
Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

 
 

 

 

 

 

FABRICATION OF BIOMEDICAL 

COMPOSITE COATINGS BY 

ELECTROPHORETIC DEPOSITION AND 

DIP COATING METHODS 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

 
 

 

FABRICATION OF BIOMEDICAL 

COMPOSITE COATINGS BY 

ELECTROPHORETIC DEPOSITION AND DIP 

COATING METHODS 

 

BY 

ZHENGZHENG WANG, B.Eng., M.A.Sc. 

 

 

A Thesis Submitted to the School of Graduate Studies in Partial 

Fulfilment of the Requirements for the Degree Doctor of Philosophy 

 

 

McMaster University © Copyright by Zhengzheng Wang, August 2024



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

i 
 

 

McMaster University DOCTOR OF PHILOSOPHY (2024) Hamilton, Ontario 

(Biomedical Engineering) 

 

 

TITLE: Fabrication of Biomedical Composite Coatings by Electrophoretic Deposition 

and Dip Coating Methods 

 

 

AUTHOR: Zhengzheng Wang 

Master of Applied Science (McMaster University) 

B.Eng. in Materials Science and Engineering (Zhengzhou University) 

 

 

SUPERVISORS: Professor. Igor Zhitomirsky 

Faculty of Engineering, McMaster University, Hamilton, Ontario, Canada 

 

NUMBER OF PAGES: xxii, 229 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

ii 
 

 

Lay Abstract 

There is a need to develop new coatings and manufacturing procedures for biomedical 

implant materials in order to extend the lifespan of orthopaedic implants used in clinical settings 

and avoid the need for expensive and unpleasant revision surgeries. Bioactive coatings enhance 

the durability of orthopaedic implants by reducing scar tissue formation and inflammation, while 

also increasing the chemical and physical bond between the synthetic implant and natural bone. 

As bone is a natural composite material, our goal in designing replacement materials is to replicate 

the inherent chemical composition and structure of human bone. Electrophoretic deposition (EPD) 

is a manufacturing technology that holds significant potential for creating composite coatings that 

imitate the structure of natural bone. This approach involves the application of an electric field to 

deposit charged materials onto a conductive substrate. The primary challenge in the manufacturing 

process of materials utilizing EPD is the tendency of particles in the precursor suspension to 

coagulate and distribute unevenly. This ultimately results in unwanted characteristics in the final 

coatings. An effective method to overcome this problem is by use dispersing agents, which are tiny 

molecules with either positive or negative charges that disperse particles in a suspension through 

electrostatic repulsion, physical separation, or a mix of both. Traditional dispersing agents have 

proven effective in various applications; nevertheless, their toxicity renders them unsuitable for 

the production of biological materials. This study presents the identification of novel dispersion 

agents, biomedical coatings, and manufacturing techniques for creating coatings that enhance the 

durability of implants and possess additional functionalities, such as biosensing for disease 

detection. 
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Abstract 

It is essential to develop a new type of nanocomposite biomedical implant coatings that 

consist of bioactive ceramics and polymers, as well as customized surface characteristics. These 

coatings play a vital role in enhancing cell adhesion, proliferation, and interlocking at the interface 

between bone tissue and the implant. This development is crucial for prolonging the durability of 

orthopaedic implants. The utilization of combined colloidal and electrochemical processing 

techniques, specifically EPD and dip coating, enables the fabrication of these novel multi-

component materials with relative simplicity. Additionally, they can be utilized to create 

nanostructures and surface topography that imitate the composition of human skeletal tissue on a 

nanoscale level. In addition, colloidal-electrochemical processing techniques can be easily scaled 

up for clinical product development and mass manufacture, unlike many regularly utilized 

nanotechnology processing techniques. 

