an implant that decreases the risk for both causes of failure, could 

drastically reduce the need for corrective surgery after the initial surgery fails. However, surfaces 

that promote osteointegration often also promote bacterial adhesion, and those that have great 

amicrobial properties have poor cell attachment, proliferation, and/or osteogenic 

properties.3,10,21,100 Therefore, current research is being conducted on combing the previously 

mentioned ideas. Work is focused on either increase the cytocompatibility and osseointegration 

properties of antimicrobial surfaces designed for orthopedic implants, or increasing the 

antimicrobial properties of osseointegrating surfaces.  

1.5.1 Combining Antimicrobial and Osseointegrating Surfaces  

Antimicrobial agents have been released from PEMs to increase antimicrobial properties 

of surfaces because components of the PEM layers do not inhibit the ability for mammalian cell 

attachment and proliferation.95,101,102 The study by Moskowitz et al. used PEMs to absorb 

gentamicin on flat titanium surfaces, where a lower infection rate of S. aureus was found on coated 

samples compared to non-coated samples.95 This is a similar result to the previously mentioned 

study by Moskowitz et al., which found that the coatings were nontoxic to MC3T3-E1 murine 

preosteoblast.  

As topography modifications have been shown to increase cellular attachment and 

osteogenic properties of surfaces, nontopographic features and antibiotics have been combined to 

increase the cytocompatibility of antimicrobial surfaces. Nanotubes loaded with gentamicin may 

inhibit bacterial adhesion without causing cytotoxicity.103 The study by Harris et al. modified 
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titania nanotube surfaces with gentamicin and found that this combination was effective against S. 

aureus, while still promoting the attachment of human marrow-derived mesenchymal stem cells 

(hMSC). The hMSCs were cultured separately from the bacteria and in antibiotic -containing 

media.97  

Dual-drug delivery systems have also been studied to increase osteogenesis and 

antimicrobial properties of surfaces.92,102,104  In the study by Lee et al. gentamicin and BMP-2 were 

added to flat titanium surfaces with the use of heparin. Heparin was immobilized onto the surfaces 

using dopamine. Then surfaces were immersed in gentamicin followed by BMP-2 (Figure 1.7). 

The release of gentamicin was observed over multiple days and surfaces proved effective against 

S. aureus. The surfaces also proved to be non-cytotoxic against MG 63 cells.92  

 

Figure 1.7: Schematic diagram for the immobilization of gentamicin sulfate and bone 
morphogenic protein-2 (BMP-2) to heparinized-Ti substrate. Reproduced with permission from 

[91] copyright 2012, International Bone and Mineral Society 
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While the studies mentioned in this section proved effective in promoting mammalian 

cell growth while inhibiting bacterial growth, the bacteria and mammalian cell responses to the 

surfaces were assessed separately.  

1.5.2 Race to the Surface 

Infection of a prosthetic implant is thought to be a “race to the surface,” in which the 

probability of infection is determined by which cell type colonizes the surfaces first, bacteria or 

osteogenic cells.105 If osteogenic cells colonize the surface first then no infection happens 

because the bacteria die off; however if bacteria colonize the surface first then infection 

ensues.105 Surfaces that promote quick osteointegration and colonization of cells should therefore 

reduce the number of bacteria that can colonize the surface. However, surfaces that promote 

osteogenic cell attachment usually promote bacterial attachment as well.3 Therefore, it is 

necessary to find surfaces that promote osteogenic cell colonization, while simultaneously 

inhibiting the attachment of bacteria. Some authors have proposed that co-culture of bacteria 

with mammalian cells is a better model for infection of orthopedic implants.100,106,107  

There are few current studies, regarding orthopedic implants, that have tested the surfaces 

using the “race to the surface” model, by co-culturing bacteria with mammalian cells. The study 

by Chu et al. developed a biofunctional material consisting of polylactide-co-glycolide (PLGA), 

hydroxyapatite (HA), and quarternized chitosan (HACC).  The HA promotes osteoblast adhesion 

and colonization while the HACC exhibited antimicrobial properties. These surfaces were tested 

by co-culturing osteoblast cells with S. aureus. When compared to PLGA, and PLGA plus HA 

surfaces the surfaces with HA and HACC had less bacterial growth and more osteoblast 

colonization.108 
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1.5.1 Future Directions and Conclusions 

 There have been extensive reviews and research conducted on antimicrobial, osteogenic, 

and osteoconductive surfaces designed for orthopedic implants. Most research in the past aimed at 

solving orthopedic implant failure has focused on either solving the problem of aseptic loosening 

or implant failure due to infection. Implant materials, surface topography, surface coatings, and 

drug delivery have all been widely studied to increase osteogenesis. These same techniques have 

also been used to increase the antimicrobial properties of similar surfaces to prevent infection of 

the implant.  

Because of the similar strategies used to combat the two most common modes of failure of 

orthopedic implants, the current trend of research is to combine these technologies to d evelop 

surfaces that both promote osteogenesis and prohibit bacterial growth. This has been accomplished 

through dual drug delivery, surface coatings, antibiotic delivery from osteogenic surface coatings, 

and antibiotic delivery from surfaces with nanotopography. While these dual-functional surfaces 

show promise of increased antimicrobial activity without inhibiting cellular attachment, most 

researchers continue to test two separate hypotheses: 1) surface modification(s) increase 

cytocompatibility and the osteogenic properties of mammalian bone cells; and 2) surface 

modification(s) reduce bacterial adhesion, proliferation, and infection rate, without decreasing 

cytocompatibility.   

While testing two separate hypotheses provides useful information on the properties of the 

surface, it does test the surface under the conditions where both the mammalian cells and bacteria 

are competing for the same resources as an orthopedic implant would. Therefore, the current 

direction of the field is starting to test a new hypothesis: surface modification(s) provide a 

favorable environment in which mammalian cells can beat bacterial cells and colonize the surface 
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first, thus increasing the osteogenic and antimicrobial properties of the surface. This is done by co-

culturing bacteria cells and mammalian cells to test the “race to the surface” theory. It has been 

suggested that this is a more suitable model for studying infection and osseointegration of 

orthopedic implants. To better test this new third hypothesis, increased mechanistic co-culture 

studies for how the mammalian cells and bacteria interact are needed. Dual-functioning 

antimicrobial surfaces that promote osteogeneses could dramatically reduce implant failure and 

the need for corrective surgery.  
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CHAPTER 2: BMP-2 DELIVERY FROM POLYELECTROLYTE MULTILAYERS 

ENHANCES OSTEOGENIC ACTIVITY ON NANOSTRUCTURED TITANIA1 

 

 

 

Overview 

Incomplete osseointegration is primary cause of failure for orthopedic implants. New 

biomaterials that present stable signals promoting osteogenesis could reduce failure rates of 

orthopedic implants. In this study bone morphogenetic protein 2 (BMP-2) was delivered from 

titania nanotubes (Nt) modified with chitosan/heparin polyelectrolyte multilayers (PEMs). The 

surfaces were characterized by scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS). BMP-2 release from the surfaces was measured in vitro for up to 28 days. 

After an initial burst release of BMP-2 during the first two days, most of the BMP-2 remained on 

the surface. To determine the osteogenic properties of these surfaces, they were seeded with rat 

bone marrow cells; alkaline phosphatase (ALP) activity, total protein, calcium deposition and 

osteocalcin were measured up to four weeks in vitro. When compared to Nt surfaces, the surfaces 

with BMP-2 induce greater osteocalcin and calcium deposition. PEMs provide sustained 

presentation of BMP-2, from a biomimetic surface. This enhances the osteogenic properties of the 

surface without requiring supraphysiologic growth factor dose. This growth factor delivery 

strategy could be used to improve bone healing outcomes and reduce complications for recipients 

of orthopedic implants.  

 

 

1 Portions of this chapter are reproduced from: T.B. Wigmosta, K.C. Popat, and M.J. Kipper, 
“Bone morphogenetic protein-2 delivery from polyelectrolyte multilayers enhances osteogenic 
activity on nanostructured titania,” Journal of Biomedical Materials Research (2020), 
DOI:10.1002/jbm.a.37109. © 2020 Wiley Periodicals LLC, used with permission. 
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2.1 Introduction 

Complete joint replacement is a widely used and effective treatment for patients with 

injured or diseased joints. Total joint replacement causes a substantial improvement in physical 

health, including a reduction in chronic pain and improved physical functioning.1 There are 

currently over 1 million total knee and hip implants performed annually in the United States.2 

Elderly patients suffering from joint deterioration due to osteoarthritis or rheumatoid arthritis 

make up the majority of these surgeries.3 It is projected that the population of people aged 65 

years or older in the US will more than double from 40.2 million in 2010 to 88.5 million by 

2050.4 As a result, the number of complete joint replacement surgeries is expected to increase to 

over 4 million by 2030.5  

While most complete joint replacement surgeries are successful, over 60,000 revision 

surgeries due to implant failure are performed annually.6 Revision surgeries are costly and 

expose patients to risks associated with infection and anesthesia. Patients that undergo a revision 

surgery also experience significant decreases in physical functioning compared to those that have 

only a primary surgery.1 It is imperative that a solution to secure implants and decrease the 

number of revision surgeries is found. The most common cause of orthopedic implant failure is 

aseptic loosening of the implant from the surrounding bone tissue, followed by failure of the 

implant due to infection.5,7 These failure modes could be addressed by implant surfaces that 

enhance osseointegration and infection to avoid the increased cost and decreased health 

associated with revision surgery. 

Successful orthopedic implant surfaces allow for bone-forming cells to attach to the 

surface and synthesize new bone. Nanotopographical structures can enhance bone formation both 

in vitro and in vivo.8–13 A study by Ballo et al. histologically evaluated bone growth on implants 
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after 7 and 28 d. Surfaces with 60 nm features had significantly higher bone-implant contact 

compared to 120 nm and 220 nm surfaces.8 Our group has fabricated novel nanotubular titania 

surfaces using an anodization process. This process uniformly modifies titanium surfaces with 

titania nanotubes.14 These titania nanotube surfaces provide a favorable template for bone cell 

growth and differentiation.8,14 Nanotube surfaces support higher cell adhesion, prolif eration and 

viability for up to seven days in culture compared to titanium surfaces.14 Cells cultured on 

nanotube surfaces demonstrate higher alkaline phosphatase (ALP) activity, and improved 

calcium and phosphorus accumulation.14 This suggests that osteoblast activity can be 

significantly enhanced using controlled nanotopographies, such as nanotubes.  

A second strategy for improving bone growth around orthopedic implants is the delivery 

of growth factors from scaffolds for bone tissue engineering. Bone morphogenetic proteins 

(BMPs) have been extensively researched because of their ability to induce bone and cartilage 

development.15 The first BMP was isolated in the 1980s, with the crystal structures of human 

BMP-2 and BMP-7 published in the 1990s.16 Bone morphogenetic protein 2 (BMP-2) improves 

healing of critical-sized bone defects.15 The use of BMP-2 for the treatment of tibial fractures 

was investigated by the Surgery for Tibial Trauma (BESTT-ALL) trial.17 At 12 months post-

surgery, the treatment group receiving the largest does of rhBMP-2 had a 44% reduction in the 

risk of failure, significantly fewer invasive interventions, and significantly faster fracture true-

healing, compared with control patients.17 Because of BMP-2’s success in bone healing, it has 

been approved by the Food and Drug Administration (FDA) and used in spinal fusions since 

2002.18 There are currently two BMP products available for clinical applications: recombinant 

human BMP-2 (rhBMP-2, (INFUSE); Medtronic Sofamor Danek, Memphis, TN) and rhBMP-7 

(osteogenic protein 1 (OP-1), Stryker Biotech, Hopkinton, MA).15  
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However, these techniques use super-physiological amounts of growth factors to 

compensate for the short half-life in vivo (1-4 hours).19 The INFUSE product, for example, uses 

a very high dose of BMP-2 (1.5 mg/ml).20 The use of large amounts of growth factor can result 

in nonspecific delivery and overgrowth of the tissue with the potential for unsafe side effects. 21 

In June 2008 the FDA issued a Public Health Notification of life-threating complications 

associated with rhBMP-2 use.21  

 Surfaces that stabilize BMP-2 and control its delivery could reduce the need for and risks 

associated with supraphysiologic doses.22–31 One solution is to use polyelectrolyte multilayers 

(PEMs) to provide tunable growth factor concentration and release.25,32,33 Our group has shown 

that chitosan-heparin polyelectrolyte multilayers (PEMs) and polyelectrolyte complexes can bind 

and stabilize growth factors, preserving growth factor activity for weeks in physiological pH and 

temperature, and enabling their presentation to cells in a context that enhances growth factor 

activity.34–36 BMP-2 has a binding site for heparin that modulates its bioactivity; in the presence 

of heparin, degradation of BMP-2 is blocked and the half-life in culture media is prolonged by 

nearly 20-fold.37,38 Our group has also successfully absorbed PEMs onto nanotubes.39 The 

stabilization of growth factors provided by the PEMs enables the use of biologically relevant 

amounts of heparin-binding growth factors, such as FGF-2 and TGF-β1.40  

In this study, we designed surfaces to promote osteogenic differentiation of rat bone 

marrow cells. This is accomplished using a combination of nanotopography and coatings for 

growth factor delivery. BMP-2, is delivered from nanotube surfaces, because it has been shown 

to promote bone formation and is currently used in commercial products.15,17,18,20 

Chitosan/heparin polyelectrolyte multilayers (PEMs) are used to deliver BMP-2 from the titania 

nanotube surfaces. While previous studies have incorporated a combination of PEMs, BMP-2, 
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heparin, and/or nanostructured topography onto titanium surfaces to increase bone formation, no 

studies have combined all of them to increase bone formation.22–26,41 It is the goal of the this 

study to combine nanotopography with growth factor release, to increase the osteogenic 

properties of cells without requiring costly and potentially dangerous superphysiologic growth 

factor doses.   

2.2 Materials and Methods 

2.2.1 Surface Characterization and BMP-2 Release 

2.2.1a Titania Nanotube Fabrication 

Titania nanotube surfaces were created using an anodization process.14 Flat titanium foil 

(0.25 mm thickness and 99.8% purity) was cut into identical circles 8 mm in diameter, using water 

jet cutting. Electrolyte solution consisted of 2 vol% hydrofluoric acid, 95 vol% diethylene glycol 

(DEG, basic, 99% reagent Sigma-Aldrich, St. Louis, MO) and 3 vol% DI water. A platinum 

electrode served as a cathode.  Anodization was performed at a constant voltage of 55 V for 22 h. 

Nanotubes were then annealed in an oven at 530 °C for 3 h. The resulting samples are referred to 

as Nt. 

