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LAY ABSTRACT 

New coatings for biomedical implant materials and their related manufacturing 

processes must be developed to increase the lifespan of clinically used orthopaedic 

implants to prevent painful and costly revision surgeries. Coatings that consist of 

bioactive materials increase the lifespan of orthopaedic implants by decreasing scar 

tissue formation and inflammation, as well as improving the quality of the chemical 

and physical connection at the interface between the synthetic implant and natural 

bone. Bone is a natural composite material, so when designing replacement 

materials, we aim to imitate the natural chemical composition and structure of human 

bone.  

One manufacturing technique that shows great promise for fabrication of 

composite coatings that mimic natural bone is called electrophoretic deposition (EPD), 

which uses an electric field to deposit charged materials on a conductive substrate.  The 

primary challenge when manufacturing materials using EPD, is the coagulation 

and non-uniform distribution of particles in the precursor suspension, which 

leads to undesirable properties in the final coatings. One way we can 

circumvent this issue, is through use of dispersing agents, which are small 

charged or uncharged molecules that separate particles in a suspension by 

electrostatic repulsion, physical separation or some combination of both. 

Conventional dispersing agents have been used successfully for 

other applications, but they are often toxic and cannot be used for the 
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fabrication of biomedical materials. This work describes the discovery of new 

dispersing agents, biomedical coatings and manufacturing processes for the 

fabrication of coatings that not only increase implant lifespan, but 

also have other functions, such as biosensing for disease detection.  
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ABSTRACT 

Development of a new generation of nanocomposite biomedical implant coatings 

that contain bioactive ceramics and polymers and tailored surface features, both of which 

promote cell adhesion, proliferation, and interlocking at the bone tissue/implant interface, 

is crucial to extending the lifespan of orthopaedic implants. Use of combined colloidal and 

electrochemical processing techniques, in particular electrophoretic deposition (EPD), have 

the ability to fabricate these new multi-component materials with relative ease. They also 

can be used to fabricate nanostructures and surface topography, that mimic the structure of 

human skeletal tissue at the nanoscale. Furthermore, colloidal-electrochemical processing 

techniques may also be easily upscaled, towards clinical product development and mass 

manufacturing, unlike many processing techniques commonly used in nanotechnology.  

Since the success of EPD depends on the use of a stable colloidal precursor, barriers 

to widespread use of colloidal-electrochemical methods for fabrication of these novel 

biomaterials, is the lack of efficient and biocompatible dispersants and extractors. One 

approach to developing suitable dispersing and extracting agents lies in deriving inspiration 

from the natural world, also known as biomimetics. Based on this approach, new extracting 

agents inspired by the chemical structure of mussel adhesive proteins (MAPs) were 

discovered for the efficient particle extraction and formation of organic-inorganic 

composite films, containing hydroxyapatite (HA) nanorods. Building upon this approach, 

we utilized catechol (CAT), the functional group in MAPs that allows for their ultra-

strong adhesion, and functionalized amine-containing biopolymers. We used chitosan 

(CHIT) and poly-L-lysine (PLL) as model biopolymers and found that CAT 
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functionalization imparted remarkable properties such as robust adhesion, stability across 

a wider pH range, and redox-capacitance. Future applications of these films were explored, 

including not only orthopaedic implant applications, but also electrochemical and 

photoelectrochemical sensing applications. Finally, biomimetic inspiration was derived 

from the human digestive system, to use bile acid salts (BAS) as powerful solubilizing, 

charging, dispersing and film-forming agents for the fabrication of composite coatings, 

containing water insoluble drugs. These coatings can be used for local drug delivery of 

anti-biotics, to prevent surgical infection post-implantation, and use of BAS 

surfactants paves the way for solubilization and dispersion of other 

hydrophobic functional drugs and molecules,  as well as fabrication of functional 

composite films using EPD.
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Chapter 1: Introduction 

1.1 Overall Context 

Bone is a natural hierarchical organic-inorganic composite material that at the 

nanoscale consists of carbonated HA nanoplates contained within a matrix of type I 

collagen [1,2]. The remarkable mechanical properties of bone, including high strength and 

fracture toughness can be attributed to its hierarchical structure [3]. Many efforts have been 

made to develop  materials to replace damaged skeletal tissue [4], but this has proved 

challenging due to the aggressive physiological environment and complex mechanical 

loading conditions that must be withstood by the implant material. Clinical implant 

outcomes and bone healing are both dependent both on biological and mechanical 

properties [5], but early iterations of orthopaedic implant materials focused on selecting 

materials that were (i) bioinert and (ii) mechanically stabilized the damaged bone tissue or 

joint. As such, metallic materials, including stainless steel, titanium alloys and cobalt-

chromium alloys have a long history of clinical use for the treatment of bone fractures and 

defects due to their mechanical properties and adequate biocompatibility. After many years 

of clinical use, it was found that  metallic materials are well-suited for skeletal repair, but 

their lifespan is limited due to their inability  to form a sufficient bond with bone [7,8]. 

There are also continued concerns of toxic metal ion release due to implant corrosion and 

generation of wear particles at the interface of the femoral head and acetabular cup [9,10]. 
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Figure 1-1: Hierarchical structure of bone from the nanoscale (left) to the mesoscale 

(right) [5]. Copyright © 2014, Springer Nature. 

It is believed that the key to increasing orthopaedic implant lifespan may be to imitate the 

structure of natural bone through use of organic-inorganic composite coatings, which 

contain an organic component that mimics natural collagen and a mineral inorganic 

component, which is chemically similar to the inorganic constituent of bone. It is believed 

that the use of such coatings will simultaneously prevent the formation of fibrous scar tissue 

[11] and strengthen the chemical and mechanical bond at the bone-implant interface, a

process termed osseointegration [8]. Other surface characteristics that may be tailored to 

affect osseointegration at the bone-implant interface include surface roughness, wettability 

and the presence of both micro- and nano-scale features in the surface topography [12–14]. 

In addition to tailoring implant surface chemistry and topography, bacterial infection has 

an adverse effect on the quality of the bond formed at the bone-tissue implant interface, as 

inflammation affects the healing cascade of bone [24]. As such, preventing infection is one 

of the biggest challenges surrounding biomedical device implantation. One potential 
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solution is to incorporate antibiotic drugs, nanoparticles and morphogenic proteins into the 

implant coating [24].  

The primary challenge to the incorporation of such functional organic materials into 

implant coatings is the use of traditional high-temperature processing techniques, which 

can denature or structurally deform the organic components of the coating. For instance, 

the current processing method used clinically for the application of hydroxyapatite (HA) 

on orthopaedic and dental implants is plasma-spraying, which prevents the incorporation 

drugs and enzymes, as they become denatured at elevated temperatures. Plasma-spraying 

as a processing technique has several other disadvantages, including poor control over 

coating thickness, uniformity, crystallinity and coating adhesion. In addition to the 

aforementioned disadvantages, the resulting coatings lack optimal surface topography. This 

has generated the need for new low temperature techniques with increased control over 

chemical composition, coating thickness, uniformity, topography and adhesion.  

EPD is a low temperature coating technique which utilizes electrophoresis for the 

deposition of charged polymers, molecules and particles [15]. EPD has been used 

previously for the fabrication of organic-inorganic composite biomaterials that include 

functional biopolymers such as CHIT [16,17], ALG [18,19], HLA [20], and PLL [21], 

combined with advanced bioceramics and glasses, such as BG [17,22],  HA [16,21], and 

TiO2 [17,23]. Proteins and enzymes such as  AT [24], BSA [25] and GOx [26] have also 

been incorporated. The use of organic-inorganic nanocomposite coatings on metallic 

implants, manufactured using EPD, has the potential to meet the complex requirements 

essential for implant viability. The primary challenge encountered during organic-inorganic 
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coating development is prevention of agglomeration and sufficient dispersion of inorganic 

nanoparticles within the organic matrix. An additional challenge to the fabrication of 

advanced coatings for biomedical implant applications is the incorporation of anti-biotic 

and anti-inflammatory drugs into the coating matrix. Incorporation of such drugs is 

challenging due to the reality that ninety percent of drugs currently under investigation and 

almost half of all drugs used clinically exhibit poor aqueous solubility [25].  

Although organic-inorganic nanocomposite biomaterials have been previously 

fabricated using EPD, coating adhesion in the presence of body fluid must be improved. 

Based off biomimetic inspiration from the mussel’s ability to successfully attach to the 

seawall in aggressive marine conditions [27,28], biopolymers, such as CHIT, ALG and 

HLA have been functionalized with catechol (a functional group found in the mussels 

byssal plaque) to improve coating adhesion to inorganic surfaces, nanoparticles, and the 

mucosal layer in mammals [12]. However, the previous chemical and electrochemical 

techniques used to functionalize the biopolymer chitosan with catechol in the literature [13] 

involve complicated chemical synthesis and multiple fabrication steps.  

Thus, it is of paramount importance to develop a new generation of nanocomposite 

biomedical implant coatings that contain advanced functional materials such as 

biopolymers, bioceramics, anti-bacterial agents, morphogenic proteins and enzymes. New 

developments in this field will result in prevention of costly and painful revision surgeries, 

and will extend the lifespan of orthopaedic implants. In addition to offering a solution for 

biomedical implant coatings, organic-inorganic nanocomposite coatings are multi-

functional and may also be used as thin-film biosensors, due to the incorporation of 
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advanced nanomaterials and biological molecules. As such, my work describes novel 

techniques that have allowed for the fabrication of new organic-inorganic nanocomposite 

biomaterials, as well as advanced colloidal-electrochemical strategies for the deposition of 

multi-functional coatings for biomedical applications. My scientific methodology and 

approach have allowed for innovation in the fields of electrochemistry, colloidal science, 

biomaterials and nanotechnology, and as such addresses the need for advanced materials 

and coatings in medicine. 

1.2 Thesis Overview 

A summary of the remaining chapters contained in this thesis are as follows: 

Chapter 2 contains a thorough review of the strengths and limitations of current 

orthopaedic implant materials and coatings used clinically. The impact of material 

composition and surface topography on implant osseointegration are also reviewed. 

Finally, an overview of the fundamental colloidal science and advantages of electrophoretic 

deposition as a coating fabrication technique and biomimetic dispersing agents is provided. 

Chapter 3 presents a facile approach for the functionalization of CHIT with 

catechol, utilizing a CAT-containing aldehyde molecule and a Schiff base reaction. FTIR 

was used to characterize CHIT functionalization, and it was confirmed that catechol was 

attached to the CHIT monomer by the formation of an imine bond between the amine group 

of CHIT and the aldehyde of the CAT-containing molecule, 3,4-dihydroxybenzylaldehyde 

(DHBA), post-Schiff base reaction. We discovered the electrochemical behaviour of our 
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CHIT films was altered upon chemical modification with CAT. Electrochemical 

characterization using CV revealed the redox activity of the film significantly increased 

due to the pseudo-capacitive contribution of the CAT molecule. To test our films for 

possible voltammetric sensing applications Ru(NH3)6Cl3 was introduced as a mediator and 

it was found that our films amplified the redox currents, in particular the reduction current. 

Building upon this discovery, we utilized the enhanced redox-activity of the coating for the 

in-situ reduction and dispersion of Ag NPs, followed by fabrication of composite Ag-CAT-

CHIT films using cathodic EPD. Chemical composition of the Ag nanoparticles was 

determined using XRD and CV, while TEM and SEM were used to characterize the size 

and distribution of the Ag NPs fabricated in-situ. Composite films containing 

bioactive nanoparticles such as HA, TiO2 and HA co-deposited with TiO2 were 

fabricated using cathodic EPD combined with CAT-CHIT, which acted as a charging, 

dispersing and film forming agent. XRD and SEM were used for characterization of 

resulting CAT-CHIT-TiO2, CAT-CHIT-HA, and CAT-CHIT-HA-TiO2 films.    

Chapter 4 describes the development of a conceptually new approach for the 

synthesis and extraction of HA nanorods using two novel biomimetic extracting agents. LG 

and HDPA were used for the extraction of as-synthesized HA nanorods from the aqueous 

phase into a solvent phase, against the force of gravity. FTIR was used to characterize 

particles extracted from the solvent phase, and the mechanism of extraction was confirmed 

due to the presence of characteristic absorbances from LG and HDPA in the 

acquired spectra. Our method eliminates the drying phase in nanoparticle processing, 

and as such avoids the formation of large agglomerates. Extracted particles were then  
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used for the fabrication and subsequent characterization of nanocomposite films using 

SEM, which revealed the films contained well-dispersed HA nanorods within a PMMA 

matrix.  

Chapter 5 builds upon the work presented in Chapter 3 and utilizes the Schiff base 

functionalization method for monomer modification of PLL with CAT. UV-vis and 

FTIR were used to characterize the functionalized PLL monomer and CAT 

functionalization was confirmed. CAT-PLL was then used for the fabrication of 

nanocomposite films containing HA, TiO2 or HA co-deposited with TiO2 using 

cathodic EPD. Comprehensive surface characterization was performed on the 

resulting coatings, including contact angle measurements, coating adhesion 

measurements, AFM, SEM, XRD and an in vitro cell culture experiment. Coating 

characterization revealed that our films were hydrophilic, exhibited ultra-strong 

adhesion, micron-scale surface roughness and surface features on both the nano- and 

micron-scale, and In vitro testing revealed that all coatings supported cell viability with 

statistical significance. 

Chapter 6 describes the development of a new method for solubilizing water 

insoluble drugs and fabricating composite coatings, using BAS. In this technique, BAS are 

combined with model water-insoluble drugs, IB and TC. Charged, mixed 

micelles containing either IB or TC were formed upon mixing, due to the unique 

concave-convex amphiphilic structure of the BAS. Both CV and anionic EPD were used 

for the deposition of composite gel films, and co-deposition of IB or TC with the BAS 



8 

was confirmed using XRD. SEM was used for film characterization, and it was revealed 

that some BAS self-assemble to form unique porous gel structures.  

Chapter 7 reports the exploration of CAT-CHIT for development of a transducing 

element, towards photoelectrochemical (PEC) sensing of biological macromolecules. 

Based on previous reports of CATs ability to modify the optical and electronic structure 

of semiconducting nanoparticles, we used CAT-CHIT for ligand modification of 

TiO2 nanoparticles, to increase base current output and reduce issues related to low 

signal-to-noise ratios. Colloidal suspensions containing TiO2 nanoparticles functionalized 

with either unmodified CHIT, DHBA, or CAT-CHIT, were used to fabricate composite 

films on an ITO/PET substrate using a drop-casting technique. FTIR, Raman 

Spectroscopy, UV-Vis Spectroscopy, IPCE, SEM and PEC measurements were used to 

thoroughly characterize the films. Characterization revealed that CAT-CHIT 

functionalization of TiO2 resulted in the largest PEC output, compared to unmodified 

TiO2, CHIT-TiO2 and DHBA-TiO2 films. The ratio of CAT to CHIT, as well as TiO2 

concentration was then optimized to ensure the highest current density output prior to 

DNA probe functionalization. Preliminary DNA hybridization assays were conducted, 

and initial results confirmed that CAT-CHIT-TiO2 films show great promise for use 

as transduction elements for signal-off biosensing applications.  

Chapter 8 summarizes the significant findings of this work and major contributions 

to the field, as well as future work.  

Chapter 9 contains a list of peer-reviewed publications and other academic 

contributions that were prepared throughout the duration of my doctorate degree, including 

patents and conference publications.  
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Chapter 2: Literature Review 

2.1 Orthopaedic Implant Materials 

2.1.1 Bioactivity of Materials 

Metallic, ceramic and polymeric materials have all been used for various aspects of 

hard tissue repair and skeletal reconstruction. They have different degrees of bioactivity, 

which in terms of materials used for orthopaedic and dental applications, is defined as the 

degree to which new CaP and hard tissue growth is stimulated [1]. Materials that facilitate 

CaP and hard tissue growth may also be further divided into two categories: 

osteoconductive and osteoinductive. Osteoconductive materials conduct bone growth along 

the implant/bone tissue interface, while osteoinductive materials induce osteogenesis 

(formation of new hard tissue) [2,3]. Bioinert materials are defined as materials that form 

a physical bond with the osseous tissue but do not illicit fibrous tissue formation [1], 

although it should be noted that no biomaterial is truly inert-as the presence of a foreign 

object will always illicit an immune response [4]. Examples of bioinert materials include 

stainless steels, pure titanium, Al2O3 and ZrO2 [5], and in general they are osteoconductive. 

Although bioinert materials directly contact the osseous tissue and form a physical bond, 

this does not necessarily constitute osseointegration [2,6], which requires the implant to be 

securely anchored to the bone tissue in addition to having physical contact [2,3]. 

Osseointegration is traditionally measured using visual confirmation of contact between 

the implant and bone tissue using light microscopy [7], but this measurement has been 
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considered to be insufficient due to other important considerations: anchorage of implant, 

quality of new osseous tissue, and characterization of the implant at smaller length scales 

using electron microscopy [7]. A visual representation of osseointegration at the nanoscale 

can be seen in Figure 2-1.  

Figure 2-1: Osseointegration confirmed at (A) low magnification and (B) high 
magnification by direct contact between bone tissue at the nanoscale using STEM 
HAADF TEM. Reproduced from Ref. 8 with permission from The Royal Society of 
Chemistry.

The original selection criteria when selecting materials for hard tissue 

reconstruction was to minimize adverse response from the immune system upon 

implantation, and as such bioinert materials were the first materials selected for clinical use 

[4]. The next generation of biomaterials development involved the use of bioactive 

materials: to not only avoid a toxic response but also stimulate a robust healing reaction 

and thus enhance implant fixation. Bioactive materials are different from bioinert materials 

in that they not only form physical bond with the bone tissue at the interface, but also form 

a strong chemical bond [1]. Examples of bioactive materials include HA, calcium 

phosphate ceramics, and bioactive glasses such as Bioglass® 45S5. Bioactive materials can 
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be further categorized into resorbable and non-resorbable [4]. Ability to resorb does 

not indicate the materials ability to promote osteogenesis, and as a result, resorbable 

or non-resorbable materials can be either osteoconductive or osteoinductive.  

2.1.2 Metallic Materials for Orthopaedic Applications 

2.1.2.1 Stainless Steels and Cobalt-Chromium Alloys 

Although alternatives are being continuously explored, metallic materials are still 

the superior choice for biomedical implants due to their reasonable degree of 

biocompatibility and ability to sustain the range of mechanical stresses they will be 

subjected to during implant lifespan [9–11]. SS was the first metallic material used 

clinically for THA, and AISI 316 and 316L SS in particular were commonly used as a 

biomedical material due to their ductility, strength, corrosion resistance, ease of 

manufacture and low cost [10,12,13]. Compared to other SS, the ASTM recommends 

stainless steels from the 316 family for biomedical implant applications because of 

their lower carbon content and thus increased protection against corrosion in 

physiological fluid [14]. AISI 316 and 316L SS are still widely used for both short-term 

orthopaedic applications, such as bone plates and surgical screws, and long-term 

applications such as total-hip or knee replacements [15]. Wear resistance of SS alloys is 

low compared to other metals, which is essential for THA applications to prevent 

generation of toxic wear particles, and thus subsequent inflammation, osteolysis and 

aseptic loosening [14]. Release of toxic nickel ions as a result of corrosion or wear 

particle generation is the primary concern associated 
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with the use of 316L SS, since they  have shown to cause inflammation, allergic reactions, 

and are considered mutagenic and genotoxic [12,14]. Furthermore, long-term exposure to 

nickel may cause cancer, kidney and cardiovascular disease [12]. To ease concerns 

regarding toxic nickel ion release from 316L SS, Ni-free stainless steel (ASTM F2229) was 

developed, which replaced nickel with nitrogen [13]. Although nitrogen addition prevented 

Ni ion release, Ni-free stainless-steel alloys exhibit poor corrosion resistance and reduced 

fatigue behaviour in physiological conditions, and poor bioactivity compared to other 

metallic biomaterials [13]. 

To reduce generation of toxic wear particles in hopes of increasing orthopaedic 

implant lifespan, cobalt-chromium alloys were introduced as an alternative to 316 and 316L 

SS due high wear resistance and mechanical strength [13,14]. In particular, two types of 

cobalt-chromium alloys are used clinically for orthopaedic implant applications: (i) cobalt 

nickel molybdenum chromium (CoNiMoCr) and  (ii) cobalt molybdenum chromium 

(CoMoCr) alloys [14]. CoCr alloys are also more corrosion resistant than SS, as they form 

a protective oxide layer in physiological environments [14].  They also exhibit higher 

fatigue resistance compared to medical-grade SS, but are more expensive to manufacture 

and concerns surrounding  release of harmful metal ions (including Ni) remain [13]. 

 

2.1.2.2 Titanium and Ti Alloys 

Titanium and its alloys are the most commonly used metallic biomaterial for 

orthopaedic applications, primarily because of their superior osseointegration,  low 

toxicity, and high corrosion resistance [13]. Osseointegration is the degree to which a 
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material forms a functional connection with hard tissue at the implant/bone interface [13]. 

Titanium exhibits a high degree of osseointegration, while SS and CoCr alloys exhibit no 

osseointegration [13]. Upon implantation of SS and CoCr alloys,  a layer of fibrous tissue 

separates the implant surface from the newly formed bone and as such, both are considered 

biotolerant biomaterials [12]. Since the long-term outcome of the orthopaedic implant is 

largely dependent on the quality of the bond at the implant/tissue interface, Ti’s high 

osseointegration makes it the premier choice compared to other metals and their alloys. 