The absence of efficient and biocompatible dispersants and extractors is a significant 

obstacle to the widespread use of colloidal-electrochemical methods for fabricating novel 

biomaterials in EPD, as the success of this process relies on the utilization of a stable colloidal 

precursor. Biomimetics, sometimes known as gaining inspiration from the natural world, is one 

way to generating effective dispersion and extracting agents. Using this methodology, we 

identified novel extracting agents. These agents proved to be highly effective in extracting particles 

and forming composite films that combined organic and inorganic components, containing 

different sized of silica particles and polyvinylidene fluoride (PVDF). By extending the method, 

biomimetic inspiration was derived from the human digestive system, to use bile acid salts (BAS) 

as solubilizing, charging, dispersing and film-forming agents for the preparation of composite 

coatings, containing water insoluble drugs and proteins. These coatings have the potential to be 
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utilized for targeted administration of antibiotics, thereby preventing surgical infections after 

implantation. Furthermore, the inclusion of BAS surfactants enables the solubilization and 

dispersion of hydrophobic drugs and molecules, as well as the creation of composite films with 

functional properties using EPD. Moreover, a novel technique is devised for the anodic EPD of 

alginic acid polymer (AlgH) and composite films that contain drug molecules within the AlgH 

matrix. This approach entailed utilizing L-arginine as an alkalizing agent to enhance the solubility 

of medicines that have low solubility in water. AlgH and medication molecules are dissolved in 

water and then deposited via anodic EPD. 

Dip coating remains a challenging task when it comes to depositing high concentrations of 

non-toxic solvents containing high molecular weight (MW) polymers, such as poly(ethyl 

methacrylate) (PEMA) and poly(methyl methacrylate) (PMMA). In this study, we initially 

suggested the utilization of water-isopropanol as a co-solvent for dissolving high molecular weight 

PMMA at high concentrations. Additionally, we utilized an advanced dispersion agent to facilitate 

the solubilization of PEMA. It was discovered that water molecules can surround and solvate the 

carbonyl groups of the polymers. This technology avoided the use of noxious solvents and a 

protracted heating process for their elimination. In addition, these coatings have the potential to be 

integrated with advanced inorganic particles, such as drugs, diamond and HA, for use in 

biomedical applications. 
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Chapter 1 Introduction 

1.1.  Background 

Bone is a specialized kind of connective tissue that serves as the structural framework of 

the human body and is essential for several physiological processes. The main components of bone 

are calcium phosphate (CaP) apatite crystals and collagen. Crystals of apatite exist in the collagen 

matrix. Bone is classified into two types based on density: cortical bone, which is dense, and 

cancellous (or trabecular) bone, which is highly porous and houses bone marrow. Bone tissue is 

continuously remodeled by cells: osteoblasts make bone, osteoclasts resorb it, and osteocytes are 

mature osteoblasts that have become inactive. The structure has a hierarchical organization, 

ranging from lamellae to individual collagen fibrils, with diameters in the nanoscale. 

Hydroxyapatite (HA), a mineral found in bones, is architecture down to few hundred nanometers. 

Osteoblasts work in coordination to maintain structural integrity and help regenerate diseased bone 

tissue. However, in some situations like tumour removal or critical-sized flaws, the natural healing 

process may not be enough. In such circumstances, bone grafting is necessary to stimulate 

regeneration[1]. 

Polymers play an important role in bone tissue engineering field[2, 3]. Current research 

endeavours to improve the longevity and efficiency of these materials when used in the human 

body. Initially used to replace connective tissue, polymers now hold promise in tissue engineering, 

supporting the regeneration of bone tissue and other implants[4]. Polymers like poly(methyl) 

methacrylate (PMMA)[5], polyvinylidene fluoride (PVDF)[6] as well as poly(ethyl) methacrylate 
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(PEMA)[7] are extensively used in biomedical applications, especially as implants in bone tissue 

engineering[4].  

PMMA is highly sought after for a range of applications, including biomedical implants, 

biosensors, optical devices, solar cells, and energy storage. This is because it has exceptional 

thermal and chemical stability, biocompatibility, and improved mechanical qualities. Composites 

that include inorganic components such as ZnO, TiO2, and Al2O3 in the PMMA matrix have 

superior mechanical and optical characteristics, biocompatibility, and improved thermal and 

dimensional stability[8]. 