2.2.1b Construction of Polyelectrolyte Multilayers (PEMs) 

 Chitosan was purchased from Heppe Medical Chitosan (Halle, Germany). Heparin sodium 

from porcine intestinal mucosa (12.5% sulfur) was purchased from Celsus Laboratories, 

(Cincinnati, OH). Glacial acetic acid and ethanol (99.5+ %, 200 proof) was purchased from Acros 

Organics (Geel, Belgium). Sodium acetate was purchased from Fisher Scientific (Pittsburgh, PA). 

A Millipore Synthesis water purification unit was used to obtain 18.2 MΩ cm water, and this was 

used for making all aqueous solutions (Millipore, Billerica, MA).  
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Polyelectrolyte multilayers were prepared by the layer-by-layer deposition of alternating 

layers of chitosan and heparin. Chitosan (1 mg/ml) and heparin (3 mg/ml) solutions were prepared 

in acetate buffer (0.2 M, pH 5).  All solutions were filtered through 0.22 µm poly vinylidene 

fluoride (PVDF) syringe filters. Titania nanotube substrates were first washed for five minutes in 

acidified water rinse (pH 4.0, acidified with acetic acid). Construction of PEMs was performed by 

alternating 5-min absorption steps of the polyelectrolytes (starting with chitosan) with 4-min 

acidified water rinses between absorption steps.42 Heparin-terminated PEMs were constructed 

with 18 layers. The resulting samples are referred to as Nt + PEM.  

2.2.1c Surface Characterization with X-Ray Photoelectron Spectroscopy (XPS) and Scanning 

Electron Microscopy (SEM) 

The surface chemistry of samples was characterized using Phi Electronics 5800 

Spectrometer (Chanhassen, MN). Spectra were obtained with a monochromatic A1 Kα X -ray 

source (hv = 1486.6 eV), a hemispherical analyzer, and a multichannel detector. High-resolution 

spectra were obtained using a 23.5 eV analyzer pass energy with 0.1 eV steps and an X-ray spot 

for 800 µm. All spectra were obtained with a 45° photoelectron take-off angle. Spectra curve fitting 

was done in OriginLab (OriginPro, 2019b, OriginLab Corporation, Northampton, MA, USA). All 

spectra curve fitting used a Shirley background. Spectra were shifted by locating the aliphatic C1s 

peak at 284.8 eV. Gaussian peaks were fit according to expected functional groups.43  

Nanotubes (Nt) and PEM-modified nanotubes (Nt + PEM) were visually observed using 

SEM. Samples were sputter-coated with palladium-gold alloy (Polaron SC 7620 Sputter Coater, 

Quorum Technologies, Newhaven, UK) at a thickness of 10 nm (10-15 mA, under a vacuum of 

130 mTorr). The SEM (JSM-6500F, field emissions scanning electron microscope, JEOL, Japan) 



36 

was operated at an accelerating voltage of 15 kV, and three areas at two different magnifications 

(2500×, and 250×) on each sample were imaged.  

2.2.1d Absorption and release of BMP-2 on Titania Nanotubes + PEM  

Ten 8-mm diameter disks of titania nanotube samples were constructed and 18-layer PEMs, 

terminated with heparin were adsorbed onto the surfaces as previously described, to prepare Nt + 

PEM samples. Samples were dried overnight and then sterilized by incubating in 70% ethanol for 

30 min. To ensure no ethanol remained on the samples, samples were rinsed three times with sterile 

phosphate buffered saline (PBS), pH 7.2 without calcium chloride or magnesium chloride, (Fisher 

Scientific, Waltham, MA) for five min each wash. To determine the adsorption and release of 

BMP-2 from samples, two concentrations of BMP-2 (355-BM-010, R&D Systems, Minneapolis, 

MN) were adsorbed onto Nt + PEM. The release of BMP-2 was measured over 28 d.  

 Two concentrations (100 ng/ml and 500 ng/ml) of BMP-2 were aseptically prepared in 

PBS. Under aseptic conditions, 250 µl of BMP-2 solution (n = 5) were added to sterile 48-well 

plates with Nt + PEM samples and placed on a shaker at 150 rpm for 1 h at room temperature. The 

solution was then removed and stored at -20 °C until further analysis. To determine the amount of 

BMP-2 adsorbed onto the samples, the amount of BMP-2 in the 1-hour post BMP-2 addition was 

subtracted from the total amount of BMP-2 added to the sample. Next, 250 µl of fibronectin (10 

µg/ml; FisherScientific, Waltham, MA) in PBS was incubated on the samples for 1 h at 150 rpm 

at room temperature, then the fibronectin solution was removed. The BMP-2-modified samples 

after fibronectin addition are referred to as Nt + PEM + BMP-2. 

Nt + PEM + BMP-2 samples were kept in 48-well plates with 200 µl of PBS at 37 °C 

throughout the rest of the experiment. At 6, 12 and 24 h, as well as 2, 4, 7, 14, 21 and 28 d, 450 µl 

of solution was removed and replaced with fresh PBS. The removed samples were stored -20 °C. 
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The concentration of BMP-2 in solution was measured using an enzyme-linked immunosorbent 

assay (ELISA) (R&D Systems DY355-05). Total BMP-2 released from the sample was calculated 

and plotted versus time.  

2.2.2 Cellular Response to BMP-2-Modified Surfaces 

2.2.2a Harvest of Bone Marrow from Rats 

 Rats were obtained from the Laboratory Animal Resource Center (LARC) at Colorado 

State University, Fort Collins, Colorado. Rats were euthanized according to an IACUC-approved 

protocol. The femurs and humeri were removed from the limbs and placed in sterile PBS on ice. 

Bones were dissected from the remaining soft tissue in a sterile tissue-culture hood. Metaphyseal 

ends of the bones were removed to allow access to the marrow cavity. Marrow from the cavity 

was flushed out using a 12-gauge needle attached to a 10-ml syringe filled with culture medium, 

which consisted of alpha modified minimum essential medium (α-MEM; ThermoFisher, Waltham, 

MA) supplemented with 10% fetal bovine serum (FBS; ThermoFisher, Waltham, MA) and 1% 

penicillin/streptomycin (pen/strep; ThermoFisher, Waltham, MA). The syringe was refilled with 

the same medium and the cavity was re-flushed with an 18-gauge needle. The flushed cell 

suspension was then filtered through a 70-µm nylon strainer into a fresh conical tube (15-mL or 

50-mL centrifuge tube). Cells were then counted by diluting the cell solution 1:1 in 0.4% Trypan 

Blue (ThermoFisher, Waltham, MA) and counting on a hemocytometer.14 

2.2.2b Sample Preparation and Bone Marrow Seeding 

 Nt, Nt + PEM, and Nt + PEM + BMP-2 samples (prepared using 500 ng/ml BMP-2) were 

prepared as described above. Rat bone marrow cells were seeded onto samples at a density of 106 

cells/ml in maintenance media. Samples were incubated at 37 °C and 5% CO2 for the remainder 
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of the experiment. Half of the media was removed and replaced with fresh cell culture media on 

day 4. On day 7 all the media was removed and replaced with complete media. Complete media 

consisted of αMEM supplemented with 10% FBS, 1% pen/strep, ascorbic acid (50 µg/ml) 

(255564, Sigma), and β-glycerol phosphate (8 mM) (G-6251, Sigma). As a positive control for 

BMP-2 delivery, some Nt samples also had BMP-2 added to the complete media (Nt + BMP-2 in 

media). For samples Nt + BMP-2 in media samples, BMP-2 was added to complete media at a 

final concentration of 100 ng/ml at each media change. For all samples, the media was changed 

every other day for the remainder of the experiments. Table 1 summarizes the sample groups. 

 

2.2.3 Alkaline Phosphatase (ALP) Activity, Total Protein, and Calcium 

 Alkaline phosphatase activity, total protein, and calcium were assessed at 14, 21, and 28 d 

post cell seeding. Five samples per group and per time point were prepared. The media was 

removed from wells and samples were washed with PBS. Samples were then moved to new wells 
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and incubated in 0.2% Triton-X100 in DI water at room temperature on a shaker at 150 rpm. The 

solution was removed and stored at -20 °C until total protein and ALP analysis. Samples were then 

rinsed in DI water, allowed to air dry, and stored in a desiccator for later calcium analysis.  

 ALP activity was measured using a commercially available kit (QuantiChrom, Alkaline 

Phosphatase Assay Kit DALP-250). Total protein was determined using another commercially 

available kit (ThermoScientific, Micro BCA Protein Assay Kit 23235). Calcium was determined 

using a kit from Abcam (Calcium Assay Kit (Colorimetric)). Dried and stored samples were 

incubated in 6 N HCL for 2 h. Calcium reagent (1 ml) was added to each well, and then 100 µl of 

the solution was added to a 96-well plate. Absorbance was read at 570 nm and compared to a 

calcium standard. Calcium and ALP activity was normalized to total protein.  

2.2.4 Cell Counts and Osteocalcin Production  

 Samples were fixed in 3.7% formaldehyde in PBS on days 14 and 28. Samples were stored 

in PBS at room temperature until the fluorescent staining. The samples were stained with 4′,6-

diamidino-2-phenylindole (DAPI, Invitrogen), rhodamine phalloidin (actin), and osteocalcin (P-

18 purified goat polyclonal antibody of mouse origin, Santa Cruz Biotechnology). The osteocalcin 

antibody was diluted 1:100 in 1% BSA in PBS and incubated on the samples for 1 h at room 

temperature. A FITC-conjugated secondary antibody for osteocalcin (donkey antigoat IgG, Santa 

Cruz Biotechnology) was then diluted 1:200 in 1% BSA in PBS and incubated on samples for 45 

min. Rhodamine phalloidin at a concentration of 14 µM in PBS was added to wells and incubated 

for 25 min at room temperature. Samples were stored in PBS until fluorescence imaging.  

 Each sample was imaged at 10× in three locations using a Zeiss Axiovision fluorescence 

microscope. Cell nuclei were counted using ImageJ software (NIH). Percent area of osteocalcin 

was also determined in ImageJ and normalized to the number of cell nuclei. 
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2.2.5 Scanning Electron Microscopy (SEM)  

 Samples (three per group and time point) were fixed at 14 and 28 days for SEM. Samples 

were placed in primary fixative (3% glutaraldehyde with 0.1 M sucrose and 0.1 M sodium 

cacodylate in deionized water) for 45 min, followed by a rinse in buffer solution (primary fixative 

without glutaraldehyde) for 10 min. Then samples were dehydrated in increasing concentrations 

of ethanol (30%, 50%, 70%, 90%, and 100%) for 10 min each at room temperature. Finally, 

samples were incubated in hexamethyldisilazane for 10 min and air-dried for imaging. Samples 

were then imaged using SEM (the same as for determining PEM absorption) to determine 

morphology.  

2.3 Statistical Analysis 

 One representative experiment was conducted, and all results were analyzed using a one-

way Analysis of Variance (ANOVA) comparing experimental group means. Statistical 

significance was considered at p < 0.05 (JMP®, Version 15.0.0. SAS Institute Inc., Cary, NC, 

1989-2019). 

2.4 Results 

2.4.1 Surface Characterization 

The SEM images show uniform vertical nanotubes on the surfaces, and coating with 18 -

layer PEM maintains the nanotube morphology (Figure 2.1a). XPS survey scans for Nt surfaces 

indicate oxygen (O1s), carbon (C1s), and titanium (Ti2p) elements on the surface with no visible 

nitrogen (N1s) or sulfur (S2p) elements present. However, survey scans for Nt + PEM indicate the 

presence of O1s, C1s, N1s, S2p elements with no discernable Ti2p (Figure 2.1b). High-resolution 

nitrogen spectra show ammonium, amine and amide peaks, consistent with the polysaccharide 
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PEM composition. High-resolution C1s spectra indicate alcohol, ether and amine groups 

contributing to the overall C1s peak (Figure 2.2b).  

 

Figure 2.1 (a) Representative SEM images of surfaces. The Ti image is a representative image of 
the flat titanium surface, before anodization. The Nt image is a representative image of the titanium 
surface after anodization and the addition of nanotubes on the surface. The Nt + PEM image shows 
a nanotube surface after the addition of PEMs. Nanotube morphology is maintained after addition 
of PEMs. (b) Full XPS survey spectra of Nt and Nt + PEM surfaces. O1s, Ti2p3/2, C1s, N1s, and 
S2p peaks are labeled. (c). High-resolution XPS spectra of C1s, N1s, and S2p for Nt + PEM 
surfaces.  
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2.4.2 BMP-2 Adsorption and Release from Surfaces 

 BMP-2 adsorbed onto Nt + PEM + PEM surfaces was measured using an ELISA. The 

average (± standard deviation) amount of BMP-2 loaded onto the Nt samples from 100 ng/ml and 

500 ng/ml was 23.18 ± 0.11 ng (92.7 ± 0.4% of total BMP-2 added) and 92.5 ± 5.5 ng (74 ± 4.4% 

of total BMP-2 added) respectively. Nt + PEM samples loaded with 500 ng/ml have a lower 

percentage of growth factor adsorbed than those loaded with 100 ng/ml, but a higher total amount 

of growth factor adsorbed.   

 The cumulative release of BMP-2 was measured over 28 d. After 2 d the amount of BMP-

2 released is below the threshold of the ELISA and considered zero (data not shown). The largest 

amount of BMP-2 is released from the surface during the first six hours and starts to level off after 

24 h (Figure 2.2). Only 1.2 to 1.5% of the adsorbed growth factor is released and detectable in 

solution, suggesting that a large fraction of the BMP-2 remains surface-bound.   

 

 

Figure 2.2 Cumulative Release of BMP-2 in vitro from Nt + PEM + BMP-2 surfaces (average ± 
SE).  
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2.4.3 ALP Activity and Calcium Deposition 

ALP activity was measured at up to 28 d in culture (Figure 2.3a) and was normalized to 

total protein content. For all ALP, calcium and total protein results, “week 1” represents one week 

after switching to complete media (14 days after the initial cell seeding). There are no significant 

differences between the groups after 1 week and 2 weeks in complete media. After three weeks in 

complete media Nt samples with BMP-2 in the media have a significantly higher ALP activity 

when compared to the other three samples.  

Calcium content (normalized to total protein content) was measured on surfaces up to 28 

d (Figure 2.3b). After 1 week in complete media, Nt + PEM samples have significantly more 

calcium than Nt and Nt + BMP-2 in media samples. There is no significant difference between the 

samples at week two. At week three Nt + PEM +BMP-2 samples have significantly more calcium 

than Nt surfaces.  
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Figure 3.2 (a) ALP activity of rat bone marrow cells on surfaces at 1, 2, and 3 weeks post change 
to complete media. (b) Calcium concentration on surfaces 1, 2, and 3 weeks post change to 
complete media. (c) Total protein concentration on surfaces at 1, 2, and 3 weeks post change to 
complete media. (* indicates p < .05).  