Although Ti itself is not toxic to the human body, release of toxic corrosion products, such 

as  aluminum and vanadium ions, has continually been reported [16]. Corrosion products 

accumulate in the lymphatic system [1] and may have adverse health effects over long term 

exposure [13]. In particular, release of Al and V ions in the body from Ti alloy implantation 

has been correlated with diagnoses of peripheral neuropathy, osteomalacia, and 

Alzheimer’s [14,15].  Development of alternative Ti alloys with non-allergenic 

strengthening elements has been proposed, but would require advanced fabrication 

techniques and increase the overall cost [13]. Furthermore, it should be noted that all 

metallic implant materials are prone to failure as a result of the stress-shielding effect, 

which is the local bone atrophy observed due to elastic modulus mismatch between the 

metallic implant and human bone [2,14,15]. 
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2.1.3 Bioceramics and Bioactive Glasses 

2.1.3.1 Alumina and Zirconia-based Ceramics 

Al2O3 was introduced as an alternative for metallic acetabular liners and femoral 

heads, in an effort to increase orthopaedic implant lifespan via reduction of wear particle 

generation and osteolysis  [5,6]. Al2O3 is well suited in terms of both biological and 

mechanical properties for  skeletal tissue repair  because of its high mechanical strength in 

compression, high wear resistance and hydrophilic nature [6]. As a result, pure Al2O3 has 

been used clinically for hip and knee prostheses, dental implants, and as a coating for 

metallic dental implants and femoral stems [6]. Although the use of Al2O3 ceramics has  

decreased  generation of inflammatory wear particles and osteolysis, successful 

osseointegration has yet to be achieved due to its bioinert nature [6]. Al2O3 also exhibits 

poor fracture toughness compared to other bioceramics, such as YSZ, and is susceptible 

to brittle fracture and subsequent catastrophic failure. 

ZrO2-based ceramics were introduced as an alternative to Al2O3 for ceramic 

acetabular liners and femoral heads and acetabular liners, since they are both bioinert and 

exhibit similar mechanical properties in terms of compressive strength and wear resistance. 

ZrO2 undergoes a unique transformation toughening mechanism, which allows for 

increased fracture toughness compared to Al2O3 ceramics  [17–19]. At room temperature 

ZrO2 exists in a metastable tetragonal state, but under applied stress ZrO2 transforms to the 

monoclinic state [18,19].Y2O3 additions are used to stabilize medical-grade ZrO2 ceramics 

by preventing premature phase-transformation from the tetragonal to the monoclinic phase 
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at room temperature [20]. Stabilization of the tetragonal phase prevents of  crack 

propagation at localized crack tips under ambient conditions, but after clinical use it was 

discovered that exposure to body fluid in vivo resulted in premature aging and failure of  

YSZ femoral heads [18]. This observed phenomena is termed low temperature thermal 

degradation, which describes the premature transformation from the tetragonal to the 

monoclinic phase under physiological conditions [17]. Furthermore, this effect results in 

the risk of premature implant failure during manufacturing or after surface treatments to 

improve osseointegration [1].  ZTA composites  have emerged as an alternative to YSZ 

femoral heads due to a high incidence of YSZ implant failure [21].  ZTA composites are 

employed clinically under the tradename Biolox® delta, and have increased success rates 

compared to pure Al2O3 femoral heads because of their increased fracture toughness 

compared to pure Al2O3 or YSZ [21]. Based on the success of ZTA, ATZ composites are 

being explored for femoral head applications, although it has been reported that the 

mechanical properties of ZTA are superior to ATZ [19]. 

 

2.1.3.2 Titania Ceramics 

 Ti and its alloys are coated a few nanometers of naturally occurring TiO2 oxide, 

and  it is believed that the success of titanium implants and their ability to osseointegrate 

can be attributed to this thin bioactive layer of TiO2 [22,23]. Although this oxide layer is 

advantageous in terms of osseointegration, it should be noted that this thin barrier does not 

provide long-term corrosion protection, prevent the release of toxic Al and V ions, or result 

in implant longevity [24]. One strategy to increase corrosion protection and 
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osseointegration is through application of a TiO2 coating to the Ti alloy substrate  to 

improve the bioactivity of the underlying titanium substrate while still acting as a physical 

barrier providing corrosion protection and toxic metal ion release [24]. In recent years there 

has been particular interest in coatings consisting of TiO2 nanotubes, due to the potential 

for increased osseointegration and osteogenesis via introduction of nanoscale surface 

features [11,25,26], and the ability to load the nanotubes with functional molecules such as 

anti-bacterial drugs for post-operative infection prevention [27]. Electrochemical 

anodization is commonly used for fabrication of TiO2-nanotube based coatings and offers 

many advantages, including the possibility to coat complex shapes such as porous Ti 

scaffolds [11]. Advanced coatings for increased osseointegration and infection prevention 

have been fabricated by deposition of HA on the nanotube surface [11], loading the 

nanotubes with anti-biotic drugs such as vancomycin [27], or by surface functionalization 

with Ag NPs [28]. Although functional orthopaedic coatings using TiO2 nanotubes have 

been developed, their clinical use remains limited because of concerns remain surrounding 

efficacy of coatings loaded with anti-biotics due to antibiotic resistance [28].  Coatings 

containing Ag NPs may offer a potential solution to prevent formation of bacterial biofilms, 

but it was discovered that when the concentration of Ag NPs was high enough to offer an 

anti-bacterial effect, the coating was rendered cytotoxic to osteoblast cells [11].  

2.1.3.3 Calcium Phosphates and Hydroxyapatite 

CaP bioceramics were introduced clinically based on their compositional similarity 

to the inorganic component in human bone: carbonate substituted HA (Ca5(PO4)3-x(OH)1-
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x) [4,29]. All CaP ceramics are considered bioactive, but whether they are resorbable 

depends on crystallinity and the Ca/P stoichiometric ratio [30]. HA with a higher degree of 

crystallinity is more stable and less resorbable than HA with a lower degree of crystallinity 

[13]. Pure HA has a Ca/P stoichiometric ratio of 1.67 and is non-resorbable [4]. When the 

stoichiometric ratio is greater than 1.67, calcium oxide (CaO) forms as an impurity phase, 

whereas when the stoichiometric ratio is less than 1.67, the alpha- or beta- polymorphs of 

tricalcium phosphate (TCP) may form [4]. HA that contains CaO or polymorphs of TCP 

are both considered resorbable, and are used for applications where simultaneous bone 

resorption and hard tissue regeneration is desirable, such as osseous defect repair  [4,30,31]. 

It should be noted that while some deviation away from a stoichiometric Ca/P ratio of 1.67 

yields ceramics with desirable properties, CaP ceramics with a Ca/P ratio below 1 are too 

resorbable and cannot be used for implantable applications [4]. Furthermore, while CaP 

ceramics are generally regarded as osteoconductive in two-dimensional configurations, it 

has been found that they stimulate osteogenesis and are thus osteoinductive in some three-

dimensional configurations [30]. 

The mechanical properties of HA render it unusable for load bearing applications. 

Its fracture toughness is significantly lower than other bioceramics (eg. Al2O3, YSZ) and 

cortical bone (< 1 MPa·m0.5 compared to 2-10 MPa·m0.5) [4,13]. HA has been coated on 

metallic femoral stems to combine the mechanical properties of metallic implants with the 

bioactive surface properties of hydroxyapatite [4,32]. Plasma-spraying has been used to 

coat femoral stems with HA for over 20-years, but it has been found to have no benefit 

compared to uncoated femoral implant components in a systematic review [33]. It is 
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proposed that the unremarkable performance of HA coatings in early studies can be 

attributed to their thickness as a result of the coating technique. Plasma spraying produces 

relatively thick HA coatings (50-100μm), which results in poor coating adhesion, low 

interfacial shear strength, coating fragmentation and release  in-situ [4,34]. To combat the 

processing problems associated with plasma spraying, low temperature processing methods 

are being investigated as an alternative towards the formation of thin, adherent calcium 

phosphate ceramic films such as sol-gel deposition, electrophoretic deposition, biomimetic 

deposition and electrochemical deposition [4,34,35]. 

2.1.3.4 Bioactive Glasses 

Bioactive glasses are remarkable biomaterials because they are simultaneously 

osteoinductive, osteoconductive and resorbable [2,36,37]. These properties make them 

well-suited for regenerative medicine and tissue scaffold applications, since they will 

quickly regenerate new bone while resorbing over time [37]. Bioactive glass (specifically 

Bioglass® 45S5)  was first discovered by Larry Hench in the late 1960s, and contained 

46.1 mol% SiO2, 24.4% NaO, 26.9% CaO and 2.6% P2O5 [38,39]. Hench’s first bioactive 

glass was revolutionary because it was the first material able to bond with and promote 

formation of new calcified tissue [13]. The general mechanism of bonding in bioactive 

glass is as follows: first, exposure of the glass to physiological fluids promotes rapid 

corrosion and dissolution of alkali ions, which are replaced by H+ or H3O+ ions [36,37]. 

This results in a local pH increase, breaking of Si-O-Si bonds, and condensation 

polymerization of silianol (Si(OH)4) gel on the surface of the glass [36,37]. Ca ions and 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

21 
 

PO4
3- groups diffuse towards the silanol and form an amorphous CaP layer, which gradually 

crystallizes and forms into carbonated HA due to incorporation of CO3
2- and OH- anions 

from physiological fluid [36,37].  

Early bioactive glasses were unable to used for tissue scaffolds since they were 

fabricated using high temperature techniques, and thus unable to introduce porosity, but in 

the 1990s Hench and his colleagues discovered that bioactive glass could be fabricated 

using the sol-gel method (named 58S Bioglass®) [38]. Fabrication of bioactive glass using 

the sol-gel method allowed for the fabrication of porous structures, such as tissue scaffolds, 

which was previously impossible using traditional melt-quench fabrication techniques [38]. 

Anti-bacterial bioactive glasses have also been fabricated, by doping the glass with Ag ions 

[40,41]. Bioactive glasses have been used clinically since the 1980s, but fewer products are 

available commercially compared to HA, due to FDA regulations on highly bioactive 

products [36]. The weak and brittle nature of bioactive glasses has limited their use in load 

bearing applications, but they can be used clinically if combined with polymers or metals 

to improve the mechanical strength and ductility [38]. Other limitations to widespread use 

of bioactive glass include the relatively fast resorption rate of bioactive glass has been 

found, in some cases, to outpace natural bone remodelling. This results in a gap at the 

bone/implant interface, which leads to implant detachment and failure. Finally, there are 

concerns about cytotoxicity due to the local pH increase as a result of initial alkali ion 

dissolution [37].    
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2.1.4 Effect of Surface Properties on Osseointegration 

 Initial attempts at surface modification of metallic implants focused on modifying 

the material composition to increase osseointegration, but more recently it was realized that 

surface properties also have a significant effect on implant success in vivo [42]. Surface 

morphology, roughness and wettability have been identified as key parameters that 

influence bonding at the bone tissue/implant interface [23,42,43]. In terms of surface 

morphology, there is robust evidence that surfaces containing topographical features on 

both the micro and nano scale (termed dual-scale topography) have enhanced bone growth 

and increased fixation at the bone tissue/implant interface [25,26,42–44]. Introduction of 

micro-scale surface features are hypothesized to increase mechanical interlocking between 

the implant and bone, due to increased surface area available for contact between the 

implant and osseous tissue [44]. Furthermore, incorporation of nanoscale features have 

been found to increase the rate of osseointegration by encouraging protein adsorption and 

migration of osteogenic cells [42,45]. This effect is believed to occur since nanoscale 

features mimic the natural environment encountered by cells in vivo [26,44]. An example 

of a surface with dual-scale topography can be found in Figure 2-2, which was fabricated 

using a two step process which combined 3D printing with electrochemical anodization 

[26].  

In addition to dual scale morphology, surface wettability is an important parameter 

for predicting implant outcomes. Wettability is measured using contact angle 

measurements and surfaces with high blood wettability also increase the rate of 

osseointegration due to their enhanced adsorption and affinity towards proteins and cells 
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[23,42]. Average surface roughness (Ra) is another important parameter, and an average 

roughness between 0.5 and 1.0 μm has been found to be optimal for enhancing cell adhesion 

and proliferation [23]. 

Figure 2-2: Schematic diagram illustrating dual-scale topography introduced in a two-

step process. (A-C) Microscale features were introduced using 3D printing, and (F-D) 

nanoscale features were introduced using electrochemical anodization [26].  Copyright 

© 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim

In summary, although many efforts have focused primarily on material composition 

when designing new implantable biomaterials, both surface topography and chemistry 

must be considered to enhance osseous tissue formation, implant fixation, and long-term 

outcomes.  
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2.2 Fundamentals of Electrophoretic Deposition 

Electrophoretic deposition (EPD) is an increasingly popular and versatile coating 

fabrication technique. Advantages include: ability deposit a wide range of materials (e.g. 

ceramics, polymers, composites) on complex substrates, while providing control over 

coating thickness and microstructure, with simple equipment, for low cost in rapid 

fabrication time [46,47]. EPD can also be used to incorporate enzymes and proteins into 

composite coatings without damage, as it is a low temperature processing technique [48]. 

(A) (B) 

Figure 2-3: Schematic diagram of (A) cathodic EPD in a two-electrode cell [49] and (B) 

cathodic EPD using (a) charged particles and (b) charged molecules [50]. Figure (A) 

Copyright © 2019 Elsevier Science. Figure (B) Copyright © 2002 Elsevier Science B.V. 

All rights reserved.

The deposition mechanism of EPD is as follows: utilizing a two-electrode cell 

immersed within a colloidal suspension, an external electric field is applied to charged 

particles, which move towards the oppositely charged working electrode under the 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

25 

influence of electric field (see Figure 2-3 A) [46,49,51,52]. The charged particles then 

coagulate to form a film on the electrode surface [46]. Only charged particles can be 

deposited using EPD [51], but uncharged particles can still be deposited using charged 

organic molecules or polymers (see Figure 2-3 B) [50]. Charged materials can be either 

anodically or cathodically deposited, depending on the charge of the particle or polymer in 

suspension [53]. It should also be noted that either DC or AC potential may be applied for 

EPD. Deposition with an AC potential is advantageous compared to DC potential 

deposition, as hydrolysis reactions and subsequent bubbling are prevented [52]. This is 

beneficial for situations where  an aqueous suspension must be used [52]. 

EPD as a fabrication technique is of high interest for orthopaedic applications and 

biomedical applications in general, due to its ability to develop organic-inorganic coatings 

that mimic natural materials such as bone [46]. Of particular interest is the ability to 

fabricate hierarchical structures and incorporate biological macromolecules, such as 

nucleic acids, enzymes and proteins into composite coatings without damage because of 

the low temperature processing temperature [54].  

EPD can be influenced by factors related to the suspension or by parameters related 

to processing [47,50]. Parameters related to the suspension include particle size, the 

dielectric constant and viscocity of the solvent, zeta potential, and electrical conductivity 

of the suspension. In general, to optimize parameters related to suspension stability particle 

size should be less than 20 μm, and the ideal solvent should have low electrical 

conductivity, low viscosity and high dielectric constant [47]. Processing parameters that 
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can effect EPD are the applied voltage deposition time, solid concentration in the 

suspension and conductivity of the working electrode (substrate) [47].  

2.2.1 Particle Interaction in a Colloid: DLVO Theory 

To obtain homogenous deposition and thus final material properties, colloidal 

stability and agglomeration prevention are of paramount importance. The DLVO theory is 

the basis for developing our understanding of charged particle interactions in a colloid 

[50,55].  The DLVO theory was derived from Hamaker’s original theory of colloidal 

stability, which calculated the potential energy of two particles as a function of interparticle 

distance [55,56]. Hamaker’s theory considered that both attractive London-van der Waals 

and repulsive double-layer forces existed between two charged particles, but he incorrectly 

assumed a constant potential value for the electrical double-layer and that the double-layer 

contribution was repulsive at all interparticle distances [56]. The DLVO theory also uses 

potential energy curves, calculated using [50]: 

VT = VA + VR                                                      (1)

Where VT is the total energy of interaction between two separated, equivalently charged 

particles, and VA, the attractive energy due to London-van der waals forces is [50]: 

𝑉𝑉𝐴𝐴 = −𝐴𝐴
6

( 2
𝑠𝑠2−2

+ 2
𝑠𝑠2

+ ln 𝑠𝑠2−4
𝑠𝑠2

)  (2) 

Where the Hamaker constant is represented by A, and s is equal to [50]: 

 𝑠𝑠 = 2 + 𝐻𝐻
𝑎𝑎

 (3) 

When the particle radius, a, is much larger than the shortest distance between the two 

spherical particles, H, then equation (2) becomes [50]: 
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𝑉𝑉𝐴𝐴 = −𝐴𝐴 𝑎𝑎
12𝐻𝐻

(4) 

The energy of repulsion, VR, attributed to the electrical double layer is equal to [50]: 

𝑉𝑉𝑅𝑅 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝑜𝑜𝑎𝑎Ψ2 ln(1 + 𝑒𝑒−𝜅𝜅𝐻𝐻)        (5) 

Where the dielectric constant of the solvent is ε, dielectric permittivity in vacuum is εo, the 

surface potential is Ψ and the Debye-Huckel parameter is κ, or [50]: 

𝜅𝜅 = �𝑒𝑒𝑜𝑜
2 ∑𝑛𝑛𝑖𝑖𝑧𝑧𝑖𝑖

2

𝜀𝜀𝜀𝜀𝑜𝑜𝑘𝑘𝑇𝑇
�
0.5

    (6) 

Where charge of a single electron is eo, the concentration of ions is ni, the valence state of 

the ions is zi, the Boltzmann constant is k and the temperature is T [50].  

The advantage of the DLVO theory compared to Hamaker’s original theory, is that 

it takes into consideration the effect of electrolyte ion valence and concentration, and thus 

varies the value of the electrical double layer potential, to more accurately predict stability 

of a colloidal suspension [47,50,56]. Using the potential energy curves (see Figure 2-4) 

derived from this theory, it was discovered that for low electrolyte concentration, the 

electrical double-layer thickness and potential increases, which results in greater 

contribution from the repulsive energy compared to the attractive London-van der Waals 

forces. This results in the formation of an energy barrier (Figure 2-4a), which prevents 

flocculation and results in a well-dispersed, stable colloid [47,50,56].  
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Figure 2-4: Potential energy curves as a function of interparticle distance, H, for (a) a 

stable colloidal suspension and a (b) unstable colloidal suspension containing 

flocculated particles  [50]. Copyright © 2002 Elsevier Science B.V. All rights reserved.

For systems with high electrolyte concentrations, the thickness and electrical potential of 

the double-layer decreases, which results in greater potential energy contribution from the 

attractive London-van der Waals force. In this scenario, the energy barrier greatly decreases 

(see Figure 2-4b) and particles will flocculate as a result [47,50,56]. As such, the DLVO 

theory proposes that there exists a flocculation value—a critical value of electrolyte 

concentration, with opposite charge to that of the particles in the colloids, that will induce 

flocculation [50]. The flocculation value is both influenced by valence and ion size.    
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2.2.2 Limitations to DLVO Theory 

The DLVO theory has been critical for advances in electrodeposition-based 

fabrication techniques, since successful EPD is dependent on use of a stable colloidal 

precursor. Although the DLVO theory has proved to be a successful method for predicting 

colloidal stability [46], there have been discussions regarding its accuracy and limitations 

[50]. For example, one factor that affects the accuracy of the theory is that it is based on 

the assumption that the system is very dilute, with only two identical, isolated spheres 

interacting in the medium [50]. In addition, the DLVO theory does not account for the 

affect of organic macromolecules bonded or adsorbed on the particle surface. 

Macromolecule adsorption can greatly affect colloidal stability, either introducing an 

additional attractive or repulsive force [55]. Adsorbed charge-neutral macromolecules or 

polymers result in formation of a stable colloid, by offering a physical barrier between 

particles to prevent coagulation (see Figure 2-5b) [55]. This dispersion technique is called 

steric stabilization and can be achieved with relatively high concentrations of polymers. If 

the polymer concentration adsorbed on the particle surface is too low, coagulation will 

occur through a phenomenon known as “bridging flocculation”, which occurs when 

unoccupied sites for particle adsorption on the polymer bind with other unoccupied sites 

and form so-called bridges [55]. Electrosteric stabilization is another dispersion technique, 

which utilizes adsorption of a charged polymer or macromolecule to prevent particle 

flocculation and provide colloidal stability. The stabilization mechanism in this technique 

is two-fold: (i) the molecule acts as a physical barrier for coagulation and (ii) the charge 
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provides an electrostatic barrier through same-charge repulsion [55]. 

Figure 2-5: Schematic diagram of the various mechanisms of particle stabilization in 

a colloid, including (a) electrostatic stabilization and (b) steric stabilization 

[47].  Copyright © 2006 Elsevier Ltd. All rights reserved.