PEMA composites also show potential for biomedical applications, including bio-cements 

with improved mechanical properties and biocompatibility, shape memory composites for 

biomedical devices, and composites for bone healing and tissue engineering[9]. PEMA is 

particularly useful in dentistry, orthopedic applications, craniofacial implants, and biosensors[9]. 

PVDF is a chemically inert polymer that exhibits excellent resistance to inorganic and 

organic acids, a wide range of solvents, and other chemicals. This polymer demonstrates 

ferroelectric and piezoelectric characteristics, as well as high mechanical strength and low 

flammability. The PVDF films and coatings have been applied in many applications.. Thin films 

were employed in the fabrication of piezoelectric actuators and transducers, pyroelectric sensors, 

as well as electrical insulators and capacitors[10]. PVDF films have garnered considerable 

attention for their use in water treatment, pollutant removal, gas separation membranes, polymer 

fuel cells, and batteries. PVDF applications in various biosensors are particularly intriguing. 

Researchers are currently studying PVDF films for potential use in implantable biomedical 

devices[10]. Polyvinylidene fluoride (PVDF) and PVDF-silica composites have garnered 

considerable attention in the field of biological tissue engineering[10]. 
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Although PMMA, PEMA and PVDF are promising polymers in bio-implants fields, they 

have their limitations when they are being processed. PMMA was dissolved using a range of 

solvents including toluene, benzene, methyl ethyl ketone, and other organic solvents. These 

solvents are known to be carcinogenic and poisonous. Utilizing these solvents for biological 

purposes is challenging due to the tendency of solvent molecules to adhere to the surface or inside 

of the PMMA coatings[11]. PEMA also exhibits solubility in hazardous solvents, including 

tetrahydrofuran, chloroform, dimethyl formamide, benzene, and toluene. These solvents have been 

often employed in previous studies for the creation of coatings using casting and spin coating 

processes[12]. Due to to the use of toxic solvent, the biomedical applications of PMMA and PEMA 

are extremely restricted. This research developed new methodologies for processing PMMA and 

PEMA in environmentally and biologically safe solvents, paving the way for broader biomedical 

use. In addition, PVDF is a chemically inert and hydrophobic polymer[13] which is unsuitable for 

film processing by electrophoretic deposition (EPD). Thus, a biomimetic approach using bile acids 

as natural surfactants was developed. 

EPD is an important method to deposit a wide range of materials and composites from 

colloidal suspensions or solutions containing macromolecules. It has the benefits of a high rate of 

deposition and the potential for creating a homogenous coating on substrates with a large surface 

area. EPD enables precise manipulation of film thickness and deposition rate. It can be used for 

deposition of thin films, patterned films, and thick coatings. EPD is an economical and adaptable 

method used to deposit a wide range of polymers, ceramics, metals, hydroxides, and other organic 

and inorganic compounds. EPD is particularly important for biomedical applications because of 

the exceptional purity of the deposits and the ability to evenly coat substrates with intricate forms. 

EPD of multilayer films, which consist of individual layers with precisely controlled thickness and 
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composition, is very significant for biomedical applications. In addition, EPD enables the creation 

of films with varying composition and precise morphological control. Another advantage of EPD 

for many biomedical applications is the ability to deposit different organic and inorganic 

composites at ambient temperature[14]. 

While EPD has been used to create organic-inorganic nanocomposite biomaterials, there is 

a need to enhance the adhesion of the coating when exposed to body fluid. Biopolymers such as 

chitosan (CHIT), alginates (ALG), and hyaluronic acid (HLA) have been chemically modified 

using catechol, a functional group present in the byssal plaque of mussels. This modification was 

motivated by the mussel's capacity to adhere to seawalls in challenging maritime environments[15]. 

The objective is to improve the bonding of coatings to inorganic surfaces, nanoparticles, and the 

mucosal layer in mammals[16]. 