 
2.4.4 Cell Counts and Osteocalcin  

 Samples were stained for osteocalcin one and three weeks after switching to complete 

media. (Figure 2.4a). The total number of cells (nuclei) was determined (Figure 2.4b), and the 

percent area of osteocalcin (normalized to number of nuclei) was measured (Figure 2.4c). As with 

the ALP activity, calcium, and total protein, “week 1” represents 1 week after switching to 
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complete media or 14 days since initial cell seeding. For both week 1 and 3, Nt + PEM + BMP-2 

samples have significantly more % area of osteocalcin compared to the other three samples. At 

week 1 Nt surfaces have a greater number of cells than both the Nt + PEM samples and the  Nt + 

PEM + BMP-2 samples. At week 3 Nt + BMP-2 in media samples have a greater number of cells 

than Nt + PEM samples. By week 3 fluorescence images show clusters of cells and actin fibers on 

all samples, other than Nt samples. On Nt samples the cells were aligned so the actin fibers of all 

the cells remained parallel.   

 

Figure 2.4 (a) Fluorescent images (20×) of stromal cells on Nt surfaces. Osteocalcin (green), 
nuclei (blue) and Actin (red). White arrows point to examples of osteocalcin staining. Gray arrows 
point to examples of nonparallel Actin fibers. (b) Number of nuclei on samples at week 1 and 3 
(calculated using 10× images). (c) % area of osteocalcin/nuclei at week 1 and 3 (calculated using 
10× images). (* indicates  p < .05). 
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2.4.5 Cell Morphology SEM 

 All surfaces show cell attachment by week 1 and cell spreading by week 3 (Figure 2.5). 

At week 1, Nt and Nt + BPM-2 in media surfaces show the beginning of cell spreading and cells 

interacting with the nanotubes. At week 1, Nt + PEM and Nt + PEM + BMP-2 samples show cells 

with less spreading and interaction with surfaces, but the addition of protein -like structures that 

are not present by week 3.  By week 3, cells on Nt + BMP-2 in the media samples have started to 

form clusters and are covering most of the surface. Cells have started to cover the surface of Nt + 

PEM + BMP-2 surfaces, but there are not cell clusters on the surface.  

 

Figure 2.5 Representative SEM images of each sample at week 1 and week 3. The images under 
each week were taken at 250× (left) and at 2500× (right). Examples of cells are circled in greed 
and the white circles represent protein-like structures observed only on the PEM coated samples. 
Cell clusters are circled in red.  
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2.5 Discussion  

The combination of nanotopography and growth factor presentation increases the 

osteogenic properties of surfaces. These new surfaces combine nanotopography  introduced via 

titania nanotubes, and glycosaminoglycan coatings that conformally coat the nanotubes while 

retaining some nanoscale features. The glycosaminoglycan-based coatings bind and stabilize 

BMP-2, with less than 2% of the BMP-2 released over the first 48 hours. The samples coated with 

a higher dose of BMP-2 show a lower percentage of BMP-2 binding to the surfaces. This could be 

because the surfaces’ capacity to bind BMP-2 is approaching saturation. These results differ from 

similar studies that investigated release of BMP-2 from titanium surfaces over 30 days in vitro.29,30 

The study by Lee et al. bound a similar amount (50 ng) of BMP-2 with heparin onto flat titanium 

surfaces.29 The study by Yang et al. bound 50 ng BMP-2 with the addition of heparin and human 

growth and differentiation factor 5 onto flat titanium.30 Both studies bound heparin directly to the 

surfaces and observed a burst release of BMP-2 in the first day followed by sustained release over 

30 days.29,30 In our study the majority of the BMP-2 is retained on the surfaces. The main 

differences between the two studies and ours is the surface topography of the samples and the way 

the heparin was absorbed onto the samples.  

The cells responsible for new bone formation are osteoblasts. Phase one of mineralization 

takes place in matrix vesicles released from osteoblasts. ALP is responsible for the generation of 

inorganic phosphate and internal transport into the vesical.44-46 Therefore ALP is one of the first 

markers of osteogeneses. The only difference in ALP activity was found at week three, where there 

was significantly more ALP activity on the Nt + BMP-2 in media samples compared to the other 

three groups (Figure 2.3a). ALP activity varies during differentiation and mineralization and can 

reflect the distributions of cells throughout the cell cycle.47 Because of this, it is possible that the 
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time points chosen missed the peak in ALP activity for the other samples. The high ALP activity 

at week three for the Nt + BMP-2 in media sample, indicate that the cells have an osteogenic 

response to BMP-2.  

During osteogenesis, after ALP activity peaks, calcium and inorganic phosphate are 

internalized into the vesical. In the vesical they form non-crystalline amorphous CaP that is then 

converted into octa CaP crystals, and then eventually into insoluble hydroxyapatite crystals.48 

During phase two of mineralization hydroxyapatite is released from the vesicle and extra -vesicular 

Ca2+ and Pi increases. Differences in calcium content were only found at week one and week three 

(Figure 2.3b). It was unexpected that Nt + PEM samples have greater calcium compared to other 

samples at week 1. All samples are normalized to total protein. Nt + PEM and Nt + PEM + BMP-

2 have a significantly lower total protein content at week 1 than samples without PEMs. Because 

of this, the large calcium content observed on the Nt + PEM samples could be due to the low total 

protein content at week one (Figure 2.3c). By week 2 total protein on the Nt + PEM samples is no 

longer significantly less than total protein on the Nt + BMP-2 in media samples. This could explain 

the observed decrease in calcium content observed in week 2 on the Nt + PEM samples (Figure 

2.3b).  While not statistically significant, there is more calcium on the Nt + PEM + BMP-2 

samples. By week 3 there is significantly more calcium on the Nt + PEM + BMP-2 samples 

compared to the Nt samples. At this time point there was no significant difference in total protein 

between the samples. The greater amount of calcium on the Nt + PEM + BMP-2 surfaces at week 

three shows that the way BMP-2 is presented on the surface increases the cells’ calcium production 

compared to Nt surfaces alone.  

With the increase of extra-vesicular Ca2+ and Pi, binding proteins including osteocalcin 

regulate the continued nucleation of hydroxyapatite crystals.46 Osteocalcin can be visualized using 
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immunohistochemistry (IHC) staining (Figure 2.4). At both week 1 and week 3 there is 

significantly more osteocalcin per nucleus on the Nt + PEM + BMP-2 samples compared to the 

other three samples. This corresponds to the calcium results, confirming that the cells have a 

favorable osteogenic response to how BMP-2 is presented on Nt surfaces.  

Undifferentiated mesenchymal stem cells MSCs and osteoblasts have diff erent actin 

cytoskeletal structures. Upon differentiation into osteoblasts MSCs go from fibroblast like spindle 

shape with long, thin stress fibers running parallel in orientation with the cell, to thicker 

crisscrossed pattern of actin fibers.49 At week 3 there is a clear visual difference on how the actin 

fibers are oriented on the samples (Figure 2.4a). At week three actin fibers on the Nt samples are 

thin and run parallel to each other, similar to the presentation of fibroblasts and undifferentiated 

MSCs. The other three samples show thicker actin fibers presented in a crisscross pattern. Whole 

bone marrow, which contains MSCs, was used in this experiment. The morphology observed here 

is consistent with expected changes in actin organization as MSCs differentiate into osteoblasts.  

At the start of differentiation of MSCs there is a notable change in morphology. Cells go 

from a fibroblast-like phenotype to a nearly spherical form.50 Cell roundness has been highly 

correlated with expression of osteogenic markers.51 When MSCs are exposed to differentiation 

factors in vitro, cells that form nodular aggregates with visible bare spots have greater mineral 

deposition.52 This is consistent with the morphology seen in the SEM images of the samples 

(Figure 2.5). Nodules and cell clustering can be seen on the cells with the Nt, while this is not 

visible on the Nt + PEM samples. While samples with PEMs do not have these features, there is 

some covering of the surface and cells starting to form clusters, seen in the Nt + PEM + BMP-2 

samples. This could suggest that these samples are delayed in cluster formation or the cells need 

to be seeded at a higher density to initiate clustering.  
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These results are consistent with pervious similar studies. One study incorporated BMP-

2 into PEMs on titanium foil to increase osteogenesis.25 Chitosan/gelatin with 2 µg/ml of rhBMP-

2 multilayers were constructed on Ti6Al4V surfaces, and showed an increase in ALP activity and 

mineralization in vitro and increased bone density and bone formation in vivo when implanted in 

rabbits.25 Another study conjugated BMP-2 onto titania nanotube surfaces using dopamine.61 

Surfaces with conjugated BMP-2 increased ALP and mineralization after 7 and 14 days. The total 

concentration of BMP-2 on the surfaces was not reported, and samples were incubated in 50 ml of 

80 ng/ml rhBMP-2.26 The innovation introduced in our work is the combination of BMP-2 delivery 

with the nanotopographical features of the Nt, and the binding of BMP-2 in PEMs to stabilize the 

presentation of small, physiologically relevant doses of BMP-2 from the surfaces.  

2.6 Conclusion 

Improving surfaces for orthopedic implants by creating surfaces that promote bone growth 

is still a major problem. In this study, BMP-2 was successfully absorbed onto Nt surfaces via 

PEMs. The BMP-2 remained on the surfaces for up to 28 d in PBS. Our results show that Nt 

surfaces modified with BMP-2 can increase osteogenic markers in bone marrow cells including 

osteocalcin and calcium content by 28 d in culture. When compared to Nt surfaces, BMP-2 

surfaces induce greater osteocalcin and calcium deposition. This agrees with other studies that 

BMP-2 bound to surfaces increase the osteogenic response of cells. Heparin increases the half-life 

of BMP-2 in vitro and its use in the PEMs allow for a lower concentration of BMP-2 to be applied 

to the surfaces. Previous studies using BMP-2 use high concentrations of BMP-2 or lower 

concentrations on flat titanium or non-organized topographies, and those studies with BMP-2 and 

heparin show a constant release of BMP-2 over 30 days in vitro. Our study combines organized 

nontopographic surfaces with BMP-2 and heparin. This unique presentation of BMP-2 on surfaces 
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provides an increase in osteogenic properties of bone marrow cells. This provides a promising 

approach to enhance bone healing and improve orthopedic implants.  
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CHAPTER 3: CHITOSAN/IOTA-CARRAGEENAN AND CHITOSAN/PECTIN 

POLYELECTROLYTE MULTILAYER SCAFFOLDS WITH ANTIADHESIVE AND 

BACTERICIDAL PROPERTIES2 

 

 

 

Overview 

It has been a challenge to develop durable and cytocompatible antibacterial coatings with 

antiadhesive and antimicrobial activities. To overcome the problems caused by bacteria 

contamination on biomedical devices, we are proposing layer-by-layer films based on iota-

carrageenan/chitosan, and pectin/chitosan polyelectrolyte multilayers (PEMs) assembled in an 

acetic acid/acetate buffer solution at pH 5.0. PEMs with 5 and 15 layers are established with 

chitosan-terminated layers. As compared to pectin, the iota-carrageenan promotes a PEM with a 

more wettable surface (water contact angle of 25°) and a low roughness. The PEMs have strong 

antiadhesive and bactericidal activities against Pseudomonas aeruginosa (P. aeruginosa) and 

Staphylococcus aureus (S. aureus). For P. aeruginosa, the effect is seen after 6 h and for S. aureus 

the effect is seen after 24 h. The antibacterial test in vitro indicates that PEMs can kill and avoid 

the attachment of bacteria effectively. To confirm the biomedical potential of these PEMs to act 

as coatings for tissue scaffolds and implants, adhesion and proliferation of bone marrow-derived 

stem cells (BMSCs) is demonstrated after 4 and 7 days of incubation. The iota -

 
2 Portions of this chapter are reproduced from: Martins, A. F., Vlcek, J., Wigmosta, T., Hedayati, 
M., Reynolds, M. M., Popat, K. C., & Kipper, M. J. (2020). Chitosan /iota-carrageenan and 
chitosan/pectin polyelectrolyte multilayer scaffolds with antiadhesive and bactericidal 
properties. Applied Surface Science, 502, 144282.© 2020 Science Direct LLC, used with 
permission. 
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carrageenan/chitosan PEM supports the BMSCs adhesion, proliferation and spreading, inhibits the 

attachment and growth of bacteria and promotes cytocompatibility of surfaces. 

3.1 Introduction 
 

Polyelectrolyte multilayers (PEMs) can easily be prepared on suitab le substrates by the 

layer-by-layer (LbL) approach.1 PEMs are built up by deposition/adsorption of alternating cationic 

and anionic layers of polyelectrolytes on a solid substrate.2 The resulting thin films can be 

interpenetrated assemblies principally stabilized by the electrostatic interactions between 

polycation-polyanion pairs. The LbL method has been used to create surfaces with tunable 

biological functions for use in biomedical devices.3 Several studies have reported using the LbL 

technique to modify the surfaces of poly(ethylene terephthalate), polystyrene (PS), polyurethane-

coated decellularized scaffold , gold, and other substrates with PEMs composed of chitosan (CS), 

chitosan derivatives and glycosaminoglycans (heparin, hyaluronic acid and chondroitin  

sulfate).2,4-9 

PEMs have been constructed to deliver a growth factor (bone morphogenetic protein 2) for 

bone regeneration, prevent bacteria adhesion and proliferation , as well as to prolong blood 

coagulation time, enhance resistance to platelet adhesion, and prevent fibrin network 

formation.1,3,5,7,9 The biological responses to PEMs can be controlled by modulating the processing 

conditions and surface features used during the LbL assembly. Important parameters include the 

surface wettability, roughness, pH of the polyelectrolyte solutions, and the polyelectrolytes from 

which the PEMs are assembled.7 In complex protein solutions, such as blood, serum, and dairy 

products, cell and bacteria adhesion are thought to be mediated by a layer surface adsorbed 

proteins.10,11 Direct contact of bacteria with surfaces and the adsorption of planktonic bacteria 

directly to the surface in protein deficient environments (e.g. water, urine, saliva) are also 
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important routes for bacterial colonization.10 Therefore, surfaces that prevent bacterial 

contamination may need to both be antiadhesive toward bacteria (to prevent direct adsorption), 

and possess antimicrobial activity, to kill bacteria which attach through protein - mediated 

mechanisms. Polysaccharide-based coatings may have both antimicrobial and antiadhesive 

properties.12-14 For example CS/glycosaminoglycan-based multilayers have antiadhesive and 

bactericidal actions against Escherichia coli (E. coli) when the PEMs were assembled at pH 3.0.5,7 