Dispersing agents that impart steric or electrosteric stabilization are 

advantageous for fabrication of organic-inorganic composite materials, since the 

organic component can serve multiple functions including acting as charging, dispersing 

and/or film-forming agents.  
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2.2.3 Particle Charging and Electrophoretic Mobility 

When brought into contact with an aqueous or polar solvent, most inorganic 

particles and organic molecules become electrically charged [47]. Electrical charge 

develops on the surface of materials within a colloid by one of four different mechanisms: 

i) ion adsorption, ii) dissociation of functional groups, iii) cation exchange within the lattice

or iv) polyelectrolyte adsorption [47,50,55]. Ion distribution within the polar solvent is 

influenced by the surface charge of a dispersed substance in a colloid [47], and is modeled 

using the widely accepted “diffuse double layer” (see Figure 2-6). The relationship between 

electrical potential, 𝜓𝜓, and distance from the Stern plane, 𝑥𝑥, can be  approximated using 

[47]: 

   𝜓𝜓 = 𝜓𝜓𝛿𝛿exp (−𝜅𝜅𝑥𝑥)               (7) 

Where 𝜓𝜓𝛿𝛿 is equal to the electric potential at the interface of the Stern and diffuse layers 

and 𝜅𝜅 is the Debye-Huckel parameter (see equation (6)) [47].  
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Figure 2-6: Schematic diagram of the diffuse or electrical double layer and electric 

potential as a function of distance, where (a) is the surface charge, (b) Stern layer and 

(c) diffuse-layer of oppositely charged ions [47]. Copyright © 2006 Elsevier Ltd. All 

rights reserved.

Zeta-potential is another important parameter related to colloidal stability, and is defined 

as the potential difference between the charge at the surface (𝜓𝜓𝑜𝑜) and the charge at the slip-

plane, located between the Stern and diffuse layer (𝜓𝜓𝛿𝛿). Zeta-potential varies with pH (see 

Figure 2-7) if adsorbed H+ and OH- are the charge determining ions [50]. As such, charged 

ceramic particles may be either cationic, anionic, or uncharged depending on the pH of the 

polar solvent [47,50].  
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Figure 2-7: Zeta potential as a function of pH for charged ceramic particles dispersed 

in an aqueous medium [50].  Copyright © 2002 Elsevier Science B.V. All rights 

reserved.

Zeta-potential not only affects colloidal stability but also the electrophoretic 

mobility, 𝜇𝜇, of a rigid particle in suspension [47,50]. Electrophoretic mobility is calculated 

by dividing the particle velocity, 𝑣𝑣, by the strength of the applied electric field, 𝐸𝐸 [47,50]: 

𝜇𝜇 = 𝑣𝑣
𝐸𝐸
                       (8) 

And electrophoretic mobility is determined by [47,50]: 

𝜇𝜇 = 2
3
𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟𝜉𝜉
𝜂𝜂

𝑓𝑓(𝜅𝜅𝑎𝑎)        (9) 

Where vacuum permittivity is 𝜋𝜋𝑜𝑜, solvent permittivity is 𝜋𝜋𝑟𝑟, zeta potential is 𝜉𝜉, viscosity of 

the solvent is 𝜂𝜂, and the Henry coefficient is (𝜅𝜅𝑎𝑎), which is determined using electrical-

double layer thickness and the radius of the rigid particle [47,50]. For particles that have a 

small double-layer thickness in comparison to their size, electrophoretic mobility is 

determined using the Smoluchowski equation [47,50]: 

𝜇𝜇 = 𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟𝜉𝜉
𝜂𝜂

 (10)
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For particles with a thick double-layer compared to their size, electrophoretic mobility is 

determined using the Huckel equation [47,50]: 

𝜇𝜇 = 2𝜀𝜀𝑜𝑜𝜀𝜀𝑟𝑟𝜉𝜉
3𝜂𝜂

  (11) 

To model electrophoretic mobility of polyelectrolyte, a spherical shape and uniform charge 

distribution is assumed. Unlike a rigid particle, zeta-potential does not influence the 

electrophoretic mobility of a polyelectrolyte, since there is no well-defined slipping plane. 

Mobility of a polyelectrolyte is modeled using the following equation [50]: 

𝜇𝜇 = 𝜌𝜌𝑓𝑓𝑖𝑖𝑓𝑓
𝜂𝜂𝜆𝜆2

[1 + 2
3
�𝜆𝜆
𝜅𝜅
�
2 1+𝜆𝜆 2𝜅𝜅�

1+𝜆𝜆 𝜅𝜅�
] (12) 

Where 𝜌𝜌 i s t he fixed, u niformly dense charge o n t he p olyelectrolyte sphere, 𝜆𝜆  is  a 

parameter that is influenced by both the frictional coefficient of the polyelectrolyte and 

the solvent viscosity, and is the Debye-Huckel paramenter [47,50].  

2.2.4 Deposition Yield and Mechanism of Deposition 

Hamaker’s law was the first theory that attempted to calculate the weight of 

deposited particles deposited on a substrate using EPD [46,47,50]. It proposed that the 

concentration of particles in the colloid, 𝐶𝐶 , s  urface a  rea o  f t  he working electrode, 𝐴𝐴 , th 

e electric field strength, 𝐸𝐸 , and electrophoretic mobility, 𝜇𝜇 , were all related to the final 

amount of material deposited on the electrode, represented using 𝑤𝑤  [47]: 

𝑤𝑤 = ∫ 𝜇𝜇𝐸𝐸𝐴𝐴𝐶𝐶 𝑑𝑑𝑑𝑑𝑡𝑡2
𝑡𝑡1

  (13) 

This primary theory has been updated to account for true processing conditions [49]. One 

contemporary model has been developed by Biesheuvel and Verveij, and accounts for the 
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mass concentration of deposited particles (𝐶𝐶𝑑𝑑), as well as the volume concentration of 

particles both in the deposit (𝜙𝜙𝑑𝑑) and the suspension (𝜙𝜙𝑠𝑠) [47,49]: 

𝑤𝑤 = ∫ 𝜇𝜇𝑡𝑡2
𝑡𝑡1

𝐶𝐶𝑐𝑐
𝜙𝜙𝑐𝑐

𝜙𝜙𝑐𝑐−𝜙𝜙𝑠𝑠
𝐸𝐸𝐴𝐴 𝑑𝑑𝑑𝑑                                               (14)

EPD has been used with great success for the fabrication of a wide variety of 

materials, but still the precise mechanism of deposition is not known [47,50]. Hamaker and 

Verwey first theorized that deposition was a result of a similar mechanism to sediment 

formation due to the force of gravity [57]. They proposed that mutual repulsion of particles 

could be overcome with a sufficiently large applied electric field [57]. Later it was realized 

that this theory is not plausible, as it does not account for low applied electric field strength, 

which is typically used for electrodeposition [56]. Another theory proposed that deposition 

occurs due to flocculation as a result of electrode reactions and an increase in electrolyte 

concentration at the electrode surface [58]. This theory is only valid for deposition 

conditions which utilize an aqueous solvent and generate hydroxyl ions [47]. Finally, it was 

proposed that in situations where the electrolyte concentration did not increase near the 

electrode, deposition could be facilitated by considering distortion of the electrical double 

layer during electrophoresis [59]. This theory takes into account fluid mechanics, which 

would result in the double-layer becoming distorted to be wider behind the particle and 

thinner ahead of the particle during travel to the electrode surface [47]. The layer ahead of 

the particle would be sufficiently thin so that dominant force would be London-van der 

Waals and promote flocculation and coagulation at the electrode surface [47].  
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2.2.5 Biomimetic Dispersing Agents 

Dispersing agents are charged or uncharged organic molecules or polymers used to 

increase the overall stability of a colloid [60]. They are used widely for many applications 

in a variety of industries, including paint, personal cosmetics and household cleaners. Use 

of dispersing agents has been crucial to advances made in EPD processing over the last 

decade, but in recent years there has been increasing interest to discover new organic 

molecules that are capable of charging and dispersing many different inorganic particles or 

functional organic materials [61]. Development of new dispersants for biomedical 

applications can prove challenging, since many additional constraints must be considered 

compared to conventional applications, such as toxicity and biocompatibility. One 

approach looks to mother nature for inspiration and uses natural or biomimetic surfactants. 

Two such biomimetic dispersing agents are molecules from the catechol family, and bile 

acids and their salts. Utilizing a biomimetic approach is advantageous when designing new 

biomaterials, since the molecules often circumvent the restraints imposed during materials 

selection, and have interesting properties such as ultra-high adhesion or ability to self-

assemble into intricate structures only found in nature. 

2.2.5.1 Catecholic Molecules 

Catecholic molecules naturally occurring phenolic compounds, abundant across 

both the plant and animal kingdoms [62]. They are characterized by a molecular structure 

that contains a benzene ring with two adjacent hydroxyl groups attached (see Figure 2-8A). 

Catecholic molecules play an important role in physiological and biological processes 
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[61,62]. For example, neurotransmitters epinephrine (adrenaline) and dopamine are  

catecholamines, both of which are crucial for proper functioning of the human brain [61]. 

Melanin is another molecule from the catechol family, that gives human hair and skin its 

pigment [63]. Catechol-containing moieties are also found abundantly found in plant-based 

food and drink, and aid in human health by acting as dietary antioxidants [64]. Perhaps the 

most famous catecholic molecule is L-3,4-dihydroxyphenylalanine (L-DOPA), which has 

gained widespread recognition for its role in the marine mussels ability to exhibit the 

strongest interfacial adhesion found in nature, even in aggressive marine conditions [65]. 

(A) (B) 

Figure 2-8: Chemical structure of catechol molecule and diagram of mechanism of 

mussel surface adhesion. (B) chemical structures of catechol-family molecules. 

Reproduced from Ref. 61 with permission from The Royal Society of Chemistry.

When developing novel dispersing agents, adhesion to the metal oxide particle 

surface is of paramount importance for stable colloidal precursors and efficient deposition 

[61]. Ionic dispersing agents that are not adsorbed to the surface will act as electrolyte, 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

38 

which will decrease the electrical double layer thickness and result in colloidal instability 

and agglomeration [61]. Due to catechols remarkable adhesion and stability across a wide 

pH range, as well as its ability to form complexes with metal ions, many molecules from 

the catechol family (see Figure 2-8B) are being explored for use as dual charging and 

dispersing agents for MOx particles [61]. There are three different proposed mechanisms 

of adsorption of catecholic molecules on a MOx particle surface (see figure 2-9A), which 

involve bonding between the particle and phenolic functional groups [61]. Other functional 

groups may play a role in adsorption [61]. For example, caffeic acid, a molecule in the 

catechol family, may bond by one of the three phenolic configurations: bidentate chelating, 

or inner sphere or outer sphere bidentate bridging (see Figure 2-9A a-c). The MOx particle 

may also bond to the carboxyl group (see Figure 2-9A d) [61]. Furthermore, catecholic 

molecules not only show increased adhesion to inorganic surfaces, but also organic surfaces 

and animal tissue [66,67]. For example, they have been shown to increase stability and 

decrease long-term degradation of polysaccharide hydrogels, such as CHIT and ALG in 

aqueous or physiological environments [68,69].  
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(A) (B) 

Figure 2-9: (A) Schematic diagram of various configurations of catecholic bonding with 

metal oxides, including (a) chelating, (b) inner sphere bridging, (c) outer sphere bridging 

and (d) carboxylic adsorption, using caffeic acid as a model catecholic molecule. 

Reproduced from Ref. 61 with permission from The Royal Society of Chemistry. 

(B) UV-vis spectra of unmodified TiO2 nanoparticles (A) compared to catechol-modified

TiO2 nanoparticles (B-F), indicating absorption spectra shifting to longer wavelengths

[70]. Copyright © 2009, American Chemical Society.

In addition to exhibiting robust adhesion, molecules in the catechol family have 

other unique properties, such as pseudo-capacitance, which can be utilized to create 

materials for environmental, energy storage and electrochemical sensing applications 

[62,66,71]. Finally, the possibility of electronic structure modification of MOx particles 

has been discovered using molecules from the catechol family [72,73]. Jankovic et al. 

compared TiO2 nanoparticles modified with pure catechol and four other different 

molecules from the catechol family, and found that while it did not make a 

significant different in the band gap energy, it did alter its absorption spectra when 

measured using UV-vis spectroscopy (see Figure 2-9B) [70]. Shifting adsorption of 

TiO2 nanoparticles 
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from the ultra-violet towards the visible has use in many important applications, such as 

photovoltaics with increased efficiency.  

2.2.5.2 Catechol-Modified Polysaccharides

In the same way that information is processed, and operations are 

performed through the transfer of chemicals ions in biology, electronic devices receive 

information and convert it to energy with electrons [74]. There is potential to couple 

biology with electronic devices for applications such as enzymatic fuel cells or biosensors, 

but currently electrons cannot transduce chemical information released from biological 

systems [74]. Pseudo-capacitors (also known as redox-capacitors) store energy through 

reversible redox reactions, and can be used to transduce energy and process signals [74]. 

The redox activity of biological materials has been investigated in recent years with hopes 

of establishing bio-device pairing [71,74]. Naturally-occurring catechol-modified 

polysaccharide films have been fabricated, and have been found to be redox-active but 

non-conducting [74]. Although these films are non-conductive, they are capable of 

electron storage, donation, and acceptance. They also facilitate electron flow in a 

mechanism similar to electron transfer reactions in biology: through intermediate steps 

[75]. This is distinctly different from the mechanism of electron flow in metallic and 

conductive materials, in which valence electrons flow due to their existence in a 

delocalized “sea”. This unique behaviour allows for direct signal conversion of a 

biological event into an electrical signal [76].   
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To enable the detection of low concentrations of biological analyte using 

electrochemical sensing techniques, signal transduction must be amplified, for which both 

redox and nanoparticle-based techniques have been employed [59]. Naturally occurring 

phenolic molecules, such as catechol and galloyl, have been found to have unique redox 

properties which may be utilized for the development of novel hydrogel films for 

electrochemical biosensing [57,60]. CAT-functionalization of CHIT, a polysaccharide 

derived from the exoskeleton of crustaceans, resulted in imparting redox-capacitive 

behaviour to the non-conductive polymeric film [56,57,61]. CAT-CHIT films have been 

used for electrochemical monitoring of p-aminophenol [59], bacterial metabolites such as 

pyocyanin (PYO) [75], and the antipsychotic clozapine, utilizing redox-based amplification 

of peak currents in the presence of analyte [68]. In addition to being used for voltammetric 

based sensing, CAT-CHIT films may also be used for photoelectrochemical detection of 

biological analytes, due to catecholic molecules ability to modify the electronic properties 

of semiconducting particles [73].  

Polysaccharide monomers may be functionalized with catechol groups using 

chemical, enzymatic, or electrochemical synthesis techniques [68]. Electrochemical 

synthesis techniques, including EPD are advantageous for catechol functionalization of 

polysaccharides, compared to other methods, because of the aforementioned benefits 

described in section 2.2. A schematic diagram of the current electrochemical modification 

technique, for the modification of CHIT, can be found in Figure 2-10. This method utilizes 

a two-step technique, in which CHIT is first deposited using cathodic EPD, followed by 

anodic grafting of the CAT molecule [68,75,76]. Although this technique has allowed for 
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successful fabrication of CAT-CHIT, it could be improved by removing the anodic grafting 

step, since during anodic deposition changes in the local pH create conditions for 

dissolution of the underlying CHIT film.  

Figure 2-10: Current electrochemical method for catechol functionalization of 

chitosan [71]. Copyright © 2010 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim

2.2.5.3 Bile Acids and Bile Acid Salts 

Bile acids and their salts are naturally occurring anionic surfactants found in human 

bile that are used in the mammalian digestive system to solubilize fatty acids, fat soluble 

vitamins and lipids [77]. Their solubilization ability is remarkable, and it has been reported 
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that they can solubilize hydrophobic molecules, such as cholesterol, over one million times 

[78]. Bile acids and their salts self-assemble to form porous gel networks [79]. Bile acid 

salts, in particular, easily become anionic via dissociation of the COOH group 

when dissolved in water. As such, they have been used charging and dispersing agents 

for the dispersion and fabrication of composite gel films, containing multi-walled 

carbon nanotubes (MWCNTs) [80].  

The steroid backbone of bile salt surfactants allows for a unique amphiphilic 

chemical structure, that contains a hydrophobic concave side and a hydrophilic convex side 

[81,82]. This structure is vastly different from traditional head-tail surfactants and allows 

for dispersion of functional materials without disrupting their intrinsic properties. For 

example, bile acid salts preserve the conductivity of MWCNTS by forming a ring around 

MWCNTs in suspension, without creating an insulating layer  or damaging the sp2 carbon-

carbon bond [81,82]. In addition to dispersing high concentrations of MWCNTs, bile salts 

are able to separate individual nanotubes from MWCNT bundles without damage to the 

structure [77,82].  

Based on the success of bile acid salts for the dispersion and fabrication of 

composite films with MWCNTs, they are of high interest for use as charging, dispersing 

and film-forming agents for other hydrophobic molecules. For biomedical applications, use 

of these powerful natural surfactants is of particular interest for fabrication of composite 

gels, containing drugs for the fabrication of anti-bacterial coatings to prevent post-operative 

infection. 
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2.3 Research Objectives 

Based on review of the literature provided above, the overarching objective of this 

work is to fabricate novel multi-component biomedical materials, while utilizing 

biomimetic materials and inspiration, that may serve multiple functions: for example, 

organic-inorganic nanocomposite films that may act as either a biomedical implant 

coating, or as an electrochemical biosensor. Within this overarching long-term 

objective, the following short-term objectives of this work have been formulated and 

can be summarized as follows: 

1. Development of new colloidal and electrochemical processing techniques for the 

fabrication of multi-functional coatings for biomedical applications

2. Fabrication of biomimetic organic-inorganic nanocomposite coatings with 

topographical features across multiple length scales for increased osseointegration

3. Design of advanced synthesis methods that prevent agglomeration and control the 

size of inorganic nanoparticles

4. Facile catechol functionalization of biopolymers and polymeric hydrogels for the 

fabrication of novel biomaterials for both orthopaedic and electrochemical sensing 

applications

5. Development of advanced solubilization and deposition methods for commercially  

available water-insoluble drugs for the fabrication of drug-containing coatings 

to prevent surgical infection
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3.1 Abstract 

A one-step cathodic electrophoretic deposition (EPD) method has been developed 

for the deposition of chitosan (CHIT) films modified with catechol. Our approach was 

based on the use of 3,4-dihydroxybenzaldehyde (DHBA) molecules, which contain a 

catechol moiety for CHIT modification using a Schiff base reaction. We discussed the 

deposition mechanism as well as advantages of our one-step EPD method, compared to 

other techniques. It was found that the EPD method allowed the fabrication of redox-active 

films. A conceptually new strategy has been developed based on the use of CHIT-DHBA 

as a reducing, capping, dispersing, charging and film forming agent for the in-situ reduction 

of Ag+ ions, followed by catecholate type bonding of CHIT-DHBA to Ag particles, their 

electrosteric dispersion and EPD of composite CHIT-DHBA-Ag films. Building on the 

processing advantages offered by one-step cathodic deposition and remarkable bonding 

properties of catechol we performed EPD of CHIT-DHBA-hydroxyapatite (HA) and 

CHIT-DHBA-TiO2 films. Another major finding was the use of CHIT-DHBA for 

electrosteric co-dispersion and charging of HA and TiO2, followed by EPD of composite 

CHIT-DHBA-TiO2-HA films. Comprehensive electrochemical characterization and 

electron microscopy was used to characterize the microstructure of the films, as well as the 

electrochemical properties. The results of this investigation pave the way for the synthesis 

and agglomerate-free processing of various functional inorganic materials and fabrication 

of organic-inorganic composites for biomedical, sensor and water purification applications. 
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3.2 Introduction 

Chitosan (CHIT) is a low cost, non-toxic, biodegradable and biocompatible natural 

polymer. It has been used for a variety of applications, such as drug delivery systems, tissue 

engineering, cosmetics, biosensors, wastewater treatment and in the food industry [1–4]. 

CHIT has previously been combined with functional organic and inorganic materials for 

the fabrication of advanced composites [5–7]. However, poor tissue adhesive properties of 

CHIT in the presence of body fluids has limited the biomedical applications of this polymer 

[8].  

A relatively recent development was the chemical modification of CHIT with a 

catechol-containing moiety using chemical, electrochemical and enzymatic methods [8]. 

Interest in catechol modified CHIT ((CT-CHIT)) [9] was generated following the 

investigation of the outstanding adsorption properties of mussel adhesive proteins (MAPs) 

in solutions with high ionic strength. It is known [10] that MAPs contain catecholic amino 

acid, L-3,4-dihydroxyphenylalanine (DOPA), which allows for strong bonding to various 

substrates. Catechol is now considered to be an essential component of many advanced 

moisture resistant adhesives [10]. Adhesion of MAPs to inorganic materials is attributed to 

the complexation of metal atoms on material surfaces by the OH group of catechol. 

Catechol conjugation has been found to result in a significant increase in the mucoadhesion 

of CHIT [11]. It was also found that CHIT modified with DOPA exhibited enhanced 

mechanical properties and reduced swelling in wet conditions [12], which allows for the 

use of CHIT in load-bearing biomaterials.  
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CT-CHIT was used for the fabrication of adhesive magnetic composites [13], which 

facilitated immobilization of biomolecules. CT-CHIT resins [14] showed enhanced 

adsorption of metal ions, compared to pure chitosan. Various biomedical applications of 

CT-CHIT included advanced drug delivery and gene delivery systems, cancer 

thermotherapy, hemostatic materials, tissue engineering and biosensors [8].  

Many of CHIT’s applications are based on the use of films and coatings [1,15–17]. 