Therefore, it is crucial to create a novel type of nanocomposite coatings for biomedical 

implants that incorporate important functional elements, such as biopolymers, bioceramics, 

antibacterial agents, morphogenic proteins, and enzymes. Advancements in this field will lead to 

the avoidance of expensive and excruciating modifications, while also prolonging the durability 

of orthopedic implants. Organic-inorganic nanocomposite coatings have the ability to serve as 

biomedical implant coatings and thin-film biosensors. This is because they incorporate functional 

nanomaterials and biological molecules, making them multi-functional. My work explores 

innovative methods for creating new biomaterials by combining organic and inorganic components 

at the nanoscale. Additionally, I investigate sophisticated approaches for applying multi-functional 

coatings in biomedical settings using colloidal-electrochemical processes. Through my scientific 

methods and approach, I have been able to bring about innovation in the areas of electrochemistry, 

colloidal science, biomaterials, and nanotechnology.  
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1.2. Thesis Overview 

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

Chapter 2 is a literature review, which covers the introduction of the orthopaedic implant 

materials and the colloid processing techniques in this research. In the part of orthopaedic implant 

materials, it describes some commonly used biomedical materials such as metallic materials, 

bioceramics and polymers. In the other part of processing techniques, it describes the principles of 

EPD and dip coating 

Chapter 3 is based on the paper “Deposition of Organic-Inorganic Nanocomposite Coatings 

for Biomedical Applications”.  It states that the development of composite coatings for biomedical 

applications benefits from eliminating toxic solvents for PMMA processing. Instead of hazardous 

solvents, water-isopropanol was used to synthesize PMMA and composite coatings. Dip coating 

is a versatile method for making composite coatings with bioceramics, antimicrobials, and drugs. 

PMMA coatings with hydroxyapatite and silica could improve bioactivity and biocompatibility of 

biomedical implants. Composite coatings can become antimicrobial by co-depositing Ag2O and 

ZnO with PMMA. Drug delivery is possible with PMMA-drug composite coatings. Simple and 

inexpensive, dip coating is ideal for multiple layer processing. Thus, improving this technique can 

create intricate microstructures with multiple layers of functional materials. Advances in this 

technique may lead to more coatings with functional biomaterials for various purposes. 

Chapter 4 is based on the paper “Surfactants for Electrophoretic Deposition of 

Polyvinylidene Fluoride–Silica Composites”. It describes new dispersing agents for charging 

chemically inert PVDF particles for EPD. The deposition yields of PVDF with different surfactants 

are different and some agents can be used for the co-deposition with nano-silica and micron-size 
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silica and the fabrication of composite films. The film composition can be varied by the variation 

of silica concentration in suspensions for EPD. The use of different surfactants as a charging co-

dispersant for materials of different types paves the way for the deposition of advanced organic–

inorganic composites. 

Chapter 5 is based on the paper “Surfactant assisted dip-coating method for deposition of 

polyethylmethacrylate-diamond coatings”. It demonstrates that 18β-glycyrrhetinic acid (GRA) 

and rhamnolipids (RLP) can solubilize PEMA eliminating the need in toxic solvents. We dissolved 

high molecular mass PEMA and obtained concentrated solutions in isopropanol. These findings 

helped to develop a dip coating method for PEMA film deposition, which is versatile. The 

deposited films protected stainless steel from corrosion. GRA-PEMA films protected against 

corrosion better than RLP-PEMA films. PEMA films can be deposited as monolayers or 

multilayers. GRA and RLP could solubilize PEMA and disperse chemically inert diamonds, 

enabling composite PEMA-diamond coatings. Diamond suspension concentration affects film 

composition. The analysis of film morphologies showed that GRA and RLP chemical structures 

affect their interactions with PEMA and diamonds. GRA composite films had no diamond-PEMA 

interface defects, unlike RLP films. 

Chapter 6 is based on the paper “Bile Acid Salt as a Vehicle for Solubilization and 

Electrodeposition of Drugs and Functional Biomolecules for Surface Modification of Materials”.  

It describes a methodology based on sodium cholate (CHOLNa) as a solubilizing, micelle-forming 

and gel-forming agent for the fabrication of composite films. The use of CHOLNa represents a 

versatile EPD strategy for biomolecules of various types that cannot be deposited independently 

due to poor solubility, electrical neutrality, charge reversal at isoelectric points, and strong pH-

independent charge. Traditional charging agents for EPD are toxic and unsuitable for biomedical 
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applications. Natural bile acid salts can be used as multifunctional biosurfactants for deposition 

from aqueous solutions.  