However, these papers reported only the antimicrobial activity of the PEMs toward E. coli.4,5,7 

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium associated with 

potentially fatal infections, including pneumonia, perianal/genital infections, urinary infections, 

and sepsis in patients at care units. Also, P. aeruginosa and Staphylococcus aureus (S. aureus, a 

Gram-positive bacterium) impart infections on skin and soft tissues.15-17 A surface coating for 

medical implants and tissue scaffolds should be durable in aqueous and biological fluid media, 

prevent the adhesion and growth of bacteria, and mimic other extracellular matrix (ECM) functions 

to promote tissue healing.18-20 Fibrillar, adhesive proteins, glycosaminoglycans, and proteoglycans 

are the major ECM components.21 PEMs prepared from natural and semi-synthetic 

polysaccharides (CS/heparin, CS/dextran sulfate, CS/ carboxymethyl cellulose, and others) may 

provide a microenvironment to support cell adhesion and proliferation because they p resent similar 

chemistries and biochemical functions as other ECM components.22,23 Furthermore, PEMs can be 

designed to perform important ECM functions that can control so-called “cell fate decisions” by 

promotion of cell-cell interactions, provision of cell-matrix anchorage sites, and stabilization and 

presentation of signals that control cell proliferation and differentiation.19,24-29 

 CS and its N-quaternized derivatives have well-known antimicrobial and antifungal 

activities and because of these traits, published papers about CS-based PEMs often focus on the 
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antimicrobial and antifungal properties.4,5,7,22,30 CS/heparin/silver nanoparticle PEMs 

demonstrated antimicrobial activity attributed to the release of silver ions.22 However, depending 

on the purpose, the silver ion concentration released can be toxic to living cells.31 Carrageenan 

(iota-carrageenan, CA) and pectin (PC) are plant-derived, polyanionic polysaccharides that have 

favorable processing characteristics and can be combined with CS to form durable, biologically 

active PEMs. There are few reports describing CS/CA PEMs. Existing publications focus on their 

nanoscale properties, production of nanocoatings on poly(ε-caprolactone) films and 

biomineralization of calcium phosphate and calcium carbonate within CS/CA PEMs. CS/PC PEMs 

have been proposed as candidate materials for biocompatible coatings for food matrix and drug 

delivery devices.32.33.35-37 Here, we purpose for the first time that durable CS/CA and CS/PC PEMs 

assembled in a weakly acidified condition (pH 5.0) can support strong antiadhesive and 

antimicrobial properties to prevent the attachment and growth of bacteria, and can be used to coat 

biomaterials to promote healing in applications that demand protection against the proliferation of 

bacteria. 

This study describes the development of durable PEMs by assembling CS with CA and CS 

with PC on oxidized glass surfaces. CP Kelco produces commercial CA and PC for food industry 

applications.38-41 PEMs are assembled from polyelectrolytes solutions obtained in an aqueous 

acetic acid/acetate buffer solution (pH 5.0). After PEM preparation, they are washed and 

maintained in ultrapure water until sterilization to perform the biological assays (antiadhesive, 

antimicrobial, and cell culture assays). By tuning the PEM surface properties, we develop durable 

and cytocompatible surfaces with potent antiadhesive and antimicrobial activities against both P. 

aeruginosa and S. aureus. 
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3.2.1 Materials and Methods 

3.2.2 Materials 

Chitosan (CS) composed of randomly distributed β(1 → 4)-D-glucosamine (85%) and N-

acetyl-D-glucosamine (15%) units, with average molar weight of 87 × 103 g mol−1 was purchased 

from Golden-Shell Biochemical (China). GENU® pectin (PC) with an O-methylation degree of 

56% and molar weight of 190 × 103 g mol−1, as well as GENUVISCO® iota-carrageenan (CA, 277 

× 103 g mol−1) formed from alternating α-(1 → 3)-D-galactose-4-sulfate and β-(1 → 4)-3,6-

anhydro-D-galactose units, were kindly supplied by CP Kelco (Brazil). All the polysaccharides 

used in this study are previously well-characterized.39,42,43 

3.2.3 Preparing the Polyelectrolyte Multilayer Assemblies 

The glass substrates (disks of 10 mm diameter and 0.2 mm thickness) were placed in the 

wells of sterile Nuclon Δ TCPS 24-well plates, Nunc ALS (Roskilde, Denmark) and oxidized at 

200 V in 10 cm3 min−1 oxygen gas plasma for 10 min for promoting polycation deposition. The 

CS, CA, and PC solutions (1.0 mg mL−1) were individually prepared in 0.2 mol L−1 acetate buffer 

solution (pH 5.0, prepared from 0.1 M sodium acetate and acetic acid solutions); an aqueous acetic 

acid solution (pH 4.0) was also prepared for rinsing. All solutions were filtered (0.22 μm 

polyvinylidene fluoride syringe filters, Fisher Scientific); the oxidized glass surfaces were rinsed 

with 1.0 mL rinse solution under shaking (100 rpm) for 6.0 min. The LbL depositions were carried 

out on the oxidized glass surfaces. The rinse solution was aspirated, and 1.0 mL CS so lution 

(polycation) was added to the oxidized glass surfaces under shaking (100 rpm). After 6.0 min, the 

CS polycation solution was aspirated and the surface was rinsed under shaking for 6 min. Then, 

the rinse solution was aspirated and CA or PC solutions (polyanions, 1.0 mL) were deposited onto 

the oxidized glass surfaces containing one layer of CS (polycation). After assembling the second 
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layer (polyanion), the process of deposition was repeated to achieve 5- and 15-layer PEMs with a 

CS polycation-terminated layer. After deposition of the 5- or 15- layers, the PEMs were rinsed 

(6.0 min), and the rinse solution was aspirated to wash the PEMs with ultrapure water for 30 s. 

The PEMs were kept in phosphate buffer solution (PBS, pH 7.4) in a 48-well plate for 12 h before 

the biological assays and atomic force microscopy (AFM) characterization. The PEMs prepared 

from iota-carrageenan/chitosan, and pectin/chitosan are called (CA-CS)5, (CA-CS)15, (PC-CS)5 

and (PCCS)15, respectively, where, the numbers 5 and 15 represent the number of layers deposited 

on the oxidized glass substrate. 

3.2.4 Characterization 

Surface chemistry of the PEMs was investigated using a Phi Electronics 5800 Spectrometer 

(Chanhassen, MN). The X-ray photoelectron spectroscopy (XPS) was performed with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV), a hemispherical analyzer, and a 

multichannel detector.42 Before XPS, the as-obtained PEMs (washed surfaces) were dried with 

N2(g). Then, high-resolution spectra were obtained using a 23.5 eV analyzer pass energy with 0.10 

eV steps and an X-ray spot of 800 μm. All spectra were obtained with a photoelectron take-off 

angle of 45°. A low-energy electron gun was used for charge neutralization. Spectra curve fitting 

was done using Origin version 8.5. Curve fitting of all spectra used a Shirley background. Gaussian 

peaks were fit according to expected functional groups. The height of each peak was fit first while 

keeping each peaks’ position, full-width half max (fwhm) and percent Gaussian fixed. Then the 

fwhm, percent Gaussian, and finally position was fit while minimizing the chi-squared value. 

3.2.5 Antimicrobial and Antiadhesive Tests 

Bacterial studies were performed as previously described.47 Briefly, P. aeruginosa (ATCC 

15442) and S aureus (ATCC 29213) were thawed at room temperature after being frozen in a 1:1 
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glycerol solution. Cultures were then centrifuged at 4700 rpm for 10 min. After centrifugation, the 

supernatant was disposed of  and the pellet was re suspended in warm LB broth. The bacterial 

cultures were incubated in liquid culture at 37 °C at 100 rpm. After at least 24 h of incubation, 

optical density measurements were taken and bacterium samples were seeded (500 μL) on the 

PEMs in a 48-well plate at optical density (OD600nm) of 0.35 (concentration of approximately 2.8 

× 108 cells mL−1). At this density bacteria are all in the logarithmic growth phase. After 6 and 24 

h samples were removed from the 48-well plate and fixed for scanning electron microscopy (SEM; 

JEOL JSM6500F) analysis. The samples were fixed in the primary fixative [3% glutaraldehyde 

(Sigma), 0.10 mol L−1 sodium cacodylate (Sigma), and 0.10 mol L−1 sucrose (Sigma)] for 45 min 

at room temperature. The samples were then washed with a buffer [0.10 mol L−1 sodium 

cacodylate, and 0.10 mol L−1 sucrose] for 10 min. The samples were then dried with increasing 

concentrations of ethanol solutions (35, 50, 75, and 100%) for 10 min each. To prepare samples 

for imaging, they were sputter-coated with palladium-gold alloy (Polaron SC 7620 Sputter Coater, 

Quorum Technologies, Newhaven, UK) at a thickness of 10 nm (10–15 mA, under a vacuum of 

130 mTorr) and were grounded with copper tape. Samples were imaged using a scanning electron 

microscope (JSM-6500F, field emission scanning electron microscope, JEOL, Japan) with an 

accelerating voltage of 5 kV at 1000× for counting (five images per sample) and 3500× for cell 

morphology (one image per sample). We considered three samples (n = 3) for each PEM surface 

at each time point. Percent area of bacteria was found per sample using ImageJ software. 

3.2.6 Cell Adhesion and Proliferation Assays 

Bone marrow-derived stem cells (BMSCs) were isolated from male Wistar rats (Rattus 

norvegicus) according to the procedure reported by our research group. 48 Culture media [α-

minimum essential medium (α-MEM) with 10% fetal bovine serum (FBS, Sigma) and 1% 
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penicillin/ streptomycin (pen/strep, Sigma)] containing 0.5 million cells was added to each well 

(0.5 million well−1). The BMSC responses to the PEMs were investigated af ter 4 and 7 days of 

culture at 37 °C and 5% CO2, in growth media. Cell adhesion and proliferation assays were carried 

out by staining the cells with rhodamine-phalloidin to visualize the cytoskeleton, while the cell 

nuclei were visualized by staining the cells with 4′,6-diamidino-2-phenylindole (DAPI), using a 

fluorescence microscope (Zeiss). Before staining, the media was aspirated, and the substrates were 

rinsed once in PBS before being transferred to a new 48- well plate, where the cells were fixed at 

3.7% vol/vol formaldehyde solution for 15 min at room temperature. The fixative was aspirated, 

and the substrates were rinsed thrice with PBS for 5.0 min before being transferred to a new 48 -

well plate. The cells were permeabilized at 1.0% vol/vol triton-X solution for 3.0 min at room 

temperature. The permeant was aspirated, and the substrates were rinsed and transferred to a new 

48-well plate where they were incubated at 37 °C in 5% CO2 in a 5.0 μL mL−1 rhodamine-

phalloidin solution for 25 min at 25 °C. Next, 1.0 μL mL−1 DAPI was added to the system, and the 

samples incubated for additional 5.0 min at room temperature. The solution was aspirated, 

substrates were rinsed twice with PBS, and kept in a light-resistant container at 4 °C until imaging. 

Fluorescence images were analyzed and processed with ImageJ software. The number of cells on 

the PEM surfaces was summed over five non-overlapping fields of view of the microscope (at 

20×) for each sample; three samples are used for each condition, at each time point.19 

3.2.7 Stability of the PEMs in PBS 

To be applied as a coating for biomedical materials or scaffold for tissue engineering, a 

biomaterial needs to be durable and stable in aqueous systems, especially when the physiological 

condition is required (pH 7.4). To evaluate durability, the sterilized PEMs were kept in PBS (pH 

7.4) for 7 days to mimic the experimental conditions used in the cell culture assay. Then, the PEMs 
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were submitted to the same experimental protocol used in the cell culture and proliferation test 

(Section 3.2.6); however, without the presence of BMSCs. The PEMs were then removed from the 

PBS and dried with N2(g) before the acquisition of XPS spectra. These conditions mimic the 

aqueous and thermal conditions of the cell culture assay, which could degrade the PEMs, by 

dissolution or degradation. 

3.2.8 Statistical Analysis 

The results were statistically analyzed using ANOVA and Tukey tests at a 5.0% 

significance level (GraphPad Prism 6.0). 

3.3 Results and Discussion 

3.3.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS is used to quantify the atomic composition of the PEMs surfaces and to evaluate 

whether the PEMs are covering the glass surface completely. Survey XPS spectra for the PEMs 

constructed from 15 layers are presented in Figure 3.1a, while the high-resolution XPS for carbon 

(C1s) and nitrogen (N1s) envelopes are shown in Figure 3.1b. The survey XPS spectra show the 

presence of characteristic atoms found in CA (sulfur, S2s, and S2p), and CS (nitrogen N1s). The 

N1s peak occurs in both XPS spectra, indicating that CS comprises the PEM surfaces. The (PC-

CS)15 does not contain sulfur peaks because the polyanion used to prepare this material is based 

on PC (Figure 3.2). The survey XPS spectra of the 5-layer PEMs are shown in Figure A1 

(Appendix A). The 5-layer PEMs do not completely cover the oxidized glass surface, as both the 

(CA-CS)5 and (PC-CS)5 XPS spectra show silicon from the underlying glass substrate (Figure 

A1b). To ensure complete surface coverage, we have chosen the PEMs constructed from 15 layers 

for further studies. 
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Figure 3.1 XPS spectra (survey) of the PEM surfaces (a). High-resolution XPS spectra for C 1s 
and N 1s envelopes (b). 

 The chemical groups of the CS, PC, and CA, such as −NH3
+, −NH2, −COO−, −COOH, 

−C−O−S, and others respectively, are identified in the C1s and N1s envelopes (Figure 3.1b). All 
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PEMs are prepared in an acetic acid/acetate buffer solution (pH 5.0) and then washed in ultrapure 

water before XPS characterization. The weak acid condition (pH 5.0) is chosen to obtain PEMs 

because it imparts ionized polysaccharides (CS, CA and PC) in solution and because the normal 

pH of the skin in humans is approximately 4.7–5.5.49 Based on the functional groups observed in 

the XPS, the CS-PC PEMs are stabilized by the electrostatic interactions between −COO− (pKa ≈ 

3.6–4.1) [50] and −NH3
+ (pKa ≈ 6.5) groups.51 In an aqueous solution of pH 5.0, CA (pKa ≈ 2.2) 

is ionized as well. Therefore, the aqueous polysaccharide solutions promote conditions to produce 

the PEMs, mainly due to the establishment of electrostatic interactions between −NH3
+ (401–402 

eV) and −OSO3
− (168–169 eV, Figure A2, Appendix A) sites in the CA-CS assemblies and −NH3

+ 

and −COO− (287.5 eV) interactions in the PC-CS multilayers. The electrostatic interactions 

comprise long-range forces in the washed PEMs. The presence of non-ionized chemical sites 

(−OH, −NH2, and −COOH) on the PEMs surfaces may enable the formation of some short-range 

forces (H bonds) between the polymer chains. Therefore, washed PEMs likely contain both 

Coulombic and H-bond forces between the polysaccharide chains. 