Electrophoretic deposition (EPD), as a coating technique, has generated significant interest 

for fabrication of CHIT films. In this method [18], the NH2 groups of water insoluble CHIT 

were protonated in acidic solutions to form water soluble cationic CHITH+, which 

electromigrated toward cathode under the influence of an electric field. The pH increase at 

the cathode surface due to reaction 

2H2O + 2e− → H2 + 2OH− (1) 

and deprotonation of NH3
+ groups of chitosan by the electrogenerated base (Eq. (1)) 

CHITH+ + OH− → CHIT + H2O (2) 

resulting in the fabrication of water insoluble CHIT films. 

Many previous investigations have focused on co-deposition of CHIT with 

inorganic functional materials, such as ZnO [19], hydroxyapatite [18], TiO2 [20], bioglass 

[20,21], SiO2 [22], CaSiO3 [23,24], halloysite [25], hexagonal boron nitride [26] and Ag 
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[27]. Electrochemical strategies have been developed for the co-deposition of CHIT with 

drugs [1,21], proteins [28], enzymes [20] and antimicrobial agents [20]. Composite films 

have also been developed by co-deposition of CHIT with graphene [29] and carbon 

nanotubes [20]. EPD of chitosan has generated significant interest for the fabrication of 

biomedical devices [30,31].  

EPD has also been utilized for the deposition of modified CT-CHIT films [32]. A 

two-step method has been developed, which involved cathodic EPD of pure CHIT, 

followed by an anodic electro-grafting process. In the electrografting step CHIT coated 

substrates were immersed in catechol solutions and an anodic process was utilized for to 

oxidize the molecule from catechol to o-quinone, which covalently reacted with amine 

groups in the CHIT monomer [32]. Despite the impressive progress [32–35] achieved in 

the EPD of CT-CHIT films for application in biomedical devices, further development of 

EPD method offers various benefits for a wide variety of medical applications.  

The goal of this investigation was to develop a one-step cathodic EPD process for 

CHIT, modified with 3,4-dihydroxybenzaldehyde (DHBA) molecules, which contain a 

catechol moiety. In this approach we avoided the anodic electro-grafting of o-quinone and 

eliminated the inherent problems, which are related to anodic dissolution of CHIT films. 

Moreover, we avoided the oxidation of catechol in electrode reactions and its 

transformation to o-quinone. Our DHBA-CHIT films prepared by EPD were found to be 

electrochemically active and exhibited redox properties. This new approach allowed for 

better utilization of redox and bonding properties of catechol. Building on the advantages 

of our approach, we demonstrated various strategies for the deposition of composite films. 
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One strategy involved the use of DHBA-CHIT for in situ reduction of Ag+, followed by the 

catecholate bonding of synthesized Ag particles to DHBA-CHIT and EPD of DHBA-

CHIT-Ag films. In another strategy, catecholate type bonding of DHBA-CHIT to 

hydroxyapatite (HA) and TiO2 was used for the fabrication of stable suspensions for EPD 

of DHBA-CHIT films, that contained HA or/and TiO2. We report the electrochemical 

properties of DHBA-CHIT and composite films, as well as discuss future applications of 

our new approach, which were developed in this investigation. 

3.3 Experimental Procedures 

Chitosan (CHIT, degree of deacetylation of 85%, Mw=200,000), 3,4-

dihydroxybenzaldehyde (DHBA), Ru(NH3)6Cl3, phosphate buffer saline (pH=7), Hank’s 

balanced salt solution (0.14 g L−1 CaCl2, 0.40 g L−1 KCl, 0.06 g L−1 KH2PO4, 0.10 g L−1 

MgCl2·6H2O, 0.10 g L−1 MgSO4·7H2O, 8.00 g L−1 NaCl, 0.35 g L−1 NaHCO3, 0.048 g L−1 

Na2HPO4, 1.00 g L−1 glucose, 0.01 g L−1 phenol red), TiO2 (rutile,< 100 nm), AgNO3, acetic 

acid, Ca(NO3)2·4H2O, (NH4)2HPO4, and NH4OH were purchased from Sigma-Aldrich 

Canada. 

Hydroxyapatite (HA) was prepared by slowly adding 0.6 M (NH4)2HPO4 solution 

into a 1.0 M Ca(NO3)2 solution at 70°C. The solution pH was adjusted to 11 using NH4OH. 

The resulting solution was stirred for 8 h at 70°C and 24 h at room temperature. The 

precipitate was washed with water, followed by rinsing with ethanol and then dried in air. 

CHIT was modified in a solid phase with DHBA to form modified CHIT(s)-DHBA 

material. In this procedure, as-received CHIT particles were added to an aqueous solution 
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that contained DHBA. The mass ratio of CHIT: DHBA was 1:2. Obtained yellow powder 

was washed and dried for subsequent characterization. In another procedure, CHIT 

was modified in the liquid phase to form a CHITH+-DHBA solution, which was used for 

EPD of CHIT-DHBA and CHIT-DHBA composite films. In a typical procedure, CHIT was 

dissolved in 1% acetic acid to form CHITH+, which contained protonated NH3
+ groups. 

Addition of DHBA (mass ratio CHIT:DHBA=1:2) to CHITH+ resulted in the formation of 

yellow CHITH+-DHBA solution. This solution was diluted with ethanol to form a solution 

(30% water) for EPD, which contained 0.5 g L−1 CHIT.  

DHBA was used as a reducing agent for the synthesis of Ag. In the feasibility 

studies, AgNO3 was added to a solution containing DHBA, which had a final concentration 

of 7.5 g L−1 DHBA and 1 g L−1 AgNO3. The solution was stirred at room temperature, and 

within a few minutes the colour changed from clear to dark yellow and then to grey, which 

indicated the presence of silver nanoparticles. Formation of Ag particles was confirmed by 

XRD and TEM. Building on this experiment, Ag nanoparticles were synthesized using 

CHITH+-DHBA solution and used for EPD of CHIT-DHBA-Ag films.  

The electrochemical cell for EPD contained a cathodic substrate and Pt counter 

electrode. The distance between electrodes was 15 mm. Cathodic EPD was performed on 

different conductive substrates, such as Au wires, platinized silicon wafers, Pt and stainless 

steel (type 304) foils at a deposition voltage of 50 V. At lower voltages relatively low 

deposition yield was observed. An increase in the voltage above 50 V, resulted in enhanced 

gas evolution at the electrode surface. CHIT-DHBA films were deposited from CHITH+-

DHBA solutions. EPD of CHIT-DHBA-HA, CHIT-DHBA-TiO2, CHIT-DHBA-HA-TiO2, 
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and CHIT-DHBA-Ag composites was performed from CHITH+-DHBA solutions that 

contained HA, TiO2, HA and TiO2, and AgNO3, respectively. The concentration of HA and 

TiO2, particles in the chitosan solution was 1 g L−1. The concentration of AgNO3 in the 

CHITH+-DHBA solution was 0.133 g L−1. The CHITH+-DHBA solution, that contained 

AgNO3 was stirred for 1 h to form Ag particles in-situ before the EPD.  

A Bruker Vertex 70 spectrometer was used for Fourier transform infrared 

spectroscopy (FTIR). A JEOL JSM-7000F microscope was used for scanning electron 

microscopy (SEM), and a FEI Tecnai Osiris transmission electron microscope was used for 

transmission electron microscopy (TEM). X-ray diffraction (XRD) experiments were 

carried out using a Nicolet I2 powder diffractometer, with monochromatized CuKα 

radiation.  

Electrochemical investigations were performed using a PARSTAT 2273 (Princeton 

Applied Research) combined with the corresponding PowerSuite electrochemical software. 

A conventional three-electrode cell was used for the electrochemical measurements, with 

a platinum plate as the counter electrode and a saturated calomel electrode (SCE) as the 

reference electrode. Potentiodynamic polarization measurements were performed at a scan 

rate of 1 mV s−1, and Hank’s balanced salt solution was used as the electrolyte. Cyclic 

voltammetry studies were performed at a scan rate of 5 mV s−1 in Hank’s balanced salt 

solution or phosphate buffer saline solution, pure or containing 50 μM Ru(NH3)6Cl3. 
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3.4 Results and Discussion 

Figure 3-1 shows the chemical structures of CHIT and DHBA. CHIT (Figure 3-1A) 

is a natural cationic polysaccharide that can be produced by alkaline N-deacetylation of 

chitin. Water soluble and positively charged CHIT was prepared by the protonation of 

amino groups in acidic solution. The chemical structure of DHBA (Figure 3-1B) includes 

a catechol group and an aldehyde group. 

 

 

Figure 3-1: Chemical structures of (A) CHIT, (B) DHBA and (C) CHIT-DHBA. 

 

A Schiff base [36] (Figure 3-1C) was formed by chemical interaction between the 

amino groups of CHIT and aldehyde group of DHBA. EPD from CHITH+-DHBA solution 

resulted in the deposition of CHIT-DHBA films. The deposition mechanism involved a pH 
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increase at the cathode surface (reaction (1)) and precipitation of water insoluble CHIT-

DHBA. Figure 3-2 shows the typical cross section of a CHIT-DHBA film. The films 

deposited using EPD were relatively dense and thick.  

 

 

Figure 3-2: SEM image of a cross section of a CHIT-DHBA film (F) on a platinized 

silicon (Si) wafer substrate. 

 

Schiff base [36,37] formation between DHBA and chitosan was confirmed using FTIR. 

Figure 3-3 compares the FTIR spectra of as-received DHBA and CHIT powders, DHBA 

modified CHIT powders (CHIT(s)-DHBA) and deposited CHIT-DHBA. The FTIR spectra 

of as-received DHBA and CHIT are in agreement with the data provided by the 

manufacturers. The spectra of CHIT(s)-DHBA and deposited CHIT-DHBA showed 

additional absorptions at 1290 and 1293 cm−1, respectively, compared to the spectrum of 
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pure CHIT. A similar absorption attributed to stretching vibrations of the phenolic group 

ν((C-OH)) [38] was observed in the spectrum of pure DHBA. Moreover, the spectra of 

CHIT(s)-DHBA and deposited CHIT-DHBA showed additional absorptions at 1639 and 

1641 cm−1, respectively, which resulted from vibrations corresponding to the C=N 

functional groups [36,37]. These absorptions are indicative of the Schiff base formation, 

and confirm modification of the CHIT monomer [36,37].  

 

 

Figure 3-3: FTIR spectra of as-received (a) DHBA and (b) CHIT powders, (c) DHBA 

modified CHIT powders and (d) deposited CHIT-DHBA. 

 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

65 
 

The CHIT-DHBA films exhibited different electrochemical behavior, compared to 

unmodified CHIT films. Figure 3-4 shows cyclic voltammograms (CVs) for CHIT and 

CHIT-DHBA films in a Hank’s balanced salt solution. CVs for CHIT-DHBA films showed 

significantly higher currents and larger area due to the capacitive contribution of catechol. 

It is in this regard that catechol has a relatively high specific capacity [39,40] of 1750 C 

g−1. The corresponding two-electron redox reaction involves oxidation of phenolic OH 

groups of catechol to form corresponding o-quinone. However, the electrochemistry of 

catechol is not fully understood [39]. The analysis of literature on the electrochemical 

oxidation of catechol indicated that the redox behavior is influenced by various factors, 

such as pH and composition of the electrolyte [39–46]. The CVs of catechol modified 

electrodes, exhibited complex shapes with several broad redox waves [39,41,42,46], 

resulting from two-electron processes. 

 

 

Figure 3-4: CVs for (A) pure CHIT and (B) CHIT-DHBA deposited on Pt in Hank’s 

balanced salt solution, collected at a scan rate of 5 mV s−1, the arrows show increasing 

cycle number. 
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Figure 3-5 compares CVs in phosphate buffered saline (pH=7) containing 50 μM 

Ru(NH3)6Cl3 for pure CHIT and CHIT-DHBA deposited on Au. The CHIT-DHBA film 

showed significant amplification of the redox currents, which confirmed the redox activity 

of CHIT-DHBA. This observation is in agreement with literature data, which showed that 

catechol modified films displayed signal amplification as a result of interaction with soluble 

redox active materials [34,43].  

 

 

Figure 3-5: CVs for (a) pure CHIT and (b) CHIT-DHBA deposited on Au in phosphate 

buffered saline (pH = 7) containing 50 μM Ru(NH3)6Cl3, collected at a scan rate of 

5 mV s−1. 
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The redox activity of immobilized DHBA was utilized for the in-situ synthesis of 

Ag nanoparticles and EPD of composite CHIT-DHBA-Ag films. It was found that DHBA 

can be used as a reducing agent for the synthesis of Ag nanoparticles from the AgNO3 

solutions. Figure 3-6 shows a TEM image of Ag particles, prepared by reduction of Ag+ in 

AgNO3 solutions using DHBA as a reducing agent. The TEM characterization revealed 

that typical particle size was below 30 nm.  

 

 

 

Figure 3-6: TEM image of Ag particles, prepared by reduction of Ag+ in AgNO3 

solutions using DHBA as a reducing agent. 
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Figure 3-7a shows X-ray diffraction pattern of Ag particles, prepared by reduction 

of Ag+ in AgNO3 solutions using DHBA as a reducing agent. The X-ray diffraction pattern 

shows well defined diffraction peaks for Ag, corresponding to the JCPDS file 04-0783. The 

deposited material exhibited similar peaks (Figure 3-7b) and indicated the formation of 

CHIT-DHBA-Ag composite films.  

 

 

Figure 3-7: X-ray diffraction patterns of (a) Ag particles, prepared by reduction of Ag+ 

in AgNO3 solutions using DHBA as a reducing agent and (b) CHIT-DHBA-Ag deposit 

prepared by EPD (● – peaks, corresponding to JCPDS file 04-0783 for Ag). 
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It should be noted that previous experiments on EPD from CHIT solutions containing 

AgNO3 resulted in the deposition of amorphous Ag+-chitosan complexes [27]. In contrast, 

the use of CHITH+-DHBA solutions in this investigation allowed in-situ synthesis of 

crystalline Ag nanoparticles and their incorporation into the composite films. It is suggested  

 

 

Figure 3-8: Adsorption of CHIT-DHBA on inorganic particles, involving (A) bridging 

and (B) chelating bonding to metal atoms (M) on the particle surface. 

 

that CHITH+-DHBA adsorbed on Ag particles and facilitated their dispersion and 

deposition. Previous investigations [10] showed that various aromatic molecules from the 

catechol family adsorbed on inorganic particles and allowed for them to be deposited using 

EPD. The adsorption mechanism involved interaction of such molecules with metal atoms 

on the particle surface. Similar catecholate type bonding mechanisms [10] can be suggested 

for the CHIT-DHBA adsorption on Ag. The adsorption can involve bridging (Figure 3-8A) 
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or chelation (Figure 3-8B) bonding of DHBA to the surface Ag atoms. Incorporation of Ag 

into the CHIT-DHBA films was also confirmed by the analysis of CV data for the 

composite films. The CV for the first cycle showed a strong redox peak, which is related 

to Ag oxidation (Figure 3-9), but the following CVs showed a significant decrease in the 

peak current. The peak practically disappeared after the 4th cycle. A similar peak was 

observed [47] for Ag-polymer composite films, prepared by layer-by-layer assembly and 

attributed to Ag oxidation to Ag2O. 

 

 

Figure 3-9: CV for CHIT-DHBA-Ag, coated on Pt in Hank’s balanced salt solution, 

collected at a scan rate of 5 mV s−1, the arrow shows increasing cycle number. 
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Previous investigations [10] showed that catecholate type bonding mechanisms can 

be used for the adsorption of various small organic molecules on particles of metals. The 

adsorbed molecules facilitated particle dispersion, imparted electric charge to the particles 

and allowed for their deposition using EPD. Use of CHIT-DHBA as a dispersing agent 

offers the advantage of improved particle dispersion, due to the large size of CHIT, which 

provides enhanced electrosteric stabilization. The results of this investigation pave the way 

for the in-situ synthesis of other metal particles and their incorporation into the CHIT-

DHBA films by EPD. Our preliminary investigations, which are currently under way, 

indicate that a similar approach can be used for the in-situ synthesis of Au nanoparticles 

and deposition of CHIT-DHBA-Au nanocomposites.  

It is important to note that catecholic molecules have shown ultra-strong adsorption 

[10] on various metal oxides and hydroxides. Therefore, it was suggested that adsorption 

mechanism shown in Figure 3-8 can be used for the dispersion and deposition of metal 

oxide and hydroxide particles. Towards this goal, we prepared stable suspensions of TiO2 

and HA using CHITH+-DHBA as a dispersing agent and performed EPD of CHIT-DHBA-

TiO2 and CHIT-DHBA-HA films. Catecholate-type bonding of DHBA to TiO2 and HA 

allowed for strong adsorption of CHIT-DHBA on the particle surface, facilitated particle 

transfer to the electrode, followed by composite film formation. The CHIT-DHBA-TiO2 

and CHIT-DHBA-HA films are promising for potential applications as biomedical implant 

materials. HA is an important material for biomedical implant applications, because its 

chemical composition is similar to that of natural bone [20]. Rutile is known as a bioactive 

material, which promotes HA biomineralization [48–50]. Compared to the anatase 
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modification, the rutile phase of TiO2 has many advantages for implant applications, such 

as phase stability, chemical stability and improved corrosion protection [51].  

Figure 3-10 shows SEM images of the films prepared by EPD. The EPD method 

resulted in the formation of smooth and crack-free films. The SEM images of composite 

films show inorganic particles dispersed within the CHIT-DHBA matrix and confirmed co-

deposition of the particles and CHIT-DHBA. 

 

 

Figure 3-10: SEM images of (A) pure CHIT-DHBA, (B) CHIT-DHBA-TiO2, (C) CHIT-

DHBA-HA and (D) CHIT-DHBA-Ag films, prepared by EPD. 
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The X-ray diffraction patterns of the CHIT-DHBA-HA and CHIT-DHBA-TiO2 deposits 

showed peaks of HA and TiO2, respectively (Figure 3-11a and b). Therefore, the XRD data 

presented in Figure 3-11a and b, coupled with the data shown in Figure 3-7b provided 

additional evidence of the formation of composite films by EPD.  

 

 

Figure 3-11: XRD patterns of (a) CHIT-DHBA-HA, (b) CHIT-DHBA-TiO2 and (c) 

CHIT-DHBA-TiO2-HA films, prepared from 0.5 g L−1 CHITH+-DHBA solutions, 

containing (a) 1 g L−1 HA, (b) 1 g L−1 TiO2 and (c) 1 g L−1 HA and 1 g L−1 TiO2, (◼ - 

peaks corresponding to JCPDS file 09-0432 for HA, ● - peaks corresponding to JCPDS 

file 021-1276 for TiO2). 
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Figure 3-12 shows Tafel plots for uncoated stainless steel and coated with CHIT-DHBA-

TiO2 film. Studies were performed in Hank’s balanced salt solution, which acted as a 

simulated body fluid. From the Tafel plots it can be seen that film deposition allowed the 

corrosion current to be reduced from 4.09 μA cm−2 for uncoated stainless steel to 1.17 μA 

cm−2 for the CHIT-DHBA-TiO2 coated stainless steel. Moreover, the coated substrate 

showed a higher corrosion potential. These results indicated that the CHIT-DHBA-TiO2 

acted as a protective layer and provided corrosion protection to the stainless-steel 

substrates.  

CHITH+-DHBA has also been used as a co-dispersant and film forming agent for 

the co-deposition of TiO2 and HA and fabrication of CHIT-DHBA-TiO2-HA films. The X-

ray diffraction pattern of the composite films (Figure 3-11c) showed both peaks 

corresponding to HA and TiO2, which provided evidence of co-deposition of both inorganic 

materials. Fabrication of TiO2-HA composite coatings has many benefits, such as enhanced 

chemical stability, improved corrosion protection of implants, bioactivity, improved 

mechanical properties, enhanced osteoblast adhesion and cell growth [52–56].  

As pointed out above, modification of CHIT with catechol offers many advantages 

for various applications. The redox properties of the CHIT-DHBA are promising for 

application in sensors. The metal chelating properties of DHBA offer benefits for water 

purification devices. Moreover, CHITH+-DHBA can potentially be used as an 

electrochemically active binder for advanced energy storage devices. The new strategies 

developed in this investigation offer benefits for synthesis and EPD of nanocomposites. Of 

particular importance is the use of CHITH+-DHBA as a reducing, capping, dispersing, 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

75 
 

 

 

Figure 3-12: Tafel plots in Hank’s solutions for (a) uncoated stainless steel and (b) coated 

stainless steel by deposition from 1 g L−1 TiO2 suspension, containing 0.5 g L−1 CHITH+-

DHBA. 

 

charging and film forming agent for the in-situ synthesis of Ag nanoparticles, their 

electrosteric dispersion, charging and EPD of nanocomposite films. This strategy offers 

benefits of exceptional catecholate type bonding of CHITH+-DHBA to the particle surface. 

The incorporation of Ag into the CHIT films can impart antimicrobial properties, whereas 

HA and TiO2 can improve biocompatibility and bioactivity of CHIT films. Expansion of 

these studies will result in the EPD of other nanocomposites, containing non-agglomerated 
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inorganic particles in a CHIT matrix. We believe that similar approach can be used for the 

biomimetic modification and EPD of other advanced polymers, containing amino groups, 

such as polyethylenimine, polyallylamine, polyvinylamine, poly-l-lysine and poly-

lornithine. The unique ability of catechol to bond to different inorganic materials offers 

advantages of co-deposition of different inorganic materials using CHITH+-DHBA as a 

dispersing, charging and film forming agent. 