Chapter 7 is based on paper “Application of Cyrene solvent for the fabrication of 

polymethyl methacrylate, polyethylmethacrylate and composite films containing hydroxyapatite 

and diamonds”. It presents the feasibility studies of solubilization of PMMA and PEMA in Cyrene. 

Cyrene is a promising biodegradable solvent that could replace toxic, carcinogenic solvents. Dip 

coating of PMMA and PEMA films required the ability to form relatively concentrated solutions 

of high molecular mass polymers. The use of Cyrene facilitates the fabrication stable HA, 

microdiamond, and nanodiamond suspensions. This approach was based on the use of a 

biocompatible dispersant for the dispersion of chemically inert diamond particles. As a chelating 

catecholate-type capping agent, rutin produced smaller HA nanorods. HA, microdiamond, and 

nanodiamond were co-deposited with PMMA or PEMA. The results of this work are promising 

for the fabrication of films with advanced functionality for biomedical and other applications. 

Chapter 8 is based on the paper “Strategies for alkali-free synthesis, surface modification 

and electrophoretic deposition of composite films for biomedical applications”. It builds a new 

methodology that branched-polyethylenimine (BPEI) and L-arginine can be used as organic 

alkalizers-capping agents for synthesis hydroxyapatite, zirconia and titania. Alkalizers-capping 

agents allow for the synthesis of smaller nanoparticles in a simple, environmentally friendly 

process. Cathodic EPD produced linear-polyethylenimine (LPEI)-bioceramic composite films. 

Anodic EPD with L-arginine as an alkalizer facilitated the fabrication of alginic acid (AlgH) films 

for the first time, enabling AlgH solution fabrication. Composite films were made using L-arginine 

as an alkalizer to solubilize AlgH and ibuprofen. This study's methods can be used to synthesize 
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other materials and to perform anodic EPD of advanced biopolymers with drugs, bioceramics, and 

other functional materials. 

Chapter 9 provides a concise summary of the important discoveries and notable 

contributions made in this study, along with outlining potential future research.  
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Chapter 2 Literature Review 

2.1. Orthopaedic Implant Materials 

2.1.1. Metallic Materials for Orthopaedic Applications 

2.1.1.1. Stainless Steels and Cobalt-Chromium Alloys 

For biomedical implants, metallic materials remain the preferred choice because of their 

decent biocompatibility and capacity to withstand a wide range of mechanical loads that the 

implants will encounter during their lifetime[1-3]. AISI 316 and 316L stainless steel (SS) were 

often employed for biomedical applications because of there ductility, strength, corrosion 

resistance, simplicity of fabrication, and low cost[2, 4, 5]. SS was the first metallic material used 

therapeutically for total hip arthroplasty (THA). The ASTM advises using stainless steels from the 

316 family for biomedical implant applications due to their reduced carbon content, which 

increases their resistance to corrosion in physiological fluid[6]. Even today, AISI 316 and 316L SS 

are often used for long-term orthopaedic applications like complete hip or knee replacements as 

well as short-term ones like surgical screws and bone plates[7]. When it comes to THA applications, 

the low wear resistance of SS alloys in comparison to other metals is crucial because it stops the 

production of harmful wear particles, which in turn prevents inflammation, osteolysis, and aseptic 

loosening[6]. Since 316L SS has been demonstrated to induce inflammation and allergy responses 

and is thought to be carcinogenic and genotoxic, the main worry related to its usage is the release 

of toxic nickel ions as a consequence of corrosion or wear particle production[4, 6]. In addition, 

chronic nickel exposure raises the risk of renal, cardiovascular, and cancer diseases[4]. Nitrogen 

was used to substitute nickel in the development of Ni-free stainless steel (ASTM F2229), allaying 

worries about the leakage of harmful nickel ions from 316L SS[5]. Ni-free stainless-steel alloys 
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show low corrosion resistance, decreased fatigue behaviour under physiological settings, and poor 

bioactivity compared to other metallic biomaterials, despite the fact that nitrogen addition 

prevented Ni ion release[5].  