There are significant differences in the relative −NH3
+ and −NH2 peak intensities (Figure 

3.1b) between the (CA-CS)15 and (PC-CS)15 samples. The −NH3
+ peak intensity on (CA-CS)15 

surface is higher than −NH3
+ peak intensity on (PC-CS)15, compared to the respective −NH2 peak 

intensities (Figure 3.1b). This occurs because the ion-pairing between −COO− and Na+ 

(counterion provided from the acetate/acetic acid buffer solution) are more effective when 

compared to the −OSO3
− and Na+ ion-pairing. This is inferred by the presence of sodium atoms 

(Na1s = 2.2%) in the (PC-CS)15 XPS spectrum (Figure 3.1a). The presence of the Na+ counterions 

reduces the relative amount of −COO− evaluable to interact with −NH3
+. So, the washing step 
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should deprotonate free −NH3
+ sites on CS, and thereby reduce the ratio of −NH3

+ to −NH2 groups 

on the (PC-CS)15 surface (Figure 3.1b). 

 

Figure 3.2 The major chemical structures of the polysaccharides. 

3.3.2 Initial Bacteria Adhesion and Antimicrobial Activity 

To help prevent implant associated infections, biomaterials surfaces should be designed to 

prevent the adhesion and proliferation of bacteria, as well as kill the adhered bacteria. P. 

aeruginosa (Gram-negative) and S. aureus (Gram-positive) have received attention because they 

are associated with potentially fatal infections.54 Therefore, we determined the antiadhesive and 

antimicrobial activities of the PEMs toward both P. aeruginosa and S. aureus bacteria. These 

properties are influenced by the surface wettability, surface topography, and composition, as well 

as the experimental conditions used for the LbL assembly.7,55 

We evaluate the number of bacterium cells adhered to the PEMs and polystyrene (PS, 

negative control), considering those cells with normal integrity, i.e., coccus (spherical form) for S. 

aureus and bacillus (rod form) for P. aeruginosa. Polystyrene (PS) was chosen as a negative 

control because it does not have antimicrobial and antiadhesive activities and it is used in food 

packaging and biomedical applications.5,56,57 The number of cells per cm2 adhered on the PEMs 

and PS was estimated in triplicate by counting the cells in SEM images (at 1000×) on each sample 

(Figure 3.3). After 6 h, the number of P. aeruginosa on the (CA-CS)15 and (PC-CS)15 surfaces 
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were 23 per cm−2 and 11 per cm−2, respectively, compared to 974 per cm−2 for the PS control. After 

24 h, the number of bacteria adhered was only 11 per cm−2 and 47 per cm−2, respectively compared 

to 2515 per cm−2 on the PS control (Figure 3.3a). After 6 h for S. aureus, the number of bacteria 

adhered achieved 51 per cm−2 on (CA-CS)15 and 23 per cm−2 on (PC-CS)15, compared to 86 per 

cm−2 on the PS control, and 40 and 18 (after 24 h), respectively, compared to 446 per cm −2 onto 

PS (Figure 3.3b). The polysaccharide-based PEM coatings dramatically reduce both P. 

aeruginosa and S. Aureus adhesion compared to the PS control (Figure 3.3). 

 

Figure 3.4 Quantification of bacteria cells adhered on the PEMs and native Polystyrene (PS) after 
6 and 24 h of incubation. Significant differences were observed between the results (*** and **** 
indicate p ≤ 0.001 and p ≤ 0.0001, respectively. (CA = iota-carrageenan, PC = pectin, CS = 
chitosan, control (PS) = tissue culture polystyrene). 

Representative SEM images from which the cell counts were conducted are shown in 

Figure 3.4 for P. aeruginosa after 6 and 24 h of incubation. There is a low content of bacterium 

cells with normal integrity adhered onto the PEMs as compared to the PS (Figure 3.4a-b). The 

result suggests that PEMs present great antiadhesive property over this Gram-negative bacterium. 

Compared to the PS, the assemblies also promote bactericidal activity, because many P. 

aeruginosa cells adhered on the PEMs are found with irregular and damaged shape (Figure 3.4). 
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Figure 3.4 SEM images of the PEMs and PS incubated with P. aeruginosa after 6 h (a) and 24 h 
(b).  

Figure 3.5 shows SEM images of S. aureus incubated on the PEMs and PS after 6 and 24 

h. After 6 h, the different surfaces do not have significantly different cell densities. Furthermore, 

there is no evidence that the PEMs have bactericidal action toward S. aureus after 6 h because, 
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there are no damaged S. aureus cells on the PEM surfaces (Figure 3.5a). However, after 24 h the 

PEMs impart bactericidal activity; the number of cells adhered with regular integrity does not 

significantly increase on the PEMs as compared to the findings reported in 6 h (Figure 3.5b). 

However, after 24 h, the number of cells on PS significantly increases compared to the number of 

cells adhered to the PEMs (Figure 3.5). 

 

Figure 3.5: SEM images of the PEMs and PS incubated with S. aureus after 6 h (a) and 24 h (b). 
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The antiadhesive capacity should occur due to the negative charge density imparted by the 

chemical groups −OSO3
− and −COO− found on the PEMs as indicated in XPS and because of the 

higher wettability of the PEMs surfaces [(CA-CS)15 = 25° and (PC-CS)15 = 51°] as compared to 

the native PS control (82°).5 Follmann et al. reported that microbial adhesion (E. coli) onto N,N,N-

trimethyl chitosan/heparin PEMs was significantly influenced by the surface hydrophobicity.5 

Gram-negative bacterial cell walls have a thin layer of glycoproteins covered by a thick layer 

formed mainly by lipoproteins and lipids, while Gram-positive cell walls are mostly composed of 

15–40 interconnected layers of peptidoglycans.58 A hydrophobic surface should produce favorable 

interactions with the bacterium cell walls to provide microbial adhesion.5 So, the PEM surface 

should be hydrophilic and durable to avoid the attachment, as well as to prevent the growth of 

bacteria. 

The bactericidal action of the PEMs can be ascribed to the CS presence, which imparts 

cationic sites (−NH3
+) to the PEMs. Cationic moieties, including aminoglycosides, can 

electrostatically interact with the anionic phospholipid dipalmitoyl phosphatidylglycerol, which is 

a major component of both Gram-negative and Gram-positive bacteria.59 The effective interactions 

between PEMs and bacteria increase the membrane permeability of cell walls, promoting leakage 

of intracellular materials (lactate dehydrogenase, nucleic acid, and glucose) and suppressing the 

nutrient transport to the microbial cells.60 These events can cause the death of bacteria.60 

The pH condition at which the PEMs are assembled can influence the antimicrobial 

activity. The acetic acid/acetate buffer solution (pH 5.0) used to prepare the polysaccharide 

solutions can provide residual H3O+ ions, which may also be released during the antimicrobial 

assay and thereby promote the death of bacteria. However, before antimicrobial tests, the PEMs 

were washed in ultrapure water, kept in PBS (12 h), and sterilized in PBS for 30 min under UV 
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irradiation. These steps should reduce the free H3O+ content in the assemblies. Fu et al. coated the 

aminolyzed poly(ethylene terephthalate) with multilayer films based on CS-heparin LbL 

assemblies by using polyelectrolyte solutions prepared at different pHs (2.9, 3.8, and 6.0) [7]. The 

number of bacterium (E. coli) cells adhered on the PEMs was significantly reduced by decreasing 

the pH of the CS and heparin polyelectrolyte solutions. The pH of the polyelectrolyte solutions 

had a remarkable effect on the antimicrobial activity because the number of v iable bacteria on 

PEMs assembled at pH 3.8, and 6.0 decreased from 68 to 46% after 24 h, respectively.7 However, 

Fu and coworkers did not carry out cell culture assays to show that CS/heparin-based PEMs could 

have cytocompatibility toward mammalian cells. Almodóvar et al. studied PEMs of CS and 

heparin or N,N,N-trimethyl chitosan and heparin applied to the surfaces of cortical bone 

allografts.12 They showed that both polycation-terminated and polyanion-terminated PEMs on the 

surfaces of bone allografts were bactericidal towards both E. coli and S. aureus, but enabled 

attachment of BMSCs. For biomedical applications, suitable biomaterials must be durable, prevent 

the attachment of bacteria, promote bactericidal action and support mammalian cell 

cytocompatibility. 

3.3.3 Bone Marrow-Derived Stem Cells Adhesion and Proliferation 

Survey XPS spectra indicate that the PEMs remained on the oxidized glass surface even 

after 7 days in PBS and incubated at 37 °C, and after all steps of washing performed in the cell 

culture assay (Figure A3, Appendix A). Table 3 shows the C/O ratios found on the PEM surfaces 

determined by XPS before and after the stability assay. The C/O ratio increased after PBS contact, 

showing that the washing steps performed in the cell culture test influenced the PEM surface 

composition. At pH 5.0, CS mainly interacts with CA and PC by electrostatic interactions; 

however, in PBS (pH 7.4) the amine groups on CS should be deprotonated, altering the chemical 
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composition and hydrophilicity of the PEM surfaces, because they were prepared with CS 

polycation-terminated layer at pH 5.0. At pH 5.0, protonated amine interacts better with water 

molecules, increasing the content of O1s on the PEM surfaces. On the other hand, after 

deprotonation at pH 7.4, the content of water molecules adsorbed to PEMs should decrease. We 

see no evidence that partial dissolution of the PEMs occurs in PBS; XPS indicates that the glass is 

entirely covered by the PEMs (Figure A3), and CS is generally insoluble at neutral pH. AFM 

images of the PEMs imaged in PBS after the stability assay confirmed that the PEMs remain on 

the glass surface as well (Appendix A, Figure A4) 

Table 3 
Relative atomic content (C/O ratio) determined from the peak areas in each XPS spectrum (survey) 
acquired before (Figure 3.1a) and after (Figure A3) the stability assay in PBS for 7 days 

Surface C/O ratio (before)* C/O ratio (after) 

(CA-CS)15 1.2 2.7 
(PC-CS)15 1.4 2.1 

* Results found on the as-obtained surfaces 

To determine the capacity of the PEMs to support mammalian cells, surfaces were seeded 

with BMSCs for 4 and 7 days. The cell adhesion and proliferation on the PEMs were investigated 

by cell counting (Figure 3.6), using fluorescence images (Figure 3.7).  

 

Figure 3.6 Quantification of BMSCs proliferation on the PEMs and native glass surfaces after 4 
and 7 days of culture. Significant results were observed (** and **** indicate p ≤ 0.01 and p ≤ 
0.0001, respectively. 
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After day 4, the number of BMSCs adhered on the PEMs was similar to the number of cells 

on the unmodified glass (p > 0.05, Figure 3.6 and 3.7). The cell counting subsequent to 4 days, 

indicated 249 cells cm−2 on (CA-CS)15, 424 cells cm−2 on (PC-CS)15 and 621 cells cm−2 on the 

glass control (Figure 3.6 and 3.7). The number of cells on the glass did not increase, and the cells 

did not spread on the glass after 7 days. As compared to the PEMs, the native glass has a high 

WCA (62°). Mesenchymal stem cells can interact and spread better on hydrophilic surfaces.53,61,62 

However, surfaces that are too hydrophilic can prevent protein adsorption and may completely 

resist adhesion of mammalian cells.11 

 

Figure 3.7 Representative fluorescent images of BMSCs cells on the PEMs (CA-CS)15 and (PC-
CA)15 after 4 and 7 days and on unmodified glass surface (control) after 7 days. 

The (CA-CS)15 surface significantly promoted the attachment, proliferation, and 

spreading of BMSCs cells after 7 days (Figures 3.6 and 3.7). The number of cells on (CA-CS)15 

increased from 249 cells cm−2 (day 4) to approximately 2000 cells cm−2 at day 7 (Figure 3.6). In 
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the same period but on (PC-CS)15, the number of BMSCs significantly increased from 424 to 

1324 cells cm−2 (Figures 3.6 and 3.7). As compared to the control (glass), PEMs supported the 

proliferation of BMSCs. However, the (CACS)15 had a superior capacity to provide attachment 

and proliferation of BMSCs. The (CA-CS)15 assembly had the lowest WCA (25°) and Rq (2.6 

nm). Therefore, (CA-CS)15 has a greater potential to act as a coating for implants and tissue 

scaffolds that support BMSCs, as well as prevent the attachment and growth of Gram-negative and 

Gram-positive bacteria. 

The ECM components such as glycosaminoglycans and proteins should intimately interact 

with the PEMs after day 7, enabling attachment and growth of BMSCs. The surface wettability 

and topography of LbL assemblies play essential roles in the biological responses to biomaterials.63 

PEMs based on polystyrene sulfonate and polyallylamine hydrochloride were constructed on 

activated polyetheretherketone. As compared to the native polyetheretherketone (WCA = 39.7°), 

a PEM (WCA = 21.7°) of 20-layers containing polymeric clusters in its surface supported the 

adhesion and proliferation of BMSCs, and induced higher cell growth rate. 63 In orthopedic 

materials, preventing the initial attachment of bacteria, bactericidal activity, and promoting the 

growth of healthy tissue in the short term, are essential to the long-term success of implant 

placement. The subsequent apposition of healthy tissue at an implant surface is essential for 

preventing later long-term failure modes. Recent research has also focused on the development of 

strategies that can present bactericidal properties over the long term, for example by covalent 

attachment of bactericidal moieties.64 The polysaccharide-based coatings proposed here may be 

further optimized for specific applications by long-term stability and activity studies, to 

demonstrate that they impart long-term inherent bactericidal activity to surfaces, while promoting 

tissue healing. 
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3.4 Conclusion 

New polyelectrolyte multilayers based on commercial iota-carrageenan (CA) and pectin 

(PC) were prepared. Their antimicrobial properties toward Gram positive and Gram negative 

bacteria were demonstrated. Furthermore, both surfaces are shown to support mammalian cell 

attachment and growth over 7 days. Both polyanions were assembled to chitosan (CS) in an acetic 

acid/acetate buffer solution at pH 5.0. Imparting suitable microenvironments to support the bone 

marrow stem cells (BMSCs) adhesion, proliferation and spreading after 7 days of cell culture. This 

work shows for the first time that commercial CA and PC could be associated with CS in a weak 

acid condition (pH 5.0) to produce PEMs with antimicrobial and antiadhesive activities and 

desirable properties to act as coatings for biomedical materials and tissue engineering scaffolds. 