3.5 Conclusions 

A one-step cathodic electrophoretic deposition (EPD) method has been developed 

for the deposition of chitosan (CHIT) films modified with DHBA molecules, which 

contained a catechol moiety using the Schiff base reaction. The films showed promising 

redox-active and bonding properties, which can potentially be used for the application in 

sensors, energy storage and water purification devices. A conceptually new strategy has 

been developed based on the use of CHIT-DHBA as a reducing, capping, dispersing, 

charging and film forming agent for the in-situ reduction of Ag+ ions, followed by the 

catecholate type bonding of CHIT-DHBA to Ag particles, their electrosteric dispersion in 

suspension and EPD of composite CHIT-DHBA-Ag films. Building on the processing 

advantages offered by the one-step cathodic deposition and remarkable bonding properties 

of catechol we performed EPD of CHIT-DHBA-HA and CHIT-DHBA-TiO2 films. 

Another major finding was the use of CHIT-DHBA for electrosteric co-dispersion and 

charging of HA and TiO2, followed by the EPD of composite CHIT-DHBA-TiO2-HA 

films. The incorporation of Ag, HA and TiO2 particles can potentially improve 
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antimicrobial properties, biocompatibility and bioactivity for diverse applications in 

biomedical implants. The colloidal and surface modification strategies developed in this 

investigation pave the way for agglomerate free in-situ synthesis of nanoparticles of other 

metals and their incorporation in composite films by EPD. Moreover, the unique adsorption 

properties of catecholates, such as DHBA are promising for the deposition and co-

deposition of various oxide materials and EPD of composite organic-inorganic films. The 

approach developed in this investigation can potentially be utilized for biomimetic 

modification of other functional polymers and EPD of novel composites. 
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4.1 Abstract 

Hydroxyapatite (HA) nanorods were prepared using a wet chemical precipitation 

method. Lauryl gallate (LG) and hexadecylphosphonic acid (HDPA) showed strong 

adsorption on the surface of HA, which allowed for the transfer of the synthesized HA 

nanorods from the aqueous to the n-butanol phase at the interface of the two immiscible 

liquids. The extracted non-agglomerated HA particles were used for the fabrication of 

composite HA-polymer films. In this approach, problems related to particle agglomeration 

during the drying stage were avoided. Analysis of the adsorption mechanisms indicated 

that LG and HDPA are promising extractors for agglomerate free processing of 

nanomaterials using a liquid-liquid extraction method. 

 

4.2 Introduction 

Hydroxyapatite (HA)-polymer nanocomposites are important materials for 

biomedical and water purification applications [1,2]. One of the problems related to the 

synthesis of HA nanoparticles and their application for the fabrication of nanocomposites 

is related to its strong tendency to agglomerate. Reduction of the surface area and self-

condensation of the surface OH groups during drying promotes the agglomeration of as-

precipitated HA nanoparticles. 

In this investigation, a liquid-liquid extraction method has been developed in an 

effort to avoid HA agglomeration, resulting from the drying process. Synthesized HA 

nanoparticles were transferred from the unstable suspension in water to an organic solvent 

through the interface of the two immiscible liquids. This process resulted in the formation 
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of stable suspensions of well dispersed HA particles in an organic solvent. We 

demonstrated the processing advantages of this strategy for the fabrication of HA 

biopolymer nanocomposite films, containing a water insoluble polymer. Our success with 

the liquid-liquid extraction of HA was largely the result of the use of novel extractors, such 

as lauryl gallate (LG) and hexadecylphosphonic acid (HDPA), which showed strong 

adsorption on HA particles. It was found in the literature that LG is important antibacterial 

[3] and antitumor [4] agent. HDPA belongs to a family of organophosphonates, which are 

widely used for the surface modification of biomaterials [5,6]. Furthermore, phosphonate 

additives promote biomineralization and improve biocompatibility and chemical stability 

of implant materials [7,8]. We report new applications of LG and HDPA as advanced 

extractors for HA, which allowed for high extraction efficiency. This approach offers a 

simple and efficient strategy for the synthesis other nanomaterials and composites. 

 

4.3 Experimental Procedures 

Lauryl gallate (LG), hexadecylphosphonic acid (HDPA), Ca(NO3)2.4H2O, 

(NH4)2HPO4, NH4OH, poly(methyl methacrylate) (PMMA) and n-butanol (Aldrich) were 

used. HA precipitation was performed at a temperature of 70 °C by the slow addition of a 

0.6 M (NH4)2HPO4 solution to a 1.0 M Ca(NO3)2 solution. The pH of the solutions was 

adjusted to 11 by the addition of NH4OH. Then LG or HDPA solutions in n-butanol were 

added. After ultrasonication and stirring for 10 min, the HA particles were extracted to 

the n-butanol phase. The mass ratio of HA to the extractants was 3:1. 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

87 
 

Suspensions containing the extracted HA particles were added to PMMA solution 

in acetone and obtained stable suspensions were used for spray coating of stainless-steel 

substrates. The mass ratio of HA and PMMA in the suspensions was 4:1. 

Electron microscopy investigations were performed using a JEOL JSM-7000F 

scanning electron microscope (SEM) and FEI Tecnai Osiris transmission electron 

microscope (TEM). FTIR studies were performed on Bruker Vertex 70 spectrometer. X-

ray diffraction (XRD) studies were performed using a powder diffractometer (Nicolet I2, 

CuKα radiation). 

 

4.4 Results and Discussion 

Liquid-liquid extraction of oxide and hydroxide nanomaterials offers many 

potential benefits, which have not been utilized for practical applications due to the lack of 

efficient extracting agents. Inspired by Nature’s mechanisms of strong mussel adsorption 

on surfaces, which involves catechol groups from mussel adhesive proteins [9], we used 

LG as an extractor for HA particles. The chemical structure of LG (Figure 4-1A) includes 

a galloyl group, which similar to catechol, contains OH groups, which are bonded to 

adjacent carbon atoms of the aromatic ring. Previous investigations of catecholates and 

gallic acid adsorption showed that such molecules create bidentate chelating or bidentate 

bridging bonding with metal atoms on the particle surface [9]. Similar mechanisms can be 

suggested for the LG adsorption (Figure 4-1B) on HA particles. HDPA is another 

promising extractor molecule (Figure 4-1C) due to the presence of a phosphonate group. 

The adsorption mechanisms of the phosphonate molecules are based on bidentate or 
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tridentate bonding [10], involving chelation or bridging bonding (Figure 4-1D). LG and 

HDPA are of particular interest for extraction technology, because bidentate or tridentate 

bonding allow for superior bonding strength and adsorption, compared to monodentate 

bonding [9], which is typical for many extractors and dispersants. The structures of LG and 

HDPA include long hydrocarbon chains, which can be beneficial for steric stabilization of 

HA nanoparticles. 

 

 

Figure 4-1: (A) Chemical structure of LG, (B) adsorption of LG, involving (a) bridging, 

(b) chelation, (C) chemical structure of HDPA, (D) adsorption of HDPA, involving (a, 

b) chelation, (c, d) bridging. 

 

X-ray diffraction studies (Figure 4-2A) confirmed the formation of HA crystals. Figure 4-

2B shows a TEM image of HA particles, which exhibit a nanorod morphology with a 

typical length of 150–200 nm and an aspect ratio of 8–10. 
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Figure 4-2: (A) X-ray diffraction pattern of HA (●- JCPDS file 09-0432), (B) TEM image 

of HA, (C) schematic of liquid-liquid extraction, (D) (a) as precipitated HA, (b) HA 

extraction using LG, (c) HA extraction using HDPA. 

 

Previous investigations [9] showed that various water-soluble molecules, 

containing galloyl or phosphonate groups, adsorbed on oxide particles in water. Our 

extraction strategy was based on the use of water-insoluble molecules, such as LG, 

containing a galloyl group, and HDPA, containing a phosphonate group. In this strategy, 

the adsorption occurs at the interface of water and the organic solvent. After the synthesis, 

the HA particles were successfully extracted from the aqueous phase and transferred to n-
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butanol. Figure 4-2C shows a schematic of the extraction mechanism, involving LG or 

HDPA adsorption on the HA particles at the liquid-liquid interface and HA transfer to the 

top n-butanol phase, which was achieved against the force of gravity. Figure 4-2D shows 

suspensions of HA before and after extraction. The synthesized HA precipitated in aqueous 

suspension, whereas the extracted HA formed stable suspensions due to the steric 

stabilization effect of adsorbed LG or HDPA. The formation of stable suspensions is critical 

for the colloidal processing, and the use of LG and HDPA allowed for high extraction 

efficiency. 

 

 

Figure 4-3: FTIR spectra of (a) HA, extracted using LG, (b) HA, extracted using HDPA, 

(c) LG (d) HDPA. 
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Adsorption of HDPA and LG on HA particles was confirmed by the analysis of 

FTIR spectra (Figure 4-3(a–d)). Absorptions at 1800–2000 cm-1 in the spectra of extracted 

HA are attributed to the stretching vibrations of the aliphatic C-H bonds of the adsorbed 

organic molecules [11]. The FTIR spectra of HDPA and LG showed similar adsorptions. 

The LG adsorption on HA has also been confirmed by the observation of stretching 

vibrations of the C=O group [11] at 1670 cm-1 and C-C stretching vibrations of aromatic 

ring in the range of 1400-1600 cm-1. Similar absorptions were observed in the spectrum of 

pure LG. The absorptions at 1469 cm-1 in the spectra of HA, extracted using HDPA and 

pure HDPA material are attributed to the deformation C-H vibrations of HDPA. 

For many different applications colloidal particles are prepared using chemical 

precipitation in water and must be subsequently dispersed in organic solvents that contain 

dissolved functional organic materials, which are water insoluble. We demonstrated the 

benefits of liquid-liquid extraction during preparation of HA-PMMA coatings, which 

contained water insoluble PMMA and extracted HA. Figure 4-4 compares the SEM images 

of dried HA powders, prepared from the suspension, shown in Figure 3-2D(a) to deposited 

coatings. Coatings prepared from the powder samples contained relatively large 

agglomerates, with a size of 1–5 μm (Figure 4-4A). In contrast, the formation of such 

agglomerates was avoided in the deposited coatings, containing HA, prepared by liquid-

liquid extraction. SEM images of the resultant coatings showed rod-like particles of 

HA and PMMA. (Figure 4-4B-C). 
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Figure 4-4: SEM images of (A) HA powder after drying, arrows show agglomerates, (B) 

HA-PMMA prepared using LG, (C) HA-PMMA prepared using HDPA. 
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4.5 Conclusions 

Successful liquid-liquid extraction of HA was the result of the use of efficient 

extractors, which allow for strong adsorption on HA particles. The galloyl group of LG and 

phosphonate group of HDPA allowed for bi-or tridentate bonding to the Ca atoms on the 

HA surface, which resulted in a strong adsorption. Another important factor, which must 

be considered in the development of efficient extractors is their insolubility in water. 

Problems related to particle agglomeration during the drying stage can be avoided using 

liquid-liquid extraction. In addition, composite fabrication can also be simplified by 

avoiding the drying stage. Another benefit of the liquid-liquid extraction is the colloidal 

stabilization of HA particles transferred to the organic phase. The method can be used for 

the fabrication of organic-inorganic nanocomposites. 
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5.1 Abstract 
 

For the first time, a biomimetic method has been developed for the chemical 

modification of poly-l-lysine (PLL) with catechol in order to improve polymer adhesion to 

inorganic particles and surfaces. The method is based on the Schiff base reaction of amino 

groups of PLL monomers and aldehyde groups of 3,4-dihydroxybenzylaldehyde (DHBA) 

molecules. It was found that adherent PLL-DHBA films can be prepared by cathodic 

electrophoretic deposition (EPD). Nanocomposite coating with dual micro-nano 

topography have been developed for orthopaedic and dental coating applications. The 

catechol groups of PLL-DHBA facilitated its adsorption on hydroxyapatite (HA) and rutile 

(TiO2) and allowed for the fabrication of stable suspensions for EPD. PLL-DHBA was used 

as both a charging and film-forming agent for EPD of HA and TiO2. Moreover, the methods 

allowed co-deposition of HA and TiO2 and fabrication of composite films, which combines 

the benefits of both bioceramics. In addition to having dual scale topography, the films 

exhibited both sub-micron surface roughness and hydrophilic behaviour, which both have 

been found to promote osteoblast adhesion and proliferation. In vitro studies revealed that 

the fabricated coatings showed increased cell metabolism and alkaline phosphatase activity 

over the period studied, with PLL-DHBA-TiO2 showing the greatest increase. This work 

paves the way for both the development of the next generation of biomedical implant 

coatings, with improved osseointegration and lifespan, as well as one-step low-temperature 

processing. 

 

 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

97 
 

5.2 Introduction 
 

Poly-L-lysine (PLL) is a cationic biopolymer that is synthesized from L-lysine, a 

naturally occurring essential amino acid found in food sources with high protein content, 

such as meat and eggs [1]. It has also been found to have anti-microbial properties [2,3], 

which makes it well suited for biomedical applications. The amine group in PLL is 

protonated in biological conditions and has been found to promote cell proliferation and 

adhesion [4]. As a result, PLL is commonly used as a coating agent in tissue culture 

equipment [5]. PLL has been used for a variety of biomedical applications, such as tissue 

scaffolds [2,3], drug delivery [4], cell labeling [6] and gene delivery [7]. PLL is also being 

explored for bone scaffold and orthopaedic coating applications, as it is believed to promote 

proliferation and adhesion of osteoblasts due to its peptide structure [4].  

Recent interest has been generated in the area of biopolymer modification with 

catechol (CAT), in order to improve polymer adhesion to inorganic particles and surfaces. 

This interest is inspired by nature; observing the ability of the mussel to cling to inorganic 

surfaces in aggressive marine environments. This ability has been attributed to the presence 

of L-3,4-dihydroxyphenylalanine (L-DOPA), an amino acid that is the primary constituent 

of the adhesion protein in the byssal plaque [8]. The naturally occurring biopolymer, 

chitosan (CHIT) has been modified previously with CAT using a variety of techniques for 

modification, including reductive amination or chemical, enzymatic, or electrochemical 

synthesis [9]. A two-step method for electrochemical synthesis has been described, which 

involves the cathodic electrodeposition of chitosan, followed by anodic deposition of 

catechol [10]. We have previously developed a new one-step technique for the modification 
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of CHIT, utilizing the CAT containing organic compound 3,4-dihydroxybenzyladehyde 

(DHBA) [11]. In our technique, CHIT-DHBA was fabricated by attaching DHBA to CHIT 

monomer at the amine group, utilizing a Schiff base reaction. CHIT-DHBA films were then 

fabricated using cathodic electrophoretic deposition (EPD).  

EPD is an attractive coating technique for orthopaedic and dental implants due to 

its ability to coat substrates with complex shapes and incorporate multiple components 

while being relatively cheap and facile [12]. PLL films have previously been fabricated 

using EPD [13]. In this technique, it was suggested that the amino group of PLL became 

protonated upon the dissolution of PLL-hydrobromide in water, forming PLL-H+. PLL-H+ 

then migrated towards the cathode under the influence of an applied electric field. The 

application of the electric field results in local increase in pH at the cathode surface, 

governed by the following reaction 

 

2H2O + 2e− → H2 + 2OH−    (1) 

 

As PLL polyelectrolyte enters the locally alkaline region at the cathode surface, it becomes 

deprotonated 

 

PLL-H+ + OH− → PLL + H2O    (2) 

 

and coagulates on the cathode surface, forming an electrically neutral and water insoluble 

film. Using this method, PLL has been used for the fabrication of organic-inorganic 
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composite films with hydroxyapatite (HA) [13], which is a synthetic bioceramic that has a 

chemical composition similar to the inorganic constituent in human bone [14]. There are 

no reports of the use of PLL for the electrodeposition or co-deposition of inorganic particles 

besides the aforementioned HA.  

The goal of this investigation was to fabricate and characterize catechol-modified 

PLL composite films using a one-step electrodeposition technique and determine their 

feasibility for use as orthopaedic and dental implant coatings. In our work, we 

functionalized PLL with catechol and formed composite films with HA, and rutile (TiO2). 

We also achieved co-deposition of HA with TiO2, and fabricated coatings with dual nano- 

and micro-scale topography in one step, which was found to promote adhesion and 

proliferation of osteoblast-like Saos-2 cells. This work paves the way for the fabrication of 

a new generation of nanocomposite coatings with superior adhesion and dual-scale 

topography for improved osseointegration and increased lifespan of biomedical implant 

materials. 

 

5.3 Experimental Procedure 

 

5.3.1 Chemicals 

 
Poly-L-lysine hydrobromide (PLL-HBr), 3,4-dihydroxybenzylaldehyde (DHBA), 

TiO2 (rutile, <100 nm), Ca(NO3)2·4H2O, (NH4)2HPO4, NH4OH and titanium foil (0.127 

mm) were purchased from Sigma-Aldrich Canada. HA nanorods were synthesised using 

wet chemical precipitation [15]. A solution consisting of 0.6 M (NH4)2HPO4 was slowly 
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added to 1.0 M Ca(NO3)2 solution at 70°C. The solution pH was adjusted to 11 using 

NH4OH and was stirred for 8 h at 70°C, followed by stirring for 24 h at room temperature. 

The average length of the synthesized HA nanorods was approximately 169 ± 15 nm, and 

the average width was approximately of 31 ± 1.4 nm.  

PLL-DHBA films were fabricated by first dissolving PLL-HBr and DHBA into 

deionized water, forming aqueous solutions of PLL and DHBA with final concentrations 

of 1 g L−1 and 5 g L−1 respectively. Upon the dissolution of PLL-HBr in DI water, the amine 

group became protonated, forming cationic PLL. PLL was modified in the liquid state 

utilizing a Schiff base reaction with DHBA solution, using a 2:1 mass ratio of PLL to 

DHBA. The resulting solution obtained a yellow hue and was diluted with anhydrous 

ethanol, with a final concentration of 70% ethanol-30% water, for the fabrication of PLL-

DHBA films using cathodic EPD. 

 

5.3.2 Electrochemical Coating Fabrication 

Ti foil was used as both the film substrate and cathode in the electrochemical cell 

set-up. Pt counter electrodes were located 15mm on either side of the Ti cathode. All 

coatings were deposited at 50 V, and pure PLL-DHBA films were fabricated. In addition 

to pure PLL-DHBA films, composite films containing hydroxyapatite (HA), rutile (TiO2) 

and a combination of both HA and TiO2 were fabricated using cathodic EPD. The 

concentration of HA or TiO2 nanoparticles dispersed in the PLL-DHBA solution was 1 g 

L−1. 
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5.3.3 Coating Characterization 

A JEOL 7000 F scanning electron microscope (SEM) was used to characterize the 

surface coating morphology. Atomic force microscopy (AFM) was used to determine the 

surface roughness, and all measurements were carried out using a Bruker Bioscope Catalyst 

atomic force microscope. The area probed on each surface was equal to 22.5 mm2, and the 

average roughness for each surface was calculated from this area. The sessile drop method 

was used to characterize the wettability of the PLL-DHBA coatings. An OCA 35 contact 

angle measuring device was used to conduct the experiment. To take a measurement, three 

microlitres of deionized water was dropped onto the sample surface and the contact angle 

on the left and right side of the drop was calculated immediately upon contact using the 

corresponding contact angle measurement software, SCA 20. Readings were taken from 

five different areas of the sample, and the average wetting angle was calculated from these 

measurements. Coating adhesion was measured according to the procedure outlined in 

ASTM standard D3359–09. An Aligent Carry 5000 spectrometer was used for ultraviolet-

visible (UV–vis) spectroscopy measurements. PLL, DHBA, and PLL-DHBA dissolved in 

ethanol solution were analyzed in matching 10mm quartz cuvettes, using dual beam mode. 

Fourier transform infrared spectroscopy measurements were obtained using a Bruker 

Vertex 70 Spectrometer. A powder diffractometer equipped with a Rigaku Cu Kα rotating 

anode and a Bruker SMART6000 CCD were used for X-ray diffraction experiments. 

 
5.3.4 Cell Culturing 

Saos-2 cells were grown in McCoy’s 5 A modified media in 15% fetal bovine serum 

and 1% penicillin/streptomycin. Cells were obtained from ATCC ® while other cell culture 



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

102 
 

reagents were obtained from Life Technologies Inc. Cells were maintained at 37 °C with 

5% CO2 and media was exchanged every 4 days. Once a confluent cell monolayer was 

obtained, cells were detached with trypsin in 0.25% ethylenediaminetetraacetic acid 

(EDTA). EPD film samples (15mm diameter) were placed in a 24 well plate and cells were 

plated at a density of 10,000 cells/cm2. All samples were sterilized under UV radiation for 

15 min prior to cell seeding. Cells were counted using an Invitrogen Countess Automated 

Cell Counter. Cells grew on the surfaces of the films for 1 and 3 days. 5 samples were used 

for each film and time point combination. Methods were similar to those used in previous 

published work [16]. 