Cobalt-chromium alloys were offered as an alternative to 316 and 316L SS because to their 

high wear resistance and mechanical strength in an effort to decrease the formation of hazardous 

wear particles and perhaps increase the lifetime of orthopaedic implants[5, 6]. Specifically, cobalt 

nickel molybdenum chromium (CoNiMoCr) and cobalt molybdenum chromium (CoMoCr) alloys 

are the two kinds of cobalt-chromium alloys that are utilized clinically for orthopaedic implant 

purposes[6]. Because CoCr alloys create a protective oxide layer in physiological conditions, they 

are also more corrosion resistant than SS[6]. In comparison to medical-grade SS, they also show 

greater wear resistance, but their manufacturing costs are higher, and there are still worries about 

the leakage of dangerous metal ions, notably nickel[5]. 

2.1.1.2. Titanium and Ti Alloys 

The most popular metallic biomaterial for orthopedic applications is titanium and its alloys, 

mainly because to its excellent osseointegration, low toxicity, and strong corrosion resistance[5]. 

The degree to which a material establishes a functional bond with hard tissue at the interface 

between the implant and the bone is known as osseointegration[5]. SS and CoCr alloys show no 

osseointegration, but titanium shows a significant degree of osseointegration[5]. Because a layer 

of fibrous tissue separates the implant surface from the newly produced bone when SS and CoCr 

alloys are inserted, they are both regarded as bio-tolerant biomaterials[4]. Ti's high 

osseointegration sets it apart from other metals and their alloys, since the quality of the connection 

at the implant/tissue interface plays a major role in the long-term success of orthopaedic implants. 

Ti does not contain any poisonous elements for humans, although reports of the emission of 
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harmful corrosion products, such aluminium and vanadium ions, are constant[8]. Over time, 

prolonged exposure to corrosion products may have detrimental consequences on health as they 

accumulate in the lymphatic system[5]. Specifically, diagnoses of peripheral neuropathy, 

osteomalacia, and Alzheimer's have been linked to the body's release of Al and V ions after the 

implantation of Ti alloy[6, 7]. It has been suggested that alternative Ti alloys be developed with 

strengthening components that are non-allergic; however, this would require sophisticated 

production procedures and raise the total cost[5]. Moreover, it should be mentioned that the stress-

shielding effect—a localized atrophy of bone caused by an elastic modulus mismatch between the 

metallic implant and human bone—makes all metallic implant materials susceptible to failure [6, 

7, 9]. 

2.1.1.3. Shape Memory Alloys 

Shape memory alloys (SMAs) are a kind of shape memory materials (SMMs) that can 

maintain an initial form when exposed to certain stimuli, such as changes in temperature or 

magnetism[10]. Currently, SMA namely nickel-titanium alloys (NiTi), are widely used in 

biomedical applications[11-13]. The most appealing characteristics of this category of materials 

are the ability to: (1) regain their initial shape after experiencing significant deformations caused 

by mechanical stress (pseudoelasticity) and (2) retain a distorted shape until heat triggers the 

restoration of the original shape[11]. The unique characteristics of SMAs make them very desirable 

for use in a wide range of applications, including automotive and robotic actuators, connections, 

smart wings for aerospace shuttles, and smart medicinal devices[10]. 

At present, biocompatible SMAs may be categorized as follows: NiTi [47], Fe-[14], Mg-

[15], and the newly patented Cu-based[14] SMAs. The NiTi-based SMAs are very advantageous 

for a wide range of applications due to their exceptional biocompatibility, stability, and thermo-
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mechanical performance[10, 16]. NiTi-based alloys, which contain 48-52% Ni by weight, are a 

type of shape memory alloy. These alloys exhibit both shape-memory and pseudoelastic effects, 

which are characterized by large plateau and stress hysteresis. They also have good workability in 

the martensite phase and are resistant to corrosion and fatigue. Their suitability for biological 

applications is further shown by their good biocompatibility and exceptional compatibility with 

magnetic resonance and computer tomography. In addition, the mechanical properties of NiTi are 

more closely aligned with the reaction of human tissue, as opposed to other regularly used metallic 

materials in biomedical devices such as SS 316L and chromium-cobalt (Cr-Co) alloys[11]. NiTi 

biomedical alloys have been extensively used in many clinical applications, such as orthodontic 

treatment, prosthesis, catheters, tissue anchoring and connection, and cardiovascular stents[17]. 