PEM composed of CA and CS could prevent deposition and growth of S. aureus and P. aeruginosa 

and could also provide efficient cell culture with a high cell growth rate. This biomaterial can be 

applied as a coating to support healing around orthopedic implants, especially as a scaffold for 

skeletal tissue engineering, particularly in applications that demand protection against the 

proliferation of bacteria. 
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CHAPTER 4: GENTAMICIN-RELEASING TITANIA NANOTUBE SURFACES INHIBIT 

BACTERIA AND SUPPORT ADIPOSE-DERIVED STEM CELL GROWTH IN CO-

CULTURES3 

 

 

 

Overview: Infection is the second leading cause of failure for orthopedic implants, following 

incomplete osseointegration. New materials that increase the antimicrobial properties of surfaces 

while maintaining the ability for bone cells to attach and proliferate could reduce the failure rates 

of orthopedic implants. In this study gentamicin was delivered from titania nanotubes (Nt) 

modified with chitosan/heparin polyelectrolyte multilayers (PEMs), and the antimicrobial activity 

of the surfaces was tested in a novel way of co-culturing bacteria with mammalian cells. After an 

initial burst release of gentamicin during the first day, over 60% of gentamicin remained on the 

surface. To determine the antimicrobial activity of these surfaces, they were exposed to gram-

negative Escherichia coli (E. coli) and gram-positive Staphylococcus aureus (S. aureus) for up to 

24 h. Gentamicin surfaces had less live E. coli and S. aureus by 6 hours, and less E. coli by 24 

hours compared to Nt surfaces. S. aureus and human adipose derived stem cells (hADSCs) were 

co-cultured on surfaces for up to 7 days to characterize the so-called “race to the surface” between 

bacteria and mammalian cells, which is hypothesized to ultimately determine the outcome of 

orthopedic implants. By day seven there was no significant difference in bacteria on surfaces 

between surfaces with gentamicin adsorbed on the surface and surfaces  with gentamicin in 

solution. However, there was significantly less hADSC nuclei when gentamicin was delivered in 

solution versus on the surface by day 7. PEMs provide a sustained presentation of gentamicin from 

 
3 Portions of this chapter are reproduced from: T. Wigmosta, K.C. Popat, and Matt J. Kipper, 
“Gentamicin-releasing titania nanotube surfaces inhibit bacteria and support adipose-derived stem 
cell growth in co-cultures.” Submitted to ACS Applied Bio Materials, 2020.  
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a surface. This enhances the antimicrobial properties of the surfaces without inhibiting cell 

attachment and cell growth. Delivering gentamicin from the surfaces is therefore superior to 

delivering gentamicin in solution, and represents a strategy that could improve the antimicrobial 

activity of orthopedic implants and reduce risk of failure due to infection, without reducing 

mammalian cell attachment.   

4.1 Introduction 
 

Total joint replacement causes a substantial improvement in physical health, including a 

reduction in chronic pain and improved physical functioning for patients with injured or diseased 

joints.1 There are currently over one million total knee and hip implants performed annually in the 

United States, and this number is expected to increase to over four million by 2030.2,3 While most 

complete joint replacement surgeries are successful, over 60,000 revision surgeries due to implant 

failure are performed annually.4 Patients that undergo a revision surgery also experience 

significant decreases in physical functioning compared to those that have only a primary surgery.1  

The most common cause of orthopedic implant failure is aseptic loosening of the implant from the 

surrounding bone tissue, followed by failure of the implant due to infection. 2,5 Failure due to 

infection could be addressed by antimicrobial surfaces that do not inhibit cell growth, to avoid the 

increase in cost and decrease in health associated with implant failure.6  

The most common pathogens in orthopedic implant-associated infections are 

Staphylococcus epidermidis (S. epidermidis) (32%) and Staphylococcus aureus (S. aureus) 

(34%).5 Antimicrobial surface coatings, including using surfactants, proteins such as albumin, and 

the polysaccharides heparin and chitosan, have been studied to prevent infections.5,7-11 The 

antibiotics, gentamicin, amoxicillin, tobramycin, and vancomycin, have been adsorbed on and 
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released from various surface coatings.12-15 These coatings have already demonstrated to actively 

prevent infections in vivo and are used in especially critical conditions.5 Because of gentamicin’s 

ability to treat various bacterial infections, it has been incorporated into scaffolds and coatings for 

medical devices and implants.12,16,17 Gentamicin is mainly used to treat gram-negative bacterial 

infections, including Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa).18-20 

It has also been shown to be effective against gram-positive bacteria such as S. aureus.18 While 

gentamicin has proven to be a valuable antibiotic, it is also cytotoxic and inhibits osteogenic 

cells.21-23 Because of gentamicin’s potential cytotoxic effects it is important to develop gentamicin-

delivering surfaces intended for orthopedics that do not inhibit cellular attachment and growth.  

Nanotopographical structures can increase cellular attachment and enhance bone formation 

both in vitro and in vivo.24-29  Our group has fabricated novel nanotubular titania surfaces using an 

anodization process.6,30 Nanotube surfaces support higher cell adhesion, proliferation and viability 

for up to seven days in culture compared to titanium surfaces.30 This suggests that cellular activity 

can be enhanced using controlled nanotopographies, such as nanotubes.  One solution to increase 

the antimicrobial properties of surfaces without effecting cellular growth is to deliver a controlled 

dose of antibiotics from a nanotube surface. Nanotubes loaded with gentamicin may inhibit 

bacterial adhesion without causing cytoxicity.31 One way to deliver tunable amounts of gentamicin 

is with polyelectrolyte multilayers (PEMs).23,32-34 Our group has shown PEMs can be successfully 

adsorbed onto nanotubes.6,35   

In this study, we designed antimicrobial surfaces that allow for cellular attachment. 

Surfaces were tested against for antimicrobial activity and cellular attachment, by co-culturing 

human adipose derived stem cells (hADSCs) and S. aureus bacteria. This is accomplished using a 

combination of nanotopgraphy and coatings for the antibiotic delivery. Chitosan/heparin 
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polyelectrolyte multilayers (PEMs) were adsorbed onto nanotubes, because heparin and chitosan 

have antimicrobial properties and heparin has been used to bind gentamicin to surfaces.5,7-

11,16,23,32,36 While previous studies have tested antimicrobial properties of surfaces and cellular 

attachment very few have co-cultured mammalian cells with bacteria to determine whether 

surfaces can simultaneously inhibit bacteria and promote mammalian cell attachment. 5,7-

11,16,23,32,36-39 Infection of a prosthetic implant is described as a “race to the surface,” in which the 

chance of infection is determined by which colonizes the surfaces first, bacteria or osteogenic cells. 

If osteogenic cells colonize the surface first, then no infection happens because the bacteria dies 

off; however, if bacteria colonize the surface first then infection ensues.40 To determine if the 

samples have increased antimicrobial properties without inhibiting cell attachment, the surfaces 

were tested in a novel way by co-culturing bacteria with mammalian cells. Some authors have 

proposed that co-culture of bacteria with mammalian cells is a better model for infection of 

orthopedic implants.37-39 It is the goal of this study to combine nanotopography with antibiotic 

delivery to influence the “race to the surface” in favor of mammalian cells.  

4.2.1 Materials and Methods 

4.2.2 Titania Nanotube Fabrication  

Titania nanotube surfaces were created from flat titanium foil using an anodization 

process.6,30 Titanium foil (0.25 mm thickness and 99.8% purity) was cut into identical 8 mm 

diameter circles, using water jet cutting. Electrolyte solution consisted of 2 vol% hydrofluoric acid, 

95 vol% diethylene glycol (DEG, basic, 99% reagent Sigma-Aldrich, St Lous, MO) and 3 vol% 

DI water. A platinum electrode served as a cathode. Anodization was performed at a constant 

voltage of 55V for 22h. Nanotubes were then annealed in an oven at 530 °C for 3 h.6 The resulting 

titania nanotube-modified samples are referred to as Nt.  
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4.2.3 Construction of Polyelectrolyte Multilayers (PEMs) 

 Polyelectrolyte multilayers were prepared by the layer-by-layer deposition of alternating 

layers of chitosan and heparin as previously done by this group. 81 Chitosan (1 mg/ml; Heppe 

Medical Chitosan, Halle, Germany) and heparin sodium from porcine intestinal mucosa (3 mg/ml; 

12.5% sulfur, Celsus Laboratories, Cincinnati, OH) solutions were prepared in acetate buffer (0.2 

M, pH 5, Acros Organics, Geel, Belgium). A Millipore Synthesis water purification unit was used 

to obtain 18.2 MΩ cm water, and this was used for making all aqueous solutions (Millipore, 

Billerica, MA). All solutions were filtered through 0.22 µm polyvinylidene fluoride (PVDF) 

syringe filters. Titania nanotube substrates were first washed for five minutes in acidified water 

rinse (pH 4.0, acidified with acetic acid). Construction of PEMs was performed by alternating 5-

min absorption steps of the polyelectrolytes (starting with chitosan) with 4-min acidified water 

rinses between absorption steps.6,41 Heparin-terminated PEMs were constructed with 18 layers. 

The resulting PEM-modified titania nanotube samples are referred to as Nt + PEM. These surfaces 

were previously characterized and reported by this group using X-ray photoelectron spectroscopy 

(XPS) and scanning electron microscopy (SEM).6  

4.2.4 Absorption and Release of Gentamicin on Titania Nanotubes + PEM  

Eight 8 mm-diameter titania nanotube disks were constructed and 18-layer PEMs were 

adsorbed onto the surfaces as described above, to prepare Nt + PEM samples. Samples were dried 

overnight and then sterilized by incubating in 70% ethanol (200 proof, Heppe Medical Chitosan, 

Halle, Germany)  for 30 min. To ensure no ethanol remained on the samples, samples were rinsed 

three times with sterile phosphate buffered saline (PBS), pH 7.2 without calcium chloride or 

magnesium chloride, (Fisher Scientific, Waltham, MA) for five min each wash.81 To determine 

the release of gentamicin from the samples, two concentrations of gentamicin (NC0363642, Fisher 
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Scientific, Waltham, MA) were adsorbed onto Nt + PEM (n = 4 for each group). The release of 

gentamicin was measured over 7 days.  

Two concentrations of gentamicin (50 mg/ml and 5 mg/ml) were aseptically prepared in 

PBS. Under aseptic conditions, 250 µl of gentamicin solution (n = 4) were added to sterile 48-well 

plates with Nt + PEM samples and placed on a shaker at 150 rpm for 1 h at room temperature. The 

solution was then removed and stored at −20 °C until further analysis. To determine the amount 

of gentamicin adsorbed onto the samples, the amount of gentamicin in the 1-hour post gentamicin 

addition was subtracted from the total amount of gentamicin added to the sample. Next, 250 µl of 

fibronectin (10 µg/ml; Fisher Scientific, Waltham, MA) in PBS was incubated on the samples for 

1 h at 150 rpm at room temperature, then the fibronectin solution was removed. The gentamicin-

modified samples after fibronectin addition are referred to as Nt + PEM + Gadsorbed. 

Nt + PEM + Gadsorbed samples were kept in 48-well plates with 500 µl of PBS at 37 °C 

throughout the rest of the experiment. At 6, 12 and 24 h, as well as 2 and 7 d, 500 µl of solution 

was removed and replaced with fresh PBS. The removed samples were stored −20 °C. The 

concentration of gentamicin in solution was measured using a previously described colorometric 

assay.42 Briefly, 30 µL of 1.25% (w/v) ninhydrin (Fisher Scientific, Waltham, MA) was added to 

100 µL of the gentamicin solution. Then samples were heated at 95 °C for 15 min in a water bath. 

Samples were then cooled on ice for 10 min and 100 µL was transferred to a 96-well plate and the 

absorbance was measured at 400 nm. Concentration was calculated by comparing to a standard 

curve of gentamicin. Total gentamicin released from the sample was calculated and plotted versus 

time.    
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4.2.5 Antimicrobial Activity of Gentamicin-Modified Surfaces 

Nt, Nt + PEM, and Nt + PEM + Gadsorbed samples (prepared using 5 mg/ml gentamicin) 

were prepared as described above. Antimicrobial activity of the surfaces was tested using gram-

negative E. coli and gram-positive S. aureus. Both E. coli and S. aureus were resuspended in 30 

g/L tryptic soy broth (TSB) (Sigma-Aldrich, St. Louis, MO) from frozen pellets and incubated at 

37 °C for 12 h prior to seeding samples. Bacteria solutions were diluted to a concentration of 106 

CFU/mL. Samples were seeded with 500 µL of the bacteria solution and incubated at 37 °C for 6 

and 24 h.  

Live and dead bacteria adhered to the surfaces was counted at 6 and 24 h (n = 5 for each 

time point and bacteria type). The bacteria solution was removed, and the surfaces were washed 

with PBS three times. Then the surfaces were incubated in stain solution (3 µL of propidium iodide 

and SYTO 9 stain 1:1 in PBS; Live/Dead BacLight Bacteria Viability, Invitrogen, Carlsbad, CA) 

for 20 min in the dark at room temperature. Samples were then rinsed with PBS and fixed in 3.7% 

formaldehyde (Fisher Scientific, Waltham, MA) in PBS.43 Samples were then immediately imaged 

using a Zeiss Axiovision fluorescence microscope. Each sample was imaged at 50× in three 

locations, and ImageJ software (NIH) was used to calculate the percent of live and dead bacteria 

on the surfaces.  

Bacteria morphology was assessed using SEM at 6 and 24 h (n = 5 for each time point and 

bacteria type). Samples were placed in primary fixative (3% glutaraldehyde with 0.1 M sucrose 

and 0.1 M sodium cacodylate in deionized water) for 45 min, followed by a rinse in buffer solution 

(primary fixative without glutaraldehyde) for 10 min. Then samples were dehydrated in increasing 

concentrations of ethanol (30%, 50%, 70%, 90%, and 100%) for 10 min each at room temperature. 

Finally, samples were incubated in hexamethyldisilazane for 10 min and air-dried for imaging. 
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Samples were sputter-coated with palladium-gold alloy (Polaron SC 7620 Sputter Coater, Quorum 

Technologies, Newhaven, UK) at a thickness of 10 nm (10-15 mA, under a vacuum of 130 mTorr). 