 

5.3.5 Cell Metabolism 

Cell metabolism was measured using an alamarBlue® dye obtained from Life 

Technologies Inc. alamarBlue®, or resazurin, is only converted to the fluorescent resorufin 

when it interacts with metabolizing cells which allows for it to be an indication of cellular 

activity. The pre-existing media was removed from each well and was subsequently 

replaced by 650 μL of a 5% alamarBlue solution (in Mccoy’s 5 A media). The samples 

were incubated in the dark for 1 h at 37 °C with 5% CO2. Fluorescence values were 

determined using a Tecan Infinite ® M1000 at 540–580 nm (excitation-emission). The 

blank reading was subtracted from each value to obtain the signal corresponding to the cells 

only. Following plate reading, the alamarBlue solution was removed and 300 μL of 0.1% 

triton lysis solution (in PBS) was added to each well in preparation for additional assays. 
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5.3.6 Alkaline Phosphatase Activity 

Alkaline phosphatase (ALP) activity was measured using the ALP assay from 

Abcam®. P-nitrophenol phosphate powder was dissolved in ALP assay buffer to prepare 

incubation solution. The phosphate group is cleaved off in the presence of alkaline 

phosphatase and the resulting p-nitrophenol emits light. 25 μL of lysed cells in PBS was 

added to a 96 well plate, in triplicate, for each sample. Subsequently, 50 μL of incubation 

solution was added to each well and the plate was incubated for 20 min in the dark at 37°C 

with 5% CO2. Absorbance was read using a Tecan Infinite ® M1000 at 405 nm. A standard 

curve was prepared using prescribed concentrations of p-nitrophenol as per Abcam 

instructions. The blank absorbance reading was subtracted from each data point and, via 

the standard curve, ALP activity was determined. 

 
5.3.7 Statistical Analysis 

Statistical analysis was performed using the programming language, R, using a two-

way ANOVA at a significance of α=0.05 and Tukey’s HSD test was used to evaluate 

contrasts. All in vitro data was accepted to be normally distributed as per the Shapiro-Wilk 

test (p > 0.05). 

 

5.4 Results and Discussion 

In order to combine the advantageous properties of PLL, such as cell adhesion and 

proliferation, with the unique adhesive properties of catechol, we modified PLL with the 

catechol-containing molecule DHBA (Figure 5-1). The chemical structure of DHBA 

consists of a catechol group attached to an aldehyde, which makes it well suited for 
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attachment to the amine group via Schiff base reaction, building on our previous work with 

chitosan [11].  

 

Figure 5-1. Chemical structure of (A) PLL, (B) DHBA and (C) PLL-DHBA. 

 

In a Schiff base reaction, the amine group acts as a nucleophile and attacks the aldehyde 

group in DHBA. The nitrogen in the amine replaces the oxygen in the carbonyl group, and 

as a result the PLL monomer is modified with a catechol group. The chemical structure of 

the modified PLL monomer can be seen in Figure 5-1C. In the present work, PLL-DHBA 

films were fabricated using cathodic EPD, which is governed by the local pH increase at 

the electrode surface (described by Eq. (1)). The presence of a Schiff base was confirmed 
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using UV–vis and Fourier Transform Infrared (FTIR) spectroscopy, as features from both 

the PLL and DHBA spectra can be found in both the PLL-DHBA UV–vis and FTIR spectra 

(Figure 5-2 and Supporting Information Figure 5-S1). In the UV–vis spectra, the 

absorptions between 250 and 350 nm are characteristic of the catechol group in DHBA 

[17].  

 

 

Figure 5-2: UV–vis spectra of (a) PLL, (b) DHBA and (c) PLL-DHBA. Insert: (a) pure 

PLL, (b) PLL-DHBA, and (c) pure DHBA in solution. 
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These characteristic catechol adsorptions are not found in the pure PLL spectra but can be 

found in the spectra of PLL-DHBA, which is indicative that PLL monomers were 

successfully modified with DHBA. The PLL-DHBA spectrum also contains a large 

absorption with a maxima around 197 nm, which is also found in the pure PLL spectra [18] 

and indicates that both PLL and DHBA are present. The FTIR spectra also confirmed 

modification of the PLL monomer with catechol, as it revealed characteristic absorbances 

at approximately 2854 and 2921 cm−1 from DHBA in accordance with the manufacturer’s 

specifications. Characteristic absorbances from the pure poly-L-lysine spectra were also 

observed, such as NH and C=O at 1530 and 1650 cm−1, respectively [4]. The presence of 

Schiff base formation is also indicated by a solution colour change, from clear to yellow 

(Figure 5-2 inset). 

Past experiments have found that catechol-containing molecules allow for superior 

adsorption to the surface of metal, metal oxide and hydroxide particles [19]. Superior 

coating adhesion was also observed in the present study, with all coatings achieving 5B 

classification according to the ASTM D3359–09 Tape Test, which is the highest level of 

adhesion (Supporting Information, Figure 5-S2). The adsorption of catechol is not only 

advantageous for increasing coating adhesion, but also for the fabrication of composite 

coatings using EPD, because the adsorbed organic molecule imparts an electric charge to 

the particles. This allows for improved dispersion via electrosteric repulsion. It has been 

suggested that the mechanism of catechol adsorption on metal oxide or hydroxide particles 

involves interaction between the hydroxyl groups of the catechol moiety and metallic atoms 

on the inorganic particle surface [19]. It can be inferred that a similar adsorption mechanism 
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is at play between PLL-DHBA and Ca or Ti atoms in the HA or TiO2 nanoparticle surface. 

Catechol adsorption has two possible configurations: bridging or chelating. A schematic 

diagram of these two adsorption configurations of PLL-DHBA and either Ca or Ti can be 

found in Figure 5-S3 in the supporting information. In the present study, the 

functionalization of PLL with DHBA allowed for catecholate bonding, which resulted in 

improved adsorption of PLL-DHBA on the HA or TiO2 particle surface. PLL-DHBA was 

used as a dispersing, charging, and film forming agent. Thick composite films, containing 

HA, TiO2, or both HA and TiO2 were deposited. XRD was used to confirm co-deposition 

of HA and TiO2, and X-ray diffraction patterns of PLL-DHBA-HA, PLL-DHBA-TiO2, and 

PLL-DHBA-HA-TiO2 can be seen in Figure 5-3. Sharp peaks were observed for both HA 

and TiO2, which confirmed the fabrication of the coating containing both bioceramics.  

 Many efforts have been made to develop organic-inorganic nano- composite 

coatings to improve the osseointegration of orthopaedic implant materials via the 

incorporation of bioactive bioceramic materials, but it is also known that the surface 

roughness and contact angle also have a strong effect [20]. It has been found previously 

that lower contact angles, and thus greater hydrophilicity, and increased surface roughness 

of biomedical implant coatings improves osseointegration [20]. More recently it has been 

determined that surface topography has a strong influence on osteoblast adhesion and 

proliferation, and that a dual scale topography, one that includes both nano- and microscale 

features is optimal for promoting osteoblast adhesion [21–23]. A variety of treatments have 

been used previously to introduce nano-scale roughness to previously fabricated micro-

scale features, including electrochemical etching, sand-blasting and acid-etching [21]. 
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Figure 5-3: X-ray diffraction patterns for (a) PLL-DHBA-HA, (b) PLL-DHBA-TiO2 and 

(c) PLL-DHBA-HA-TiO2, (■ – corresponds to JCPDS file 00-024-0033 for HA, ● – 

corresponds to JCPDS file 01-089-0553 TiO2, and ▲ – corresponds to JCPDS file 00-

044-1294 for Ti substrate). 

 

In the present study, we have obtained dual scale topography in one step (Figure 5-4). As 

can be seen in the low-magnification SEM images, all coatings exhibited micro-scale 

“clusters” of HA, TiO2 or HA and TiO2 nanoparticles within the PLL-DHBA matrix 

(Figure 5-4A and B for HA coatings, supporting information Figure 5-S4 for all other 

coatings). At higher magnification, we can see in the SEM images that the nanoparticles 
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are well-dispersed within the PLL-DHBA matrix and thus provide features at both the 

nano- and micro-scale for cell interaction.  

 

 

Figure 5-4: SEM images of PLL-DHBA-HA coatings at (A) low and (B) high 

magnification, exhibiting dual-scale topography. 

 

AFM was used to further study the surface morphology of the PLL-DHBA-HA, 

PLL-DHBA-TiO2 and PLL-DHBA-HA-TiO2 coatings. Three-dimensional reconstructions 

of the surface can be found in Figure 5-5. It can be seen from the surface reconstructions 

that all coatings exhibited topography on the micrometer scale. The average surface 

roughness results can be found in Table 5-1. PLL-DHBA-HA-TiO2 exhibited the greatest 

average roughness, followed by PLL-DHBA-TiO2 and PLL-DHBA-HA. It has been 

reported that the optimal average roughness for dental implant surfaces lies within 0.5 μm 

and 1.0 μm [20], the average roughness of all composite films fell within this range, with 

the exception of PLL-DHBA-HA-TiO2.  
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Figure 5-5: AFM results for (A) PLL-DHBA-HA, (B) PLL-DHBA-TiO2 and (C) PLL-

DHBA-HA-TiO2. PLL-DHBA-HA-TiO2 exhibited the greatest surface roughness, 

followed by PLL-DHBA-HA and then PLL-DHBA-TiO2. 
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These results combined with SEM characterization confirmed that we achieved the 

desired dual-scale topography for all three coatings. We hypothesize that this unique 

surface topography was achieved in one-step due to our choice of relatively high deposition 

voltage. Previous investigations by our group used a deposition voltage of 10 V for the 

fabrication of pure PLL-HA composite films, and smooth, uniform films were achieved 

[13]. This is in sharp contrast to the films that were fabricated in this study, which used a 

deposition voltage of 50 V and exhibited rough surface topography. In a previous study, it 

was discovered that the coating porosity of pure HA increased with increasing voltage when 

deposited using EPD [15]. When low voltages were used for deposition, it resulted in the 

preferred deposition of small particles, but a larger range of particle sizes were deposited 

at higher voltages [15]. Coatings with greater porosity were also achieved at higher 

voltages. These changes in surface morphology and particle size, that were observed with 

an increase in voltage, can be attributed to the tendency of particles to partially agglomerate 

with the application of a stronger electric field, as well as the increased hydrogen evolution 

at the cathode surface [15]. In addition to exhibiting surface roughness and dual-scale 

topography, the surface wettability must also be increased in order to promote cell 

proliferation and adhesion [20]. Simultaneously increasing the surface roughness and 

wettability has proved challenging, as techniques such as acid-etching and grit-blasting 

have been found to greatly increase hydrophobicity in titanium dental implant materials 

[24]. It is hypothesized that this increase in contact angle was a result of air trapped below 

the wetting liquid, and a variety of additional surface modification techniques have been 

developed to decrease the contact angle while maintaining surface roughness, such as 
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modification with polyelectrolytes, plasma or alkaline surface treatments [24]. Contact 

angle measurements determined that the presence of inorganic nanoparticles increased the 

wettability of PLL-DHBA (Supporting Information Figure 5-S5 and Table 5-1). PLL-

DHBA-HA exhibited the smallest contact angle, followed by PLL-DHBA-TiO2 and PLL-

HA-TiO2. The observed decrease in contact angle following the addition of ceramic 

nanoparticles could be attributed to the subsequent increase in porosity, compared to pure 

PLL-DHBA. This effect was observed comparing in the literature when characterizing 

alginate/bioglass® coatings, and it was realized that coatings with micron-sized pores and 

high porosity achieve increased surface wettability, since the water droplet can more easily 

penetrate the coating structure [25].  

 

Table 5-1: Comparison of average contact angles and average roughness for PLL-DHBA 
coatings 

Coating  
Average Contact Angle (°)  Average Roughness (µm) 

PLL-DHBA 53.8 ± 5 0.046 ± 0.02 
PLL-DHBA-HA 20.8 ± 10 0.900 ± 0.06 

PLL-DHBA-TiO2 33.8 ± 4 0.942 ± 0.04 
PLL-DHBA-HA-TiO2 47.8 ± 9 1.21 ± 0.10 

 

 

In a previous study that measured the relationship between wettability, protein 

absorption and cell adhesion, it was found that the optimal contact angle range lies between 

30-60° [24]. The contact angles of all our bioceramic-containing coatings measured in this 

study had an average contact angle within this optimal range, with the exception of the 
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PLL-DHBA-HA coatings, which had an average contact angle slightly below this 

threshold.  

The cell metabolism results are shown in Figure 5-6A which approximate 

fluorescence to cell metabolism. For all EPD films, the cell metabolism increased in 

magnitude from 1 to 3 days, however, this was only statistically significant for the PLL-

DHBA-TiO2 film (p < 0.05). Additionally, at the 3-day time point, the PLL-DHBA-TiO2 

film showed significantly increased metabolism compared to both the PLL-DHBA-HA and 

PLL-DHBA-HA-TiO2 films (p < 0.05).  

Alkaline phosphatase activity, Figure 5-6B, was shown, similar to cell metabolism, 

to increase in magnitude from 1 to 3 days for both the PLL-DHBA-TiO2 and PLL-DHBA-

HA-TiO2 films. Similar to cell metabolism, the PLL-DHBA-TiO2 film showed a 

statistically significant increase from 1 to 3 days (p < 0.05) and at 3 days had more ALP 

activity than both PLL-DHBA-HA and PLL-DHBA-HA-TiO2 films (p < 0.05). Overall, 

the effects observed in ALP activity correspond directly to cell metabolism results. In vitro 

results demonstrated that the EPD films did not have noticeable cytotoxic effects when 

considering cell metabolism and alkaline phosphatase activity. The PLL-DHBA-TiO2 film 

showed improved cell metabolism and alkaline phosphatase activity than both the PLL-

DHBA-HA and PLL-DHBA-HA-TiO2 films at 3 days and was the only film to show a 

statistically significant increase from 1 to 3 days. Previous studies have suggested that 

nanoscale HA particles may have cytotoxic effects which may be a contributing reason for 

the lack of statistically significant changes for the EPD films containing HA [26,27]. 
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Figure 5-6: (A) Cell metabolism results for EPD films at 1 and 3-day time points. Cell 

metabolism showed significant increases from 1 to 3 days for the PLL-DHBA-TiO2 film 

only (p < 0.05). Additionally, the PLL-DHBA-TiO2 film demonstrated significantly 

greater cell metabolism at 3 days compared to the other EPD films. Errors bars represent 

standard deviation. (B) ALP activity results for EPD films at 1 and 3-day time points. 

ALP activity showed significant increases from 1 to 3 days for the PLL-DHBA-TiO2 

film only (p < 0.05). The PLL-DHBA-TiO2 film demonstrated significantly greater ALP 

activity at 3 days compared to the other EPD films (p < 0.05). 

 

The HA nanorods used in the films had an average width of 31 ± 1.4 nm, and an 

average length of 169 ± 15 nm. Other authors have found that similar sized nanorods were 

relatively non-cytotoxic [28]. However, despite these concerns, the films containing HA 

were not cytotoxic as demonstrated by the maintained cell metabolism and ALP activity 

results. HA films and deposition have a history of being successfully used in biomaterials 

with success, so it is possible that the observation period was too short to elucidate the 

response of the HA films [29,30]. As a preliminary in vitro analysis, it could be concluded 

that the PLL-DHBA-TiO2 film performed better than the other films. TiO2 particles and 

films have both demonstrated improved response from bone cells in the past which is 

agreeable with the results of this study [31,32]. This is supported by the contact angle data 

which shows that the films are hydrophilic which is generally considered beneficial for 
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early biomaterial tissue interactions [31]. The sub-micron roughness of the surface, 

contributed from both meso- and nanoparticles, matches previous studies which support 

the use of dual-topographies in implant-based materials [33–35]. Going forward, additional 

studies using longer time points, alternative cell lines and perhaps in vivo work will be 

necessary to understand the cellular responses to these dual-topography EPD films. 

 

5.5 Conclusions 

For the first time we demonstrate a novel one-step fabrication technique for the 

development of catechol-modified PLL nanocomposite films that exhibit dual nano- and 

micro-scale topography with high wettability. Our modification technique utilizes a Schiff 

base reaction to modify L-lysine monomers with a catechol group, using the catechol 

containing DHBA molecule. This new method allows for the co-deposition of both HA and 

TiO2, combining the bioactivity of HA with the biocompatibility and stability of TiO2. Our 

new strategy for co-dispersion and deposition is based on biomimetic catecholate type 

bonding, which significantly increases adhesion compared to pure PLL which exhibits 

weak adsorption to inorganic particles. This technique also achieves dual-scale topography 

in one-step, with the use of cathodic electrophoretic deposition at a relatively high voltage 

(50 V). All composite coatings fabricated were found to be hydrophilic in addition to 

exhibiting high surface roughness, which is advantageous for osteoblast attachment and 

proliferation. in vitro testing revealed that all coatings studied were not cytotoxic and 

showed an increase in cell metabolism as well as alkaline phosphatase activity in the 
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studied time period. This work paves the way for the next generation of biomedical 

implants with improved osseointegration and increased lifespan. 
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5.7 Appendix A. Supplementary Data 

Figure 5-S1: FTIR spectrum of PLL-DHBA. 
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Figure 5-S2: Representative images of PLL-DHBA coatings after adhesive tape test. 
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Figure 5-S3: Chemical adsorption of PLL-DHBA involving interactions with metal ions 
(M) on the inorganic particle surface: (A) bridging and (B) chelating bonding. 
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Figure 5-S4: SEM images of (A,B) PLL-DHBA-TiO2 and (C,D) PLL-DHBA-HA-TiO2 
coatings at low and high magnification, exhibiting dual-scale topography. 
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Figure 5-S5: Contact angle results for (A) PLL-DHBA, (B) PLL-DHBA-HA, (C) PLL-
DHBA-TiO2, and (D) PLL-DHBA-HA-TiO2. All coatings were hydrophilic, but PLL-
DHBA-HA exhibited the greatest hydrophilicity, followed by PLL-DHBA-TiO2, PLL-
DHBA-HA-TiO2, and PLL-DHBA.  
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Chapter 6: Aqueous electrophoretic deposition of drugs using bile acids as 

solubilizing, charging and film-forming agents 
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6.1 Abstract 

A new electrophoretic deposition (EPD) technique is reported for the fabrication of 

composite coatings containing drugs, which have low solubility in water. We present a 

conceptually new approach, which is based on the use of bile salts (BS) as solubilizing, 

charging and film forming agents. Composite films were obtained using tetracycline and 

ibuprofen as model drugs with commercial BS, such as cholic acid sodium salt and 

deoxycholic acid sodium salt. The suggested mechanism involves solubilization of drugs 

in BS solutions, followed by the formation of mixed charged micelles, containing drugs 

and charged BS, which allow electrophoretic transport of the drugs to the electrode surface. 

The EPD mechanism involves a pH decrease at the anode surface, protonation of carboxylic 

groups of BS and formation of water insoluble films. This approach can be used for 

deposition of other functional organic molecules and inorganic nanoparticles. 

 

6.2 Introduction 

Electrophoretic deposition (EPD) has recently attracted attention for the fabrication 

of drug-containing composite coatings [1]. Using this technique, antibiotic loaded polymer 

microsphere-alginate antibacterial coatings [2] have been prepared. In another strategy, 

tetracycline hydrochloride loaded halloysite nanotubes were co-deposited with chitosan 

[3]. Polymer and ceramic particles are increasingly being explored for encapsulation of 

drugs and EPD of composites [1]. The encapsulation techniques are especially attractive 

for the EPD of composite coatings, which contain various drugs that exhibit low solubility 

in water.  
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Here we propose another strategy for the EPD of such drugs, which is based on the 

use of BS for drug solubilization in aqueous solutions. It is known [4] that BS are powerful 

natural detergents, which solubilize vitamins, cholesterol, lipids and other organic 

molecules. The solubility of cholesterol in water increased more than million-fold in the 

presence of BS [5]. The ability of BS to solubilize drugs and form mixed micelles is of 

particular importance for drug delivery [4–6]. The use of BS in drug formulations has 

allowed for improved drug transport through paracellular and transcellular routes, 

facilitated drug penetration and absorption [7]. The formation of mixed BS-drug micelles 

protected drugs from degradation, allowed for organ-specific action and facilitated drug 

penetration to deeper tissues [7]. Of particular interest are applications of BS for the 

development of anticancer drug formulations [7]. Moreover, BS exhibit unique gel-forming 

properties [8], which are currently under intensive investigation for the fabrication of 

composite scaffolds for controlled drug delivery. In our previous investigations we 

developed EPD strategies and mechanisms for deposition of films from BS solutions [8–

10]. Further development of such strategies is promising for the EPD of composite films, 

containing drugs. 

The goal of this investigation was to use EPD for the fabrication of drug-containing 

composite films, using BS as solubilizing, charging and film forming agents. We selected 

tetracycline (TC) and ibuprofen (IB) as model drugs, due to their low solubility in water 

and commercially available BS, such as cholic acid sodium salt (ChNa) and deoxycholic 

acid sodium salt (DChNa). 
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6.3 Experimental Procedures 

ChNa, DchNa, TC and IB were purchased from Sigma-Aldrich. TC and IB were 

dissolved in ChNa or DchNa aqueous solutions. EPD of composite films was performed 

from aqueous solutions, which contained 3 g L-1 ChNa with 1 g L-1 TC (ChNa-TC), 3 g L-

1 ChNa with 1 g L-1 IB (ChNa-IB), 3 g L-1 DchNa with 1 g L-1 TC (DchNa-TC), and 3 g L-

1 DchNa with 1 g L-1 IB (DchNa-IB). For comparison, EPD was also performed from 3 g 

L-1 ChNa and 3 g L-1 DchNa solutions. Anodic films were obtained on stainless steel 

substrates at a cell voltage of 10 V, the distance between the substrates and Pt counter 

electrodes was 15 mm. The deposition process was also studied by cyclic voltammetry 

(CV) at a scan rate of 5 m V s-1, using an Au wire working electrode, Ag/AgCl reference 

electrode and Pt counter electrode, K0264 micro-cell and PARSTAT 2273 potentiostat 

(Princeton Applied Research). X-ray diffraction (XRD) studies were performed using a 

powder diffractometer (Nicolet I2, monochromatized CuKα radiation). Electron 

microscopy investigations were performed using a JEOL JSM-7000F scanning electron 

microscope (SEM). 