Nevertheless, NiTi-based SMA biomedical devices are enduring. Permanent devices, such 

as those used in bone fracture healing and cardiovascular applications, are recognized to have long-

term health hazards. These dangers include the stress shielding effect in bone fracture healing and 

restenosis in cardiovascular applications. Conversely, if permanent implants need to be taken out, 

it will need secondary surgeries, resulting in more waste and significantly increased health risks. 

These problems may be easily resolved by creating biodegradable or bioresorbable SMAs. 

Implants constructed from a biodegradable SMA are anticipated to slowly break down and be 

assimilated by the human body while consistently providing the necessary mechanical 

reinforcement for the specified temporary duration to aid in tissue regeneration and self-repair[10]. 

2.1.2. Bioceramics and Bioactive Glasses 

2.1.2.1. Alumina and Zirconia-based Ceramics 

In recent years, ceramics have attracted significant interest from orthopedic and dental 

scientists and professionals because of their exceptional biomechanical and biocompatibility 
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properties[18-21]. Bioceramics may be categorized into three basic types: bioinert, bioactive, and 

bioresorbable ceramics[22]. Bioinert ceramics, such as alumina and zirconia, possess excellent 

chemical stability and strong mechanical qualities. When these ceramics come into touch with 

bone tissue, they exhibit a pattern known as "contact osteogenesis"[23-25] 

Alumina, commonly known as aluminium oxide, has been widely employed in orthopedic 

joint prosthesis owing to its exceptional compressive strength and chemically inert qualities[26, 

27]. Al2O3 was proposed as a substitute for metallic acetabular liners and femoral heads, with the 

aim of extending the lifetime of orthopaedic implants by reducing the production of wear particles 

and osteolysis[28, 29]. Al2O3 is very suitable for skeletal tissue restoration because to its 

exceptional mechanical strength in compression, remarkable wear resistance, and hydrophilic 

nature[29]. Pure Al2O3 has been used in medical applications such as hip and knee prosthesis, 

dental implants, and as a protective layer for metallic dental implants and femoral stems[29]. 

Despite the reduction in the production of inflammatory wear particles and osteolysis, the bioinert 

nature of Al2O3 ceramics has hindered the achievement of effective osseointegration[29]. Al2O3 

demonstrates inferior fracture toughness in comparison to other bioceramics, such as Yttria-

Stabilized Zirconia (YSZ), and is prone to brittle fracture and eventual catastrophic failure. 

Since ZrO2-based ceramics are bioinert and have comparable mechanical qualities to Al2O3 

in terms of compressive strength and wear resistance, they were offered as an option for ceramic 

acetabular liners, femoral heads, and acetabular liners. Compared to Al2O3 ceramics, ZrO2 has a 

higher fracture toughness due to a unique transition toughening process[30-32]. ZrO2 is in a 

metastable tetragonal state at ambient temperature, but it changes into a monoclinic state when 

stress is applied[31, 32]. Medical-grade ZrO2 ceramics are stabilized by the inclusion of Y2O3, 

which inhibits the premature phase-transformation from the tetragonal to the monoclinic phase at 
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room temperature[33]. Under ambient settings, stabilization of the tetragonal phase inhibits the 

propagation of cracks at localized fracture points; nevertheless, after clinical usage, it was shown 

that exposure to bodily fluid in vivo caused premature aging and YSZ femoral head failure[31]. 