The SEM (JSM-6500F, field emissions scanning electron microscope, JEOL, Japan) was operated 

at an accelerating voltage of 15 kV, at two different magnifications (5000× and 1000×) on each 

sample were imaged.6  

4.2.6 Co-culture of Bacteria and Mammalian Cells on Gentamicin Modified Surfaces 

Nt, Nt + PEM, and Nt + PEM + Gadsorbed samples (prepared using 5 mg/mL gentamicin) 

were prepared as described above. Human adipose-derived stem cells (hADSC) were obtained at 

passage three from Dr. Kimberly Cox-York’s lab at Colorado State University. hADSCs were 

grown in culture medium, which consisted of alpha modified minimum essential medium (α -

MEM; ThermoFisher, Waltham, MA) supplemented with 10% fetal bovine serum (FBS; 

ThermoFisher, Waltham, MA). No antibiotics were included in the culture medium. S. aureus 

bacteria was grown as described above in TBS. Sterile samples were placed in sterile 48 -well 

plates under aseptic conditions. 450 µL of hADSCs in culture medium at a final concentration of 

5,000 cells/mL were added to each well. Then 50 µL of S. aureus at a final concentration of 106 

CFU/mL was added to each well. As a positive control for gentamicin delivery, some Nt samples 

also had gentamicin added to the growth media at a final concentration of 5 mg/mL, these samples 

are referred to as Nt + Gsolution. Samples were incubated at 37 °C and 5% CO2 for 1, 4 and 7 d.  

Some samples were fixed in 3.7% formaldehyde in PBS on days 1, 4 and 7 (n = 5 per time 

point). Samples were stored in PBS at room temperature until the fluorescent staining. The samples 

were stained with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) and rhodamine phalloidin 

(actin). Rhodamine phalloidin at a concentration of 14 µM in PBS was added to wells and 

incubated for 25 min at room temperature. DAPI was added to the well at a final concentration of 
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300 nM and incubated at room temperature for 5 min. Samples were then rinsed once in PBS and 

then stored in PBS until fluorescence imaging. Each sample was imaged at 10× in three locations 

using a Zeiss Axiovision fluorescence microscope. Area of total area stained by the DAPI includes 

the hADSC nuclei and the bacterial cells. The area of hADSC nuclei was determined and 

subtracted from the total DAPI-stained area to determine the area of bacteria. This is further 

explained in Appendix B. Area of nuclei was calculated using ImageJ software (NIH).  

The remaining samples were fixed for SEM and imaged as described above under the 

heading Antimicrobial Response to Gentamicin Modified Surfaces. 

4.2.7 Statistical Analysis 

 One representative experiment was conducted, and all results were analyzed using a one-

way analysis of variance (ANOVA) with a Tukey post-hoc test comparing experimental group 

means at each time point. Statistical significance was considered at p < 0.05 (Origin(Pro), Version 

2020. OriginLab Corporation, Northampton, MA, USA.) 

4.3.1 Results and Discussion  

4.3.2 Surface Characterization and Gentamicin Release  

The Nt and Nt + PEM surfaces were characterized in our previous paper, and the results 

are shown in Figure 1 a,b,c.81 As shown in the SEM images, uniform vertical nanotubes are seen 

on the both the Nt and Nt + PEM surfaces (Figure 4.1a). This shows that the PEMs do not change 

the morphology of the surface. The XPS survey scans for Nt + PEM samples show additional 

nitrogen (N1s) and sulfur (S2p) peaks compared to the Nt survey scan; additionally, there is no 

discernable titanium (Ti2p) peak on the Nt + PEM surfaces (Figure 4.1b), confirming complete 

surface coverage of the surfaces with the PEMs. High-resolution nitrogen spectra show 
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ammonium, amine and amide peaks, which is consistent with the PEM composition. High-

resolution C1s spectra indicate alcohol, ether and amine groups (Figure 4.1c).6  

 Gentamicin adsorbed onto the surfaces was measured by the previously described 

colorimetric assay. The average (±SD) amount of gentamicin loaded onto the Nt + PEM samples 

from 5 and 50 mg/ml was 1.23 ± 0.002 mg (98.39 ± 0.16 % of total gentamicin added) and 8.14 

mg ± 1.76 mg (65.10 ± 14.08 % of total gentamicin added) respectively. There was more of the 

total gentamicin adsorbed onto the 5 mg/mL sample than the 50 mg/mL sample. This could be due 

to the surface reaching capacity for gentamicin absorption. The cumulative release of gentamicin 

was measured over 7 days (Figure 1d). After two days the amount of gentamicin released was 

below the threshold of the assay and was considered zero (data not shown). There was a burst 

release with most of the gentamicin being released during the first six hours. Of the adsorbed 

gentamicin the average (±SD) percent of gentamicin released from the 5 mg/mL and 50 mg/mL 

samples was 18.73 ± 1.87 % and 30.87 ± 3.78 % respectively. The remaining gentamicin remained 

on the surfaces. This is similar to previous studies that found a burst release of gentamicin during 

the first six hours.16,33 The main difference in results between the our study and that of Escobar et 

al. is that they saw a slow release of gentamicin over the next 35 days from a poly(acrylic acid) 

(PAA) coating.  This was attributed to how the gentamicin was added to the surfaces. The 

gentamicin in the study by Escobar et al. gentamicin was incorporated into the PEMs at a pH 4.5, 

and gentamicin becomes less protonated at a physiological pH (7.4), weakening the interaction 

between the antibiotic and the PAA. This weakened interaction is thought to be the cause of the 

sustained release of gentamicin. The gentamicin in this study was added at physiological pH (7.4), 

so there is no change in protonation of the antibiotic that would contribute to a sustained release.  
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Figure 4.1. (a) Representative SEM images of surfaces. The flat titanium (Ti) image is a 
representative image of the flat titanium surface before anodization.  The Nt image is a 
representative image of the titanium surface after anodization and the addition of nanotubes on the  
surface. The Nt + PEM image shows nanotubes surfaces after the addition of PEMs. (b) Full XPS 
survey spectra of Nt and Nt + PEM surfaces. O1, Ti2p3/2, C1s, N1s, and S2p peaks are labeled. (c) 
High-resolution XPS spectra of C1s, N1s, and S2p for Nt + PEM surfaces.81 (d) Cumulative release 
of gentamicin in vitro from Nt + PEM + Gadsorbed surfaces (average ± SE). Ti, flat titanium; Nt, 
titania nanotubes; PEMs, polyelectrolyte multilayers; XPS, X-ray photoelectron spectroscopy; 
SEM, scanning electron microscopy.  
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4.3.3 Surface Response to E. coli and S. aureus  

To test the antimicrobial activity of the surfaces loaded with 5 mg/mL gentamicin, the 

surfaces were exposed to gram-negative E. coli and gram-positive S. aureus for up to 24 h and the 

percent area of live and dead bacteria were calculated.  After 6 h, Nt + PEM + Gadsorbed had 

significantly less live E. coli than Nt surfaces (Figure 4.2). By 24 h, all surface types had 

significantly different amounts of live E. coli on the surface when compared to each, other with 

PEM + Gadsorbed samples having the lowest amount. This suggests that by 6 h, the gentamicin 

modified surface prohibit live E. coli from attaching to the surface when compared to nanotubes, 

and by 24 h perform better than the Nt + PEM surfaces as well. There was no significant difference 

in the amount of dead E. coli on the surfaces at 6 h, and by 24 h there were significantly more dead 

E. coli on the Nt + PEM samples compared to the other two surfaces. The dead bacteria stained is 

only the bacteria on the surface of the samples, and is less than 0.4% of the surface area for all 

samples. The reduction in live bacteria on the gentamicin-modified surfaces suggests that E. coli 

does not bind to and survive on this surface. This would explain the limited dead bacteria on the  

Nt + PEM + Gadsorbed samples. 
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Figure 4.2. (a) Representative fluorescent images (original magnification is 20×) of E. coli. Live 
E. coli are stained green and dead are stained red. (b) Percent area of bacteria (mean ± SE) 
calculated at 6 and 24 h. (c) Percent area of dead bacteria (mean ± SE) calculated at 6 and 24 h. 
Means for (b) and (c) that share a letter are not significantly different (p > 0.05). Means were 
compared at each time point separately, so letters only correspond to that time point. Nt, t itania 
nanotubes; PEMs, polyelectrolyte multilayers; G, gentamicin; E. coli, Escherichia coli.  

After 6 h there was significantly less live S. aureus on Nt + PEM and Nt + PEM + Gadsorbed 

surfaces, compared to Nt surfaces (Figure 4.3). There was significantly more dead S. aureus on 

Nt + PEM + Gadsorbed samples compared to the other two samples. By 24 hours Nt + PEM samples 

had significantly more live S. aureus than the other two surfaces. There is significantly less dead 

S. aureus on Nt + PEM samples compared to the other two surfaces. Similarly to E. coli, this 

suggests that S. aureus does not survive on the gentamicin-modified surfaces.  
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Figure 3.3. (a) Representative fluorescent images (20×) of S. aureus (n = 5). Live S. aureus are 
stained green and dead are stained red. (b) Percent area of bacteria (mean ± SE) calculated at 6 and 
24 h (n=5). (c) Percent area of dead bacteria (mean ± SE) calculated at 6 and 24 h (n = 5). Means 
for (b) and (c) that share a letter are not significantly different (p > 0.05). Means were compared 
at each time point separately, so letters only correspond to that time point. Nt, titania nanotubes; 
PEMs, polyelectrolyte multilayers; G, gentamicin; S. aureus, Staphylococcus aureus. 

 Morphology of the bacteria on samples was assessed using SEM (Figure 4.4). When 

untreated S. aureus have smooth contours and spherical shapes in grape-like clusters.44 This 

morphology and the grape like clusters are seen on the Nt and Nt+  PEM samples. On the Nt + 

PEM + Gadsorbed there are very few S. aureus, compared to other samples. While there are a few 
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small clusters of the bacteria present on the surface most were singular and not in clusters. E. coli 

is a gram-negative rod-shaped bacteria.45 There are several of these rod-shaped bacteria on the Nt 

and Nt + PEM samples. There were very few E. coli on the Nt + PEM + Gadsorbed samples.  

These experiments agree with previous experiments conducted using gentamicin-modified 

surfaces. The study by Escobar et al used poly-ւ-lysine (PLL) and complexes of poly(acrylic acid) 

(PAA) to absorb gentamicin onto glass surfaces. These surfaces had a burst release of gentamicin 

and were more effective than glass at preventing proliferation of S. aureus.96 The study by 

Moskowitz et al. used PEMs composed of poly 1, a poly(β-amino ester), and Poly(acrylic acid) to 

absorb gentamicin on flat titanium surfaces, where lower infection rate of S. aureus was found on 

coated samples compared to non-coated samples.32  

 

Figure 4.4. Representative SEM images of bacteria on samples. There are two images per sample 
and bacteria type. The image on the left for each bacteria is at low magnification (1000× original 
magnification) and the image on the right is from the same area at higher magnification (5000× 
original magnification). Nt, titania nanotubes; PEMs, polyelectrolyte multilayers; G, gentamicin; 
S. aureus, Staphylococcus aureus; SEM, scanning electron microscopy.  
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3.3.4 Responses of co-cultured hADSCs and S. Aureus to surfaces 

To determine the ability for cells to attach to the surfaces while testing the antimicrobial 

properties of our surfaces, S. aureus and hADSCs were co-cultured on the surfaces. In this study, 

a positive control for gentamicin delivery in solution was included (Nt + Gsolution). Samples were 

fluorescently stained and the percent area of hADSC nuclei and bacteria was calculated (Figure 

4.5). At day one there was significantly less bacteria on Nt+ G solution and Nt + PEM + Gadsorbed 

samples, compared to Nt and Nt + PEM samples.  At day four there was still significantly less 

bacteria Nt + Gsolution and Nt + PEM + Gadsorbed samples compared to Nt and Nt + PEM samples; 

however, there was also a significant difference in bacteria between Nt and Nt + PEM samples. At 

day seven Nt samples had significantly more bacteria than all the other samples. This suggests that 

gentamicin is effective against S. aureus both in solution and adsorbed on the samples. This agrees 

with the results from the monoculture of S. aureus, reported above.  
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Figure 4.5. (a) Representative fluorescent images (10×) of S. aureus and hADSCs on Nt surfaces 
(n = 5). hADSC nuclei and bacteria (blue) and actin (red). Green arrows point to hADSCs as 
determined by surrounding actin stain. (b) Percent area of S. aureus (mean ± SE) at 1, 4, and 7 d 
(n = 5).  (c) Percent area of hADSC nuclei (mean ± SE) at 1, 4, and 7 d (n = 5).  Means for (b) and 
(c) that share a letter are not significantly different (p > 0.05). Means were compared at only to 
other conditions at the same time point, so letters only correspond to that time point. Nt, titania 
nanotubes; PEMs, polyelectrolyte multilayers; G, gentamicin; S. aureus, Staphylococcus aureus; 
hADSCs, human adipose-derived stem cells. 
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 At day one and four there were significantly more hADSC nuclei on Nt + PEM + G adsorbed 

samples than on Nt + Gsolution and Nt + PEM samples. By day seven there were significantly more 

cell nuclei on Nt + PEM + Gadsorbed then the other three samples. So, while Nt with gentamicin in 

solution and nanotubes modified with gentamicin and PEMs performed equally against S. aureus 

by day 7, the modified surfaces performed significantly better with respect to cell attachment. By 

day 7 there is no significant difference in the amount of S. aureus on the surface of the PEM-

modified samples, suggesting the PEMs help reduce bacteria attachment. However, there is 

significantly more S. aureus on the Nt + PEM samples compared to the gentamicin-modified 

surface. This suggests that the bacteria wins “the race to the surface” on the Nt + PEM surface, 

because by day 7 there is significantly less hADSCs compared to Nt + PEM + Gadsorbed samples. 

While this is a similar result to the previously mentioned study by Moskowitz et al., where it was 

found that the coatings were nontoxic to MC3T3-E1 murine preosteoblast; however, the main 

difference in the in vitro portion of the Moskowitz study and this study, is that S. aureus was co-

cultured with the mammalian cells in this study.32  

 Mammalian and bacteria cell morphology was assessed using SEM (Figure 4.6). hADSCs 

and S. aureus can be seen on all samples from day one to seven. On samples with PEMs there are 

also extracellular matrix (ECM) deposits present around the cells. The ECM deposits on the PEM 

samples were consistent with what was observed when cells were previously grown on  PEM 

surfaces by this group.6  From day one to seven there is very little S. aureus present on samples 

with gentamicin. There are grape like clusters of S. aureus present on the samples without 

gentamicin. This is consistent with what was found when the bacteria were cultured on the surfaces 

without hADSCs. The main difference was that the bacteria clusters were found on the cells or 

protein-like structures of the samples. Although both the gentamicin samples had less bacteria, the 
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gentamicin in solution had fewer cells and there was a notable difference in the morphology of the 

mammalian cells. The mammalian cells on the Nt + Gsolution were round and not spread out, while 

cells on the Nt + PEM + Gadsorbed maintained a spread shape for up to 7 days. The cell shape is 

important, because hMSCs adopt a spread morphology before differentiating into osteoblasts, 

while cells that maintain a round shape tend to differentiate into adipose tissue.46,47  

 

Figure 4.6. Representative SEM images of S. aureus cultured with hADSC. There are two images 
per sample and time point. The image on the left for each time point is at an original magnification 
of 1000× and the one on the right is of the same area at an original magnification of 5000×. Green 
circles on the 1000× image are hADSCs. Red are clusters of S. aureus and red arrows point to 
single bacteria not in clusters. White circles are examples of ECM deposits present on PEM 
samples. Nt, titania nanotubes; PEMs, polyelectrolyte multilayers; G, gentamicin; S. aureus, 
Staphylococcus aureus; hADSCs, human adipose derived stem cells; SEM, scanning electron 
microscopy.  