 

6.4 Results and Discussion 

ChNa and DchNa (Figure 6-1) have amphiphilic structures with convex 

hydrophobic and concave hydrophilic sides, which include methyl and OH- groups, 

respectively. The dissociation of COONa groups of ChNa and DchNa in water resulted in 

the formation of anionic Ch and DCh species. We found that ChNa and DchNa facilitated 

the dissolution of TC and IB in water. It was suggested that ChNa and DchNa formed mixed 
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micelles with TC and IB. It is known [4,7] that the amphiphilic structure of BS is a key 

factor for the solubilization of organic molecules and formation of mixed micelles. On the 

basis of the analysis of literature on interactions of BS with various organic molecules in 

aqueous solutions [11] we suggested that hydrophobic interactions of ChNa and DchNa 

with TC and IB, interactions of NH2 groups of TC (Figure 6-1) with COO- groups of Ch 

and DCh as well as hydrogen bonding between OH- and COO- groups of Ch and DCh with 

OH- groups of TC and COOH group of IP (Figure 6-1) facilitated the formation of mixed 

micelles.  

 

 

Figure 6-1: Chemical structures of ChNa, DchNa, TC and IB. 

 

We suggested that the electrophoresis of mixed micelles, containing anionic Ch and DCh 

resulted in accumulation of Ch, DCh, TC and IB at the anode surface. Previous 
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investigations [8] showed that the EPD mechanism of film formation from ChNa and 

DChNa solutions involved local pH decrease at the anode surface due to the reaction: 

 

2H2O → 4H+ + O2 + 4e-    (1) 

 

The protonation of Ch and DCh species (R-COO-) at the anode resulted in the formation of 

water insoluble bile acid (BA) films, such as ChH and DChH (RCOOH): 

 

R-COO- + H+ → RCOOH  (2) 

 

A similar mechanism can be suggested for EPD of mixed micelles and formation 

of composite films. In this mechanism, BS acted as solubilizing, charging and film-forming 

agents.  

Figure 6-2 shows CV obtained in ChNa and DchNa solutions, containing TC and 

IB. Cycling in the potential range of 0–0.9 V resulted in the deposition of thin films. 
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Figure 6-2: CVs for cycles 1–5 in (A) ChNa-TC, (B) ChNa-IB, (C) DchNa-TC, and (D) 

DchNa-IB solutions. 

 

The observed decrease in current with increasing cycle number indicates growth of an 

insulating film. Constant voltage deposition experiments, conducted at a cell voltage of 10 

V, allowed for formation of thick films with thickness of about 5mm, which were scraped 

off from the stainless steel substrates and characterized using XRD. The X-ray diffraction 

patterns (Figure 6-3) showed strong peaks of TC and IB in agreement with JCPDS data. 

Therefore, the XRD data confirmed the formation of composite films, containing TC or IB 

in the BS matrix.  
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Figure 6-3: XRD patterns of deposits prepared from solutions (A) (a) ChNa-TC, (b) 

DchNa-TC and (B) (a) ChNa-IB, (b) DchNa-IB (■ – JCPDS file 039–1985 of TC, ▾ - 

JCPDS file 032–1723 of IB, ♦ - JCPDS file 015–1048 of ChH, ● – JCPDS file 008-0759 

of DChH). 

 

SEM analysis (Figure 6-4) of the films revealed a difference in the film morphology 

of pure BA films compared to composite films. ChH formed continuous films. Spherical 

particles were observed on the film surface. In contrast, DChH formed porous films. The 

composite ChH-TC films were continuous, however the particles on the film surface were 

of irregular shape. The DChH-TC and DChH-IB films contained flaky particles. The ChH-

IB films were porous and contained particles with typical size of 0.2–1 μm. The film 

adhesion corresponded to 4B classification (ASTM D3359). 
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Figure 6-4: SEM images of films, prepared from (A) ChNa, (B) DchNa, (C) ChNa-TC, 

(D) DchNa-TC, I ChNa-IB and (F) DchNa-IB solutions. 
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The results of this investigation indicate that composite films, containing TC and 

IB, can be prepared using EPD in combination with BS. The approach was based on the 

use of BS for drug solubilization and charging. In our EPD method, charging of electrically 

neutral materials is typically achieved by adsorption of charged dispersants or 

polyelectrolytes. In this investigation we suggest a mechanism of deposition, which is 

based on the use of mixed micelles that contain charged BS molecules. Use of BS as a 

solubilizing, charging and film forming agent can be utilized for EPD of other functional 

organic molecules and inorganic nanoparticles. 

 

6.5 Conclusions 

A method based on EPD has been developed for the deposition of ChH and DChH 

films, containing drugs. TC and IB were used as model drugs, which have low solubility in 

water. The suggested deposition mechanism involved solubilization of TC and IB in 

aqueous ChNa and DchNa solutions, formation of mixed micelles and electrophoresis of 

the mixed micelles. The local pH decrease and protonation of Ch and DCh species at the 

anode surface resulted in the formation of water insoluble composite films. The approach 

developed in this investigation can be used for the deposition of BA films containing other 

functional organic molecules and inorganic nanoparticles. 
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Chapter 7: Integrating TiO2 Nanoparticles within a Catecholic Polymeric Network 

Enhances the Photoelectrochemical Response of Biosensors 
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7.1 Abstract 

Development of ultrasensitive biosensors for monitoring biologically relevant 

analytes is the key to achieving point-of-care diagnostics and health-monitoring devices. 

Photoelectrochemical readout, combining photonic excitation with electrochemical 

readout, is envisioned to enhance the limit of detection of biosensors by increasing their 

sensitivity and reducing background currents generated in biological samples. In spite of 

this, the functionalization of photoelectrochemical transducers with biorecognition 

elements significantly reduces the baseline current and signal-to-background ratio of these 

devices. Additionally, the stability of photoactive electrodes created using photoactive 

nanomaterial assemblies is often insufficient for withstanding multiple washing and 

potential cycling steps that are involved in biosensing protocols. To overcome these 

challenges, we created an effective conjugation strategy for integrating TiO2 nanoparticles 

into photoactive electrodes. This strategy involves two components that work 

synergistically to increase the photoelectrochemical current of the transducers. The 

catechol-containing molecule, 3,4-dihydroxybenzaldehyde (DHB), is used to enhance the 

electronic and optical properties of TiO2 nanoparticles for signal generation. Chitosan 

(CHIT) is used to enhance the film-forming properties of the DHB-conjugated TiO2 

nanoparticles to form uniform and stable films. Together, DHB and CHIT resulted in the 

formation of an extensive network of TiO2 nanoparticles within the DHB–CHIT matrix and 

enhanced the generated photocurrent by a factor of 10. We modified the optimized 

photoelectrode with DNA probes to create a photoelectrochemical DNA detector. The 

TiO2–DHB–CHIT photoelectrodes offered the required stability and signal magnitude to 
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distinguish between complementary and noncomplementary DNA sequences, paving the 

route toward photoelectrochemical DNA sensing. 

 

7.2 Introduction 

 TiO2 nanoparticles are widely used as the photoactive building blocks of electrodes 

for applications in photoelectrochemistry (PEC).(1,2) In PEC, light is used to generate 

charge carriers in the photoactive material to drive electrochemical reactions. The 

possibility to operate PEC cells in photovoltaic, photoelectrosynthetic, or photocatalytic 

modes(3) enables them to be used in a wide range of applications such as energy conversion 

focused on water splitting and solar energy conversion,(4) developing self-cleaning and 

environmental cleaning surfaces for removing bacterial and other organic 

contaminants,(5−11) and biosensors for the detection of proteins and nucleic acids.(12−14) 

TiO2 nanoparticles are widely used in these PEC-enabled applications due to their high 

photocatalytic activity,(15) photo- and chemical stabilities,(16−19) corrosion 

resistance,(18,20,21) high degree of control over morphology and crystallinity,(22,23) 

position of conduction and valence band levels for driving useful electrochemical 

reactions,(10,15,24−26) insolubility in aqueous media, nontoxicity, and low cost.(16,17) 

In PEC, it is desirable to achieve a high incident photon-to-electron conversion 

efficiency (IPCE) to enhance the electrochemical reaction rate and the resultant 

photoelectrochemical current. This requires the photoactive materials, such as TiO2 

nanoparticles, to have high photon absorption and low-carrier recombination rates.(27,28) 

Additionally, it is critical for the photoactive building blocks to be embedded in a three-



Ph.D. Thesis – A. Clifford; McMaster University – Materials Science and Engineering 

140 
 

dimensional and porous architecture with a high internal surface area that interacts 

effectively with the electrolyte, enables efficient charge transport, and offers low losses due 

to carrier recombination.(15,29−32) 

P25-TiO2 nanoparticles, combining anatase (>70%) and rutile structures, are 

regarded as the benchmark TiO2 nanoparticles for PEC due to their enhanced photoactivity. 

This is attributed to increased carrier lifetime enabled by charge transfer from the rutile to 

the anatase phase, improved crystallinity, increased defect density, and larger crystal 

sizes.(33−35) 

In spite of the abovementioned benefits, P25-TiO2 in its pristine form has a wide 

band gap (3.0–3.2 eV),(36) which limits its absorption to the UV range.(18,37) To increase 

the number of absorbed photons and further increase the lifetime of photogenerated 

carriers, the electronic structure of this material has been altered by doping with 

impurities,(18,38) disorder engineering with the use of core–shell nanoparticles,(39−42) 

and surface modification with quantum dots,(20,37) plasmonic metal nanoparticles,(21) or 

organic ligands.(18) To exploit such electronically optimized materials in 

photoelectrochemical devices, it is essential to embed them in photoactive frameworks that 

have optimal charge-transfer properties and remain stable under electrochemical cycling in 

liquids.(31) Consequently, additional steps such as sintering,(43−45) addition of 

binders,(46,47) mechanical compression,(48) deposition of amorphous TiO2 binder layers 

using postdeposition sol–gel and chemical vapor deposition,(49,50) and irradiation with 

microwave(51) have been employed to incorporate TiO2 nanoparticles into photoactive 

electrodes. These additional steps could result in the loss of porosity in the three-
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dimensional network of particles and add to the overall cost, complexity, and thermal 

budget of the process. 

Our goal was to develop a strategy for creating high-performance photoelectrodes 

based on P25-TiO2 nanoparticles for photoelectrochemical biosensing. This imposed 

stringent parallel requirements on the photoelectrode properties. It was essential for the 

photoelectrode to demonstrate large baseline photoelectrochemical currents to compensate 

for the signal loss caused by biofunctionalization, to demonstrate repeatable and stable 

photocurrents under electrochemical scanning in liquid, and the photoactive matrix needed 

to be easily functionalizable for coupling with biorecognition elements.(52) To address 

these requirements, we sought to develop a facile method for developing P25-TiO2-based 

materials with increased light absorption and charge separation, binding sites for attaching 

biorecognition probes, and built-in film-forming properties for creating well-adhered and 

uniform photoactive frameworks on the collector electrodes. 

Organic ligands, such as conductive polymers, organic dyes, and phenolic 

compounds, are widely used for modifying the electronic properties of TiO2 nanoparticles 

for use in PEC and photocatalysis.(21) In dye-sensitized solar cells, TiO2 nanoparticles are 

modified with organic dyes to increase IPCE in the visible range by photoexcitation of the 

dye-to-TiO2 charge-transfer band.(53) Among these, catecholic molecules are promising 

candidates for modifying the electronic properties and improving the dispersion of TiO2 

nanoparticles.(54) To exploit catechol-modified TiO2 nanoparticles, having improved 

electronic, optical, and dispersion properties in PEC biosensing, we turned to bioinspired 

catecholic polymers. These polymers exploit the same material chemistry used by mussels 
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to adhere to surfaces in aqueous environments(55) and have been used in the laboratory as 

wet adhesives for modifying the surface of medical implants.(56,57) 

We hypothesized that linking TiO2 nanoparticles with a catecholic polymer would 

enable us to create a biosensing photoelectrode with enhanced IPCE, uniformity, and wet-

state adhesion due to the synergistic contribution of catechol and the porous polymer 

network toward tuning the electronic and film-forming properties of the material. To 

evaluate this hypothesis, we dispersed TiO2 nanoparticles into a chitosan (CHIT)–catechol 

polymer, utilizing a Schiff base reaction between 3,4-dihydroxybenzaldehyde (DHB) and 

chitosan (CHIT),(56) and applied this hybrid organic/inorganic material to a conductive 

electrode using a one-step drop-casting method. We evaluated the chemical modification 

of TiO2 with DHB, CHIT, and DHB–CHIT using Fourier transform infrared spectroscopy 

(FTIR) and investigated their structural and functional characteristics using scanning 

electron microscopy (SEM), IPCE, and photocurrent measurements. Upon successful 

photoelectrode fabrication with optimized IPCE and PEC performances using the DHB–

CHIT strategy, we modified our material system to integrate amine-terminated DNA 

capture probes within the hybrid organic/inorganic framework to create a 

photoelectrochemical DNA biosensor. This approach can be applied to a wide range of 

photoelectrochemical devices that have yet to be translated from the laboratory to the real 

world, where the use of air and water stable, nonpolluting, and nontoxic photoactive 

materials is essential. 
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7.3 Results and Discussion 

 To enhance the photocurrent of PEC biosensors, we modified bare P25-TiO2 with 

DHB, CHIT, and DHB–CHIT (Figure 7-1). The catechol functional group of DHB offers 

ultra strong adhesion to inorganic particles and surfaces(54) and forms a charge-transfer 

complex between the particle and the catechol-containing molecule.(58,59) This 

modification tunes the electronic and optical properties of the material(58,59) and imparts 

redox activity.(27,60) In addition to electronic and optical tunability, catechol-containing 

molecules improve the dispersion of inorganic nanoparticles such as TiO2;(16) however, 

DHB on its own has poor film-forming properties needed for the fabrication of 

photoelectrodes. CHIT was introduced as a film-forming agent to integrate DHB-modified 

P25-TiO2 nanoparticles into photoactive electrodes. Previous studies have found that CHIT 

combined with TiO2 nanoparticles also boosts the electrochemical behavior due to the 

formation of a chelate bond between the amine and hydroxyl groups in the chitosan 

monomer and surface Ti ions.(19,61) However, pure CHIT is unstable under harsh 

operating conditions, but its stability increases when modified with a catechol group.(57) 
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Figure 7-1: Chemical characterization of P25-TiO2 modified with different ligands. (a) 

Chemical structures of (i) catecholic bonding of DHB to P25-TiO2, (ii) bonding between 

chitosan and P25-TiO2, and (iii) catecholic bonding between DHB–CHIT and P25-TiO2. 

(b) FTIR spectra of as-received (i) DHB and (ii) CHIT powders. FTIR spectra of P25-

TiO2 modified with (iii) CHIT, (iv) DHB, and (v) DHB–CHIT. 

 

We expect catechol groups to serve a dual purpose in our PEC biosensors: improve 

the IPCE of P25-TiO2 nanoparticles, especially in the visible range, and work with CHIT 

to form a uniform and stable film that can undergo multiple washing and electrochemical 

scanning steps, as encountered in sensing systems. As a result, we developed a simple one-

step method of introducing catechol to CHIT using DHB. The modification procedure was 

based on a Schiff base reaction (Figure 7-1a) between DHB and CHIT.(34) The formation 

of DHB-modified CHIT was confirmed using FTIR (Figure 7-1b). In the as-received CHIT 

spectrum, characteristic absorptions were detected at approximately 1,081, 1,031, and 895 

cm–1. These absorptions represent the stretching vibrations from the hydroxyl group, the 

C–O–C in the glucose circle, and the glucoside bond, respectively.(62) Characteristic 
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absorption at approximately 1550 cm–1, corresponding to the amide II group,(63) was also 

visible in the CHIT spectra and the spectra from P25-TiO2 nanoparticles modified with 

pure CHIT. This confirms the surface modification of P25-TiO2 with CHIT. The 1,081, 

1,031, and 895 cm–1 absorptions were detected in the spectra of P25-TiO2 modified with 

the DHB–CHIT ligand. Absorptions at ∼1660 and 1295 cm–1 from the as-received DHB 

spectra were also found in the spectra of P25-TiO2 modified with DHB and DHB–CHIT 

ligands and are attributed to C═O and O–H vibrations from the aldehyde and phenol 

groups.(63) The weak absorption at ∼1640 cm–1 in the DHB-modified CHIT spectra is 

indicative of a Schiff base formation and vibrations from the RCH═N–R′ bond.(63) The 

presence of absorptions from the as-received CHIT and DHB spectra in the spectra acquired 

from P25-TiO2 nanoparticles modified with the DHB–CHIT ligand and characteristic 

vibrations from RCH═N–R′ confirm the formation of a Schiff base ligand between CHIT 

and DHB. It is known that characteristic bands of Schiff base functional groups are emitted 

in the range of 1630–1690 cm–1, but these bands appear weak in the infrared spectrum and 

intense in the Raman spectrum.(63) Formation of a Schiff base ligand was further 

confirmed (see Figure 7-S1) as evidenced by the intense band observed at ∼1646 cm–1 in 

the Raman spectra of P25-TiO2–DHB–CHIT, which was not present in the Raman spectra 

collected from bare P25-TiO2, P25-TiO2–CHIT or P25-TiO2–DHB. 

Scanning electron microscopy (SEM) was used to compare the surface morphology 

of photoelectrodes fabricated from unmodified P25-TiO2 nanoparticles with those from 

functionalized P25-TiO2 nanoparticles (P25-TiO2–DHB, P25-TiO2–CHIT, P25-TiO2–

DHB–CHIT) (Figure 7-2). The films fabricated from unmodified nanoparticles were 
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nonuniform and contained large P25-TiO2 agglomerates due to weak bonding of the 

nanoparticles to the electrode surface. The P25-TiO2–DHB films demonstrated a more even 

film with a reduced amount of agglomerates, and the P25-TiO2–CHIT films contained large 

agglomerates and less surface coverage than unmodified nanoparticles. Lastly, P25-TiO2–

CHIT–DHB samples revealed a remarkable improvement in the film properties with the 

P25-TiO2 nanoparticles distributed in a uniform film containing the smallest amount of 

agglomeration. In the case of CHIT, film formation occurs via hydrogen bonding between 

Ti–O–Ti inorganic network and CHIT, as well as coordination bonding in P25-TiO2–CHIT 

nanocomposite.(61) This allows for adhesion of the adjacent P25-TiO2 layers. However, 

when the amount of P25-TiO2 increases, small agglomerates form.(64) This phenomenon 

is attributed to the lack of adhesion between P25-TiO2 and CHIT within each layer. 
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Figure 7-2: Structural, optical, and photoelectrochemical characterizations of films 

created from unmodified and functionalized P25-TiO2 nanoparticles. (a) Schematics of 

(i) unmodified P25-TiO2, (ii) DHBA-modified P25-TiO2, (iii) chitosan-modified P25-

TiO2, and (iv) DHBA–chitosan-modified P25-TiO2. Images demonstrating scanning 

electron micrographs (b), UV/visible absorbance (c), and IPCE (d) of films created from 

P25-TiO2 nanoparticles demonstrated in (a). The inset in (d) demonstrates the 

mechanism of photoelectrochemical oxidation of ascorbic acid (AA) using P25-TiO2 
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Irradiation of P25-TiO2 with light having energy equal to or greater than its band-

gap energy (3.0–3.2 eV) generates electron–hole pairs that participate in redox 

reactions.(65) Ascorbic acid (AA), a hole scavenger, then combines with photogenerated 

holes in TiO2 and generates a PEC current through its oxidation at the surface of the 

working electrode (Figure 7-2d, inset).(66) The annihilation of holes by AA results in the 

movement of electrons from the conduction band of the P25-TiO2 to the indium tin oxide 

(ITO) electrode where it is collected as a measurable current. 

To understand the correlation between P25-TiO2 functionalization and PEC 

response, we measured the UV/visible absorbance (Figure 7-2c) and IPCE of the four 

classes of P25-TiO2 photoelectrodes fabricated using the successive deposition of solution-

based nanoparticles onto ITO-coated poly(ethylene terephthalate) (PET) electrodes (Figure 

7-2d). UV–visible spectroscopy confirmed the modification of the electronic structure of 

P25-TiO2 by CHIT, DHB, and DHB–CHIT, since the absorption spectra of the electrodes 

fabricated using functionalized P25-TiO2 nanoparticles were all shifted to longer 

wavelengths compared to those fabricated using unmodified P25-TiO2 nanoparticles. 

Additionally, diffuse reflectance spectroscopy was performed on photoelectrodes 

fabricated with these different surface functionalizations. No change in band gap was seen 

in either of the functionalizations as compared to bare P25-TiO2 (Figure 7-S2). This was 

also demonstrated by Janković et al. who saw an insignificant change in the band gap of 

TiO2 following ligand modification.(67) 

Even though both P25-TiO2–CHIT and P25-TiO2–DHB films demonstrate an 

enhancement in absorbance across the entire measurement range compared to unmodified 
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P25-TiO2, the IPCE measurements demonstrate that the modification of P25-TiO2 with 

both DHB and CHIT results in a superior photoelectrochemical response across the 

wavelength range of 350–500 nm. This validates our hypothesis that the synergy between 

DHB and CHIT is essential in controlling the electronic and film-forming properties of 

P25-TiO2 nanoparticles toward engineering high-performance electrodes for PEC. 

Furthermore, the IPCE of our electrodes was compared to an instance of ligand-modified 

P25-TiO2 in the literature, where a composite P25-TiO2 film was deposited on a transparent 

conductor using the doctor blade method.(68) Dopamine (DA) was then modified onto the 

fabricated electrodes via solution immersion.(68) Unlike our one-pot synthesis, this method 

required specialized machinery and multiple steps for synthesis. Furthermore, the IPCE of 

the DA–P25-TiO2 photoelectrodes indicated a maximum enhancement of ∼15% as 

compared to the unmodified P25-TiO2 photoelectrodes. In contrast, an approximate 

enhancement of 69% in the IPCE of P25-TiO2–DHB–CHIT was exhibited by our 

photoelectrodes as compared to that of the unmodified P25-TiO2 (Figure 7-2c). While our 

electrodes exhibited a better enhancement following ligand modification, it is important to 

note that the DA–P25-TiO2 photoelectrodes fabricated by Kim et al. demonstrated a higher 

IPCE response. This can be attributed to their nonsolution-based electrode fabrication 

process, resulting in superior film quality. 

In addition to IPCE, amperometric I–t measurements, a method typically used for 

photoelectrochemical readout in biosensors, were conducted on the photoelectrodes created 

using unmodified and functionalized P25-TiO2 nanoparticles (Figure 7-3a). In accordance 

with the IPCE results, the unmodified P25-TiO2 films showed the lowest current density, 
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while P25-TiO2–DHB and P25-TiO2–CHIT showed an increase in PEC current density. As 

expected, the largest amount of photocurrent was generated by the P25-TiO2–DHB–CHIT 

photoelectrodes. These photoelectrodes showed more than a 10-fold increase in 

photocurrent compared to unmodified P25-TiO2. 

 

Figure 7-3: Enhancing the base photocurrent of the P25-TiO2 electrodes. (a) PEC current 

density measurements for P25-TiO2 with different surface functionalization and their 

respective current response (left) and as summarized in bar plots (right). The inset 

demonstrates the spectrum of the optical excitation source. “D” denotes DHB, and “C” 

denotes chitosan. (b) PEC current density measurements with increasing P25-TiO2 

concentration in a P25-TiO2–DHB–CHIT film (left) and as summarized as bar plots 

(right). Error bars represent one standard deviation and 1–6× concentration refers to 33.3, 

66.6, 99.9, 133.2, 166.5, and 199.8 g L–1, respectively. 
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We expect this remarkable order-of-magnitude increase in photocurrent to be the 

result of increased photon absorption rate, as well as enhanced charge separation and 

collection rate. The UV/vis spectroscopy results demonstrate that there is a greater overlap 

between the emission spectrum of the excitation source (Figure 7-3a) and the absorption 

spectrum of P25-TiO2–DHB–CHIT nanoparticles (Figure 7-2c) compared to all other P25-

TiO2 films used in this study. Interestingly, even at 350 nm, where all modified P25-TiO2 

films demonstrate similar absorptions, films modified with both CHIT and DHB yield the 

highest conversion efficiency. We believe this is due to the improved film uniformity, 

surface coverage, and contact between the P25-TiO2 and the ITO collector electrodes. 

Moreover, the micro- and nanostructures of the photoelectrode influence the accessibility 

of hole-scavenging species such as ascorbic acid to the surface of the photoelectrode, 

which, in turn, influences the generated photocurrent.(32) The use of chitosan in 

conjunction with DHB results in a micro/nanoporous material (Figure 7-4a), which exhibits 

enhanced film-forming and electronic properties, thereby synergistically enhancing the 

generated photocurrent. 
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Figure 7-4: Photoelectrochemical DNA detection using TiO2–DHB–CHIT electrodes. 

(a) Scanning electron micrograph of TiO2–DHB–CHIT electrodes. (b) Schematic 

demonstration of the biofunctionalization of electrodes with probe DNA, hybridization 

with complementary target DNA, and photoelectrochemical detection using ascorbic 

acid as the reporter. (c) Photocurrent density of bare, probe-modified, and probe-

modified electrode hybridized with complementary DNA target (+target). (d) Percentage 

current decrease measured between probe-modified electrodes incubated with matched 

(complementary) and mismatched target DNA. Error bars represent one standard 

deviation. 

 

To find the optimal concentration of P25-TiO2 for increasing the photocurrent, PEC 

experiments were performed at various concentrations of P25-TiO2, while keeping the 

concentration of DHB and CHIT in the co-functionalized P25-TiO2–DHB–CHIT films 
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constant (Figure 7-3b). As the concentration of P25-TiO2 is increased, photocurrent density 

is enhanced until the P25-TiO2 concentration is tripled. This observed increase in 

photocurrent is attributed to the presence of a larger population of P25-TiO2 nanoparticles 

within the same geometric area, resulting in the increased absorption and generation of 

charge carriers.(69) The photocurrent density decrease observed beyond a threefold 

increase in P25-TiO2 concentration is attributed to the unavailability of the sufficient 

amount of DHB–CHIT ligands to obtain films with optimal electronic property, uniformity, 

surface coverage, and reduced agglomeration. Furthermore, chopped light amperometry 

was performed to evaluate the stability of the various photoelectrodes under 10 light 

excitation cycles in a period of 600 s. The relative standard deviation (Rsd) is widely used 

statistically to express the precision and repeatability of measurement, and by extension, it 

is a measure of stability when applied in the context of photoelectrodes.(70) It is calculated 

as 

𝑅𝑅𝑅𝑅𝑅𝑅% =  𝜎𝜎
𝜇𝜇

 ×  100     (1) 

where σ is the standard deviation and μ represents the mean of the sample population. 

Results indicated good stability in photoelectrodes fabricated by increasing P25-TiO2 

concentration from one time up to four times (Rsd of 4.39, 4.86, 5.40, and 1.10%, 

respectively) (Figure 7-S3). However, photoelectrodes formed by increasing the P25-TiO2 

concentration by five and six times revealed excellent stability (Rsd of 0.63 and 0.85%, 

respectively) (Figure 7-S3). Furthermore, a significant decrease in photocurrent density of 

∼42.6, 53.7, and 45.1% was exhibited by photoelectrodes synthesized from 1×, 2×, and 3× 

P25-TiO2 concentrations, while a minimal decrease of ∼8.2, 0.4, and 1.6% was exhibited 
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by 4×, 5×, and 6× P25-TiO2 concentrations, respectively, following storage in dark 

conditions at 4 °C for 7 days (Figure 7-S4). It should be noted that although films created 

from 3× P25-TiO2 demonstrated the largest PEC response, films with higher P25-TiO2 

concentrations might be preferred in applications where long-term stability is critical. 

 To create a PEC biosensor for detecting DNA hybridization, it is essential to 

develop surfaces that generate PEC currents and selectively capture DNA targets. To 

address this goal, we asked the question, is it possible to introduce DNA capture capability 

into the TiO2–DHB–CHIT films to combine enhanced PEC signals with DNA selectivity? 

For this purpose, we sought to couple amine-terminated DNA to P25-TiO2–DHB. 

However, the amine groups in DNA are expected to compete with the amine groups in 

CHIT for the aldehyde groups of DHB. We hypothesized that increasing the DHB 

concentration would increase the overall binding sites for DNA and CHIT and would 

increase the density of DNA probes. A PEC assay with an increased amount of DHB (3×) 

for successful probe immobilization was employed to distinguish between complementary 

and noncomplementary DNA (Figure 7-4). We expected that an increase in the 

concentration of DNA at the electrode surface would decrease the PEC current generated 

from AA oxidation by limiting the access of AA to the electrode surface (Figure 7-4b).(14) 

PEC measurements demonstrate a decrease in current following probe deposition, as well 

as after incubation with complementary targets (Figure 7-4c). A larger decrease in PEC 

current is seen following the introduction of complementary target compared to that of 

noncomplementary target (Figure 7-4d). As only the complementary target sequence can 

hybridize with the DNA probe, a larger decrease is exhibited by the complementary case 
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due to the increased steric hindrance of AA caused by the resulting double-stranded 

DNA.(71) The current decrease observed for the noncomplementary sequences is attributed 

to nonspecific adsorption on the photoelectrode surface.(72) It is evident from the data 

below that successful biofunctionalization and DNA hybridization detection were achieved 

using these high-performance P25-TiO2–DHB–CHIT electrodes. 

 

7.4 Conclusions 

In this work, we sought to create photoelectrodes having high incident photon-to-

electron conversion efficiency (IPCE) that were stable and robust for use in 

photoelectrochemical biosensing. We hypothesized that integrating P25-TiO2 nanoparticles 

in a catecholic polymeric framework would be an effective strategy for introducing 

photoactive materials onto collector electrodes for photoelectrochemical biosensing. 

Toward this goal, we compared unmodified P25-TiO2, P25-TiO2 nanoparticles 

functionalized with chitosan, P25-TiO2 nanoparticles functionalized with a catechol-

containing molecule (3,4-dihydroxybenzaldehyde), and P25-TiO2 nanoparticles 

functionalized with a catechol-modified chitosan. Films that included both the catechol and 

chitosan elements demonstrated increased photonic absorption over the UV and visible 

wavelengths and significantly enhanced IPCE and the resultant photoelectrochemical 

current by a factor of 10. The enhanced photoelectrochemical response was the result of 

the synergistic effect of the catechol-containing polymer in modifying the electronic and 

optical properties of P25-TiO2 as indicated by UV and IPCE measurements and improving 

its film-forming properties as evidenced by SEM characterization. In addition to offering 
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an order-of-magnitude enhancement in photocurrent, these photoactive electrodes enabled 

integration with biorecognition elements such as DNA. Amine-terminated DNA was easily 

conjugated within the photoactive framework through Schiff base reactions with the 

catechol-containing 3,4-dihydroxylbenzaldehyde. The biofunctionalized photoactive 

electrodes developed here offered the signal-to-noise ratio and stability that are required 

for performing biosensing experiments and were able to distinguish between 

complementary and noncomplementary DNA sequences at a concentration of 0.5 μM. One-

pot fabrication of stable photoactive electrodes using a fully solution-based process, such 

as the one developed in this work, is critical to ensure the translation of materials 

synthesized in lab to an industrial scale. As such, the unique and facile route developed 

here for enhancing the performance of TiO2-based photoelectrodes is instrumental in 

paving the way for improved efficiency in other PEC technologies developed for energy 

conversion and environmental cleaning. 

 

7.5 Methods 

 

7.5.1 Chemicals 

Chitosan, from shrimp shells (degree of deacetylation ≥75%), acetic acid, 3,4-

dihydroxylbenzaldehyde (DHB), and poly(ethylene terephthalate)/indium tin oxide 

(PET/ITO) substrate were purchased from Sigma-Aldrich, Canada. Aeroxide P25-TiO2 

was obtained from Nippon Aerosil Co. Ltd. 
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7.5.2 TiO2 Surface Modification 

 Four different aqueous P25-TiO2 suspensions were prepared. One suspension 

contained bare P25-TiO2 and other three contained surface-modified P25-TiO2. CHIT, 

DHB, and DHB–CHIT were used for surface modification and dispersion of P25-TiO2. 

Aqueous CHIT solution was prepared by dissolving CHIT in deionized (DI) water using 

1% acetic acid. The final CHIT concentration was 3 g L–1. An aqueous solution of DHB 

was prepared by dissolving DHB in deionized water, with a final concentration of 8 g L–1. 

DHB-modified CHIT solution was obtained by modifying CHIT in the liquid phase. The 

mass ratio of DHB to CHIT added to the CHIT solution was 2:1, and upon the addition of 

DHB solution to CHIT solution, the solution color changed from clear to yellow. P25-TiO2 

was added to either a CHIT solution, DHB solution, or DHB-modified CHIT solution to 

form suspensions containing surface-modified P25-TiO2. 

 

7.5.3 Electrode Fabrication 

All PET/ITO substrates with dimensions of 1.0 cm x 0.7 cm were masked using 

vinyl tape to preserve the electrode contact area. Once masked, substrates were treated in 

oxygen plasma for 1 min. 

All films were fabricated by dropping 10 microliters of solution onto the exposed 

PET/ITO substrate surface. They were then air-dried for 30 min, washed in deionized (DI) 

water, and air-dried for a second time. This process was repeated for a total of three layers. 
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7.5.4 Material Characterization 

 The surface morphology of the fabricated substrates was analyzed using scanning 

electron microscopy (JEOL JSM-7000F) using conventional sample preparation 

procedures. A Bruker Vertex 70 spectrometer was used for Fourier transform infrared 

spectroscopy (FTIR), and flame-S-UV–vis–ES assembly was used for ultraviolet–visible 

(UV–vis) spectroscopy. Incident photon-to-current conversion efficiency (IPCE) 

measurements were obtained using a Zahner CIMPS-QE/IPCE3 Photo-Electrochemical 

Workstation in a three-electrode cell configuration with a solution containing 0.1 M 

phosphate-buffered saline (PBS) and 0.1 M ascorbic acid (AA) as the supporting electrolyte 

and a tunable light source probing wavelengths from 300 to 600 nm. 

 

7.5.5 Photoelectrochemical Characterization 

PEC measurements were carried out in a three-electrode cell setup with an 

ultraviolet flashlight to facilitate illumination of the photoelectrode surface. Platinum (Pt) 

wire was used as the counter electrode and silver/silver chloride (Ag/AgCl) as the reference 

electrode with the deposited films on PET/ITO substrates acting as the working electrode. 

A 0.1 M PBS solution with 0.1 M ascorbic acid (AA) was used as the supporting electrolyte. 

Linear sweeps were measured by a CHI 660D electrochemical station, under UV 

illumination at every 20 s for a period of 100 s. Photocurrents were reported as the 

difference in current with and without incident light on the face of the TiO2 electrode. 
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7.5.6 DNA Hybridization Experiments 

Electrodes were fabricated using a layer-by-layer drop-casting method, followed by 

probe ssDNA (1 μM) deposition for 3 h and incubation with noncomplementary (0.5 μM) 

and complementary (0.5 μM) target DNA for 60 min. Electrodes were washed between 

each deposition step using DI water. Photoelectrochemical tests were run using a CHI 660D 

workstation and PBS/AA as the supporting electrolyte. 

 

7.6 Supporting Information 

 

Figure 7-S1: Raman spectroscopy of i) unmodified P25-TiO2, ii) DHBA-modified P25-

TiO2, iii) chitosan-modified P25-TiO2, and iv) DHBA-chitosan-modified P25-TiO2. 
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Figure 7-S2: Bandgap measurements of modified TiO2 nanoparticles 

Diffuse reflectance spectroscopy was performed on photo-electrodes with different 

surface functionalization. Bandgap of 3.04 eV was obtained for all four materials by 

extrapolating the linear portion of the obtained curves to determine the x-intercept. No 

significant change in bandgap was seen in either of the functionalizations as compared 

to bare P25-TiO2. 
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Figure 7-S3: Stability measurements of electrodes fabricated with increasing P25-TiO2 

concentration in a P25-TiO2-DHB-CHIT film. 

 

 

Figure 7-S4: Photocurrent response following storage in dark condition at 4⁰C for 7 days. 
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Chapter 8: Conclusions 

8.1 Summary of Conclusions and Contributions 

In summary, the primary objective of this work was to develop multi-functional 

nanocomposite materials used primarily for orthopaedic applications, but also for other 

applications such as electrochemical biosensing. The overarching objective was achieved, 

and as a result of this work, fifteen new organic-inorganic nanocomposite biomaterials and 

their corresponding processing techniques have been created, none of which had previously 

existed before this work. Specific major findings can be summarized as follows:  

• A novel one-step technique for the modification of chitosan (CHIT), and poly-l-

lysine (PLL) with catechol (CAT) utilizing EPD and a Schiff base reaction has been 

developed. This technique improves upon previously described two-step 

electrochemical fabrication techniques for biopolymer functionalization with CAT 

and has allowed for the fabrication of nanocomposite films containing bioceramics, 

such as HA and TiO2 for orthopaedic and dental coating applications. Specifically, 

CAT-PLL was used for the fabrication of composite coatings consisting of HA, 

TiO2 and HA co-deposited with TiO2. These coatings were hydrophilic while 

simultaneously exhibiting surface roughness, and incorporated features on both the 

micron and nanoscale, as well as ultra-strong coating adhesion. The coatings also 

were found to promote cell proliferation and adhesion in preliminary in vitro 

studies, and this combination of advantageous surface features has not been 

achieved in one fabrication step previously.
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• The functionalization of CHIT with CAT imparted the films with unique 

pseudocapacitive behaviour, which has been used previously for voltammetric 

biosensor applications, due to the ability to amplify current output in the presence 

of redox mediators. Our improved one-step fabrication 

technique resulted in increasing the pseduocapacitve behaviour of the 

films by approximately two orders of magnitude, using a lower scan rate, 

compared to what was reported in the literature using films fabricated 

using the two-step technique. This increased redox-behaviour was utilized 

for the formation of nanocomposite Ag-CAT-CHIT films, which were 

fabricated using novel in-situ reduction and subsequent fabrication of 

films containing uniformly sized and well-dispersed Ag nanoparticles, a 

well-known anti-microbial agent. Other organic-inorganic nanocomposite 

CAT-CHIT films were also fabricated for biomedical implant 

applications, containing bioactive ceramics such as HA and TiO2, as well 

as HA co-deposited with TiO2. Resulting films are multi-functional and 

may be used towards both orthopaedic implant and electrochemical 

voltammetric sensing applications.

• Building upon previous work with CAT-CHIT, we discovered that ligand 

modification of TiO2 nanoparticles using CAT-CHIT altered the electronic 

structure of the TiO2 nanoparticles and resulted in increased photocurrent 

generation upon ultraviolet light excitation. This modification was found to not only 

increase the generated photocurrent, but also increased the range of excitation 
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wavelengths so that photocurrent may be generated by the CAT-CHIT 

TiO2 films in not only the ultraviolet range, but also in the visible 

spectrum. Single strand probe DNA was attached to the film surface and 

was used as a signal-off PEC biosensor for DNA detection. These novel 

composite TiO2 films may not only be used for genetic sensing, 

but other applications that require increased photocatalytic efficiency 

such as photovoltaics, water splitting and CO2 reduction. 

• A conceptually new technique for the fabrication of composite gel coatings for drug 

delivery, containing commercially available drugs with low solubility in water, was 

also developed. In this work BAS, which are powerful natural anionic 

biosurfactants, were used as dispersing, charging, and film-forming agents. Model 

bile acid salts sodium deoxycholate (DChNa) and sodium cholate (NaCh) were used 

for the solubilization and subsequent composite film fabrication, with  

commerically available water-insoluble drugs ibuprofen (IB), and tetracycline 

(TC) (anti-biotic). This was the first report of the use of charged mixed micelles 

for film formation using EPD and is unique compared to the traditional use of 

polyelectrolytes for charging, dispersion, and film formation.

8.2 Limitations and Future Work 

Although we present coating systems for orthopaedic implants, to be used in 

combination with metallic substrates to combine advantageous properties of mechanical 

strength from the metallic substrate with biological and chemical properties of the 

coating, much work could be done towards fabrication of a truly biomimetic composite to
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replace human bone. Such a composite would utilize collagen, HA 

nanoparticles and bone morphogenic proteins, and would not only mimic the 

biochemical composition of bone, but also the hierarchical structure. Invention 

of such a synthetic biomimetic composite would solve many remaining 

problems, including the stress-shielding effect.  

Another issue that requires further consideration is surfaces that support 

osseoconduction and osseoinduction while simultaneously preventing bacterial adhesion 

and formation of biofilms. In our attempts to fabricate surfaces that are anti-bacterial, we 

create a surface that is more hostile towards tissue integration. If we fabricate a surface that 

promotes cell adhesion and proliferation, this also creates favourable conditions for 

adhesion and spreading of other microorganisms.  

For future work, I propose in vitro characterization of the composite CAT-CHIT 

composite films. For the films containing bioceramic particles, such as HA and TiO2, I 

suggest in vitro characterization for the purpose of determining cell viability, but for 

the Ag containing coatings, I propose the anti-bacterial effect of incorporation of 

Ag within the CAT-CHIT matrix should be studied. In addition to in vitro testing, 

In vivo characterization could be performed for both the CAT-CHIT and CAT-PLL 

films. In terms of the composite BAS coatings, drug release studies must be 

performed to determine the drug release profile. In vitro anti-bacterial testing must also 

be conducted to determine the efficacy of the incorporated anti-biotic, tetracycline, for 

prevention of post-operative infection. I also plan to develop coating fabrication 

techniques utilizing pure BA, which have previously not been explored for use as 

dispersing agents or coating fabrication.  
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