  These results agree with previous studies, in which gentamicin-modified surfaces reduce 

S. aureus growth, while still promoting cell attachment and proliferation.32,34 Harris et al. modified 

titania nanotube surfaces with gentamicin, and found that it was effective against S. aureus while 
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still promoting the attachment of human marrow-derived mesenchymal stem cells (hMSC). The 

hMSCs were cultured separately from the bacteria and in antibiotic-containing media.34 The 

innovation of our work is the combination of gentamicin delivery with nanotopography and PEMs 

to bind and stabilize gentamicin, while not effecting cell growth and attachment when co-cultured 

with bacteria. Our novel gentamicin-modified surfaces were shown to be effective against S. 

aureus and promote cell adhesion, when the two cell types were grown together in media deprived 

of antibiotics. This mode of gentamicin delivery is superior to delivering gentamicin in solution, 

as it achieves equally effective antibacterial activity, while not inhibiting hADSC growth and 

spreading. 

4.4 Conclusion 

 Improving the antimicrobial properties of surfaces for orthopedic implants while 

maintaining the ability for cells to attach to the surface, is still a major problem. In this study 

gentamicin was successfully adsorbed onto Nt surfaces via PEMs. Surfaces modified with 

gentamicin can successfully reduce the amount of S. aureus while also promoting hADSC 

attachment, when the two are co-cultured together. When compared to Nt surfaces, the gentamicin-

modified surfaces had significantly less live S. aureus on the surfaces at 6 h, and significantly less 

E. coli at 6 and 24 h. When S. aureus was co-cultured with hADSCs the gentamicin-modified 

surfaces had significantly fewer S. aureus and significantly more hADSC nuclei at 7 d, when 

compared to Nt samples without antibiotics. While there was no significant difference in the 

amount of S. aureus on the surface of Nt + Gsolution compared to Nt + PEM + Gadsorbed, there were 

significantly more hADSC nuclei on the gentamicin-modified surfaces compared to those with 

gentamicin in solution. Furthermore, the morphology of the hADSCs on the Nt + PEM + G adsorbed 

was more consistent with stem cells that eventually differentiate into osteogenic linage. This 
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unique presentation of gentamicin on surfaces provides increased antimicrobial activity while still 

maintaining the ability for mammalian cells to attach to the surface. By using co -culture to test 

antimicrobial activity, the “race to the surface” between the bacteria and mammalian cells could 

be evaluated. On the gentamicin-modified surfaces, the adipose-derived stem cells won the race to 

the surface against S. aureus. This provides a promising approach for antimicrobial surfaces used 

in orthopedic implants.  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

 

Overview: The work discussed previously focused on the development of biomimetic surfaces 

that increase bone mineralization and antimicrobial surfaces that also promote cell attachment 

and proliferation. The first chapter focuses on the motivation behind the work and previous 

strategies used. Chapter 2 found that the unique presentation of BMP-2 on nanostructured 

surfaces provides an increase in osteogenic properties of bone marrow cells. Chapter 3 found that 

gentamicin-modified surfaces provide a favorable template for adipose-derived stem cells to win 

the race to the surface against S. aureus. Chapter 4 found that PEMs composed of iota-

carrageenan, pectin, and chitosan, can prevent deposition and growth of S. aureus and P. 

aeruginosa and can also provide efficient cell culture surface with a high cell growth rate. These 

strategies provide promising approaches to enhance bone healing and improve orthopedic 

implants.  
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 Throughout this work, we developed biomimetic surfaces that increase bone mineralization 

and antimicrobial surfaces that also promote cell attachment and proliferation. This is explored in 

detail in the previous 3 chapters (chapters 2 through 4). While these are presented in order, the 

work is interconnecting and overlapping, not sequential. How the previously mentioned chapters 

are connected is outlined in Figure 5.1.  

 

Figure 5.1: Overview of how chapters 2, 3, and 4 connect, overlap, and differ.  

All three chapters address surfaces for implants while focusing on different objectives. 

Chapter 2 focuses on increasing mineralization of surfaces, while chapters 3  and 4 focus on 

antimicrobial properties of the surface. However, to accomplish these objectives, all three chapters 

use polyelectrolyte multilayers (PEMs), and the same polycation, chitosan, in the PEMs. This was 

due to PEMs providing a tunable surface for drug delivery, and chitosan’s biocompatible and 

antimicrobial properties.1-6 The focus of chapter 2 was to increase osseointegration of the surface, 

by testing the surface's ability to induce mineralization markers of rat bone marrow cells. To 

accomplish this BMP-2 is delivered from nanotube surfaces because it has been shown to promote 

bone formation and is currently used in commercial products.7-10 The polyanion heparin is used in 
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the PEMs, BMP-2 has a binding site for heparin that modulates its bioactivity; in the presence of 

heparin, degradation of BMP-2 is blocked and the half-life in culture media is prolonged by nearly 

20-fold.11,12 Nanotubes increase cell attachment, proliferation, and mineralization markers in vitro, 

and were therefore used for this surface.13,14 Increased antimicrobial properties and increased 

mammalian cell attachment and proliferation was the aim of chapters 3 and 4. Chapter 3 uses two 

polyanions, iota-carrageenan and pectin. The negative functional groups of the polyanions make 

them both hydrophilic and antimicrobial. Hydrophilicity has been shown to increase mammalian 

cell attachment and antimicrobial properties.15 The antimicrobial and mammalian cell attachment 

properties were tested separately on these surfaces. While the aim of chapter 4 was to increase 

antimicrobial properties and mammalian cell attachment, it was tested by co-culturing mammalian 

cells with bacteria to determine which would win the “race to the surface.” Chapter 4 used the 

polyanion heparin, because of its antimicrobial and hydrophilic properties, and ability to interact 

with gentamicin.16–21 Gentamicin is a broad-spectrum antibiotic effective against the most common 

pathogens found in infect orthopedic implants.6,18,22-26  To test the antimicrobial properties of the 

surfaces in chapters 3 and 4, both used Staphylococcus aureus (S. aureus), as it is the most common 

pathogen found in infected implants. Although each chapter focused on a unique aim and different 

methodologies, all are intertwined through materials and final goals. 

The first chapter summarized the motivation and previous strategies used to increase 

osseointegration and antimicrobial properties of nanostructured biomimetic orthopedic implant 

surfaces. The first chapter concluded with a shift in hypothesis testing, outlining three different 

hypotheses: 1) surface modification(s) increased cytocompatibility and the osteogenic properties 

of mammalian bone cells; 2) surface modification(s) reduced bacterial adhesion, proliferation, and 

infection rate, without decreasing cytocompatibility; and 3) surface modification(s) provided a 
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favorable environment in which mammalian cells can beat bacterial cells and colonize the surface 

first, thus increasing the osteogenic and antimicrobial properties of the surface. The testing of these 

hypotheses was explored in chapters 2 through 4.  

The second chapter explored the hypothesis 1) BMP-2 released from chitosan/heparin 

PEM-coated titania nanotubes surfaces induce an osteogenic response from rat bone marrow cells. 

Improving surfaces for orthopedic implants by creating surfaces that promote bone growth is still 

a major problem. In this study, BMP-2 was successfully absorbed onto Nt surfaces via PEMs and 

remained on the surfaces for up to 28 d in PBS. Our results showed that Nt surfaces modified with 

BMP-2 can increase osteogenic markers in bone marrow cells including osteocalcin and calcium 

content by 28 d in culture. Previous studies using BMP-2 use high concentrations of BMP-2 or 

lower concentrations on flat titanium or non-organized topographies. Our study combined 

organized nanotopographic surfaces with BMP-2 and heparin. This unique presentation of BMP-

2 on surfaces provided an increase in osteogenic properties of bone marrow cells.27  

Chapter 3 explored hypothesis 2) iota-carrageenan/chitosan and pectin/chitosan PEMs 

have antimicrobial properties against Pseudomonas aeruginosa (P. aeruginosa) and S. aureus, and 

support rat bone marrow cell adhesion and proliferation. The PEMs successfully reduced the 

number of both gram-negative and gram-positive bacteria on the surface. Furthermore, both 

surfaces are shown to have suitable microenvironments to support the bone marrow stem cells 

(BMSCs) adhesion, proliferation, and spreading after 7 days of cell culture. The work in this 

chapter showed for the first time that commercial CA and PC could be associated with CS in a 

weak acid condition (pH 5.0) to produce PEMs with antimicrobial and antiadhesive activities and 

desirable properties to act as coatings for biomedical materials and tissue engineering scaffolds. 
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PEMs composed of CA and CS can prevent the deposition and growth of S. aureus and P. 

aeruginosa and could also provide efficient cell culture with a high cell growth rate.15 

Finally, chapter 4 explored hypothesis 3) gentamicin released from titania nanotubes 

coated with chitosan/heparin PEMs influences the “race to the surface” in favor of mammalian 

cells. In this study, gentamicin was successfully adsorbed onto Nt surfaces via PEMs. Surfaces 

modified with gentamicin successfully reduce the amount of S. aureus while also promoting 

hADSC attachment, when the two are co-cultured together. When S. aureus was co-cultured with 

hADSCs, the gentamicin-modified surfaces had significantly fewer S. aureus and significantly 

more hADSC nuclei at 7 d, when compared to Nt samples without antibiotics. While there was no 

significant difference in the amount of S. aureus on the surfaces with gentamicin in solution 

compared to gentamicin-modified surfaces, there were significantly more hADSC nuclei on the 

gentamicin-modified surfaces compared to those with gentamicin in solution. Furthermore, the 

morphology of the hADSCs on the gentamicin-modified surfaces was more consistent with stem 

cells that eventually differentiate into osteogenic linage. This unique presentation of gentamicin 

on surfaces provides increased antimicrobial activity while still maintaining the ability for 

mammalian cells to attach to the surface. By using co-culture to test antimicrobial activity, the 

“race to the surface” between the bacteria and mammalian cells could be evaluated. On the 

gentamicin-modified surfaces, the adipose-derived stem cells won the race to the surface against 

S. aureus.  

Improving the antimicrobial properties of surfaces for orthopedic implants while 

maintaining the ability for cells to attach to the surface, is still a major problem. Throughout this 

work we looked at the problem of increasing mineralization, finding that BMP-2-modified 

nanostructured surfaces can help to increase osseointegration of the surfaces. When looking at 
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antimicrobial surfaces, we found that iota-carrageenan/chitosan and pectin/chitosan create a 

surface environment favorable to mammalian cell attachment and proliferation while a lso 

inhibiting bacterial growth. Finally, we found that gentamicin-modified titania nanotubes 

influenced the race to the surface between S. aureus and hADSCs in favor of the mammalian cells. 

These surfaces, or a combination of them, could be applied to support and enhance healing of 

orthopedic implants. Dual-functioning antimicrobial surfaces that promote osteogeneses could 

dramatically reduce implant failure and the need for corrective surgery.  

Future directions of this work start with the combination of chapters 2 and 4, by combining 

BMP-2 and gentamicin modified titania nanotubes surfaces. These surfaces should be tested under 

similar co-culture conditions of chapter 4 of bacteria and mammalian cells while testing the 

antimicrobial and mineralization properties of these surfaces. These surfaces will also likely 

experience environments different from those studied in this work. This includes future work on 

co-culturing multiple mammalian cells with the bone marrow cells. 

 Vascularization is imperative to healthy bone.28 Inclusion of vascular cells in co-culture 

with bone cells to study interactions between cells as well as surfaces influence on both cells types, 

could lead to surfaces that even better increase osseointegration.28 Currently during total knee 

replacements tendons are cut to accommodate the implant.29 While an increase in osseointegration 

is the goal, there is a chance of fibroblast cells colonizing the surface and the potential for scar 

instead of bone tissue formation.30 Co-culturing fibroblast cells with bone cells, can better 

represent the environment and cell types the implants will encounter when implanted in the body, 

and the potential for scar tissue formation. Studying these cellular and surface interactions may 

better predict how the surface will perform in vivo. Finally, while nanotubes provide a suitable 

surface for studying in vitro and very small implants in vivo animal studies, it would be diff icult 
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to scale up the anodization process for whole implant surfaces. Future work will need to be 

conducted on how to create nanotubes on a larger scale for human implant use.  
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APPENDIX A:  SUPPLEMENTAL FIGURES FOR CHAPTER 3 

 

. 

 

Figure A1. Survey XPS spectra of the PEMs build up with 5-layers. 

 

 

Figure A2. High resolution XPS spectra of the sulfur envelope (S2p). 
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Figure A3. Survey XPS spectra of the PEMs obtained after stability test in PBS.  

(PC-CS)15 

(CA-CS)15 
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APPENDIX B: ANALYSIS OF BACTERIA AND MAMMALIAN CELL NUCLEI. 

 

To determine the amount of bacteria and mammalian cells on samples, the percent area of 

total blue was calculated. Then percent area blue of the mammalian cell was calculated and 

subtracted from the total blue, to determine the amount of area the bacteria nuclei took up. This 

was done using 10× images, but the example here is on a 20× to better illustrate the process (Figure 

S1). First in ImageJ the red image (image A) was converted to a 32-bit image (image B). Then the 

brightness was increased (Image C). This was repeated with the blue image (image D) to get image 

F. Then image A and F were combined to get the new image with a more robust red (image G). 

Blue in the red areas was determined to be hADSC nuclei not bacteria. The threshold for image F 

was adjusted to produce image H. Then the measure tool was used to calculate the total pe rcent 

area of the image. Then the same measure tool was used on the red areas in image H. These areas 

were added up and considered the % area hADSC nuclei. This was subtracted from the total area 

to determine the % area S. aureus nuclei.   
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Figure B1. Example 20× image of a Nt samples. Image A and D are the original red and blue 
images respectively. Image B and E are image A and D respectively converted to 32-bit images. 

Images C and F are images B and E respectively with the brightness and contrast adjusted. Image 
G is the combination of C and F. Image H is image F after the threshold has been adjusted, the 
red areas represent areas that had red stain in image G. Nt, nanotubes.  