The phenomenon under observation is known as low temperature thermal deterioration, and it 

refers to the early transition under physiological circumstances from the tetragonal to the 

monoclinic phase[30]. Moreover, this action raises the possibility of an early implant failure during 

fabrication or after surface treatments intended to enhance osseointegration[34]. Because of the 

high rate of YSZ implant failure, Zirconia Toughened Alumina (ZTA) composites have become 

popular as an alternative to YSZ femoral heads[35]. Because of their higher fracture toughness 

than pure Al2O3 or YSZ, ZTA composites—which are used clinically under the brand name 

Biolox® delta—have higher success rates than pure Al2O3 femoral heads[35]. Alumina Toughened 

Zirconia (ATZ) composites are being investigated for femoral head applications because of the 

success of ZTA, despite reports that ZTA has better mechanical characteristics than ATZ[32]. 

2.1.2.2. Titania Ceramics 

Titanium dioxide (TiO2) nanostructures are numerous substances that have been widely 

used in many technological domains including medicine, energy, and biosensing. Titanium dioxide 

(TiO2) is a white substance that has limited solubility and is often used in many biomedical 

applications, such as cosmetics, medications, and pharmaceutical items. The substance is 

crystallized in two distinct crystalline structures, rutile or anatase, which have significant industrial 

uses. Research has shown that the presence of mixed polymorphs of TiO2, such as anatase (80%) 

and rutile (20%), is more effective for biomedical applications compared to the presence of a single 

phase[36]. The anatase form of TiO2 has more activity than the rutile form in terms of 

photocatalytic and cytotoxic characteristics. Nevertheless, the majority of metal-oxide 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

17 
 

nanoparticles (NPs) are expensive when produced on a large scale for commercial purposes, and 

some types are also harmful to living organisms. Titanium dioxide (TiO2) is not only cost-effective 

but also mostly non-toxic. It has received approval from the American Food and Drug 

Administration (FDA) for use in food and drug-related goods. Nanostructured TiO2 has a wide 

range of possible applications because to its nanoscale characteristics, little toxicity, favourable 

biocompatibility, inherent qualities, and adaptable manufacturing methods[36]. Nanostructured 

materials based on functionalized TiO2 have beneficial properties in several biomedical 

applications, including bone scaffolds, vascular stents, drug delivery systems[37], and 

biosensors[38]. 

There is a thin bioactive layer of naturally occurring TiO2 oxide coated on titanium and its 

alloys. This layer is thought to be contributing to the success of titanium implants and their capacity 

to osseointegrate[39, 40]. It is important to remember that while this oxide layer helps with 

osseointegration, it is not a long-term corrosion barrier, it does not stop harmful Al and V ions 

from escaping, and it does not improve the lifespan of implants[41]. Applying a TiO2 coating to 

the Ti alloy substrate is one way to improve osseointegration and corrosion protection while 

continuing to function as a physical barrier that releases toxic metal ions and protects against 

corrosion[41]. This also improves the bioactivity of the underlying titanium substrate. The ability 

to load TiO2 nanotube coatings with functional molecules, such as anti-bacterial drugs for post-

operative infection prevention[42], and the potential for increased osseointegration and 

osteogenesis through the introduction of nanoscale surface feature[3, 43, 44]s have generated 

particular interest in these coatings in recent years. Electrochemical anodization is a commonly 

used method to create TiO2-nanotube based coatings, which enables the coating of complex 

structures such as porous Ti scaffolds. [3]. Improved coatings for better osseointegration and 
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reduced risk of infection have been created by depositing HA on the surface of the nanotube[3], 

loading the nanotubes with antibiotics like vancomycin[42], or functionalizing the surface with Ag 

NPs[45]. Despite the development of functional orthopaedic coatings utilizing TiO2 nanotubes, 

there are still issues with the effectiveness of coatings that are loaded with antibiotics because of 

antibiotic resistance[45]. Though coatings containing silver nanoparticles (Ag NPs) have been 

shown to be cytotoxic to osteoblast cells at concentrations of Ag NPs high enough to have an anti-

bacterial impact, they may provide a viable solution to stop the development of bacterial 

biofilms[3]. 

2.1.2.3. Calcium Phosphate and Hydroxyapatite 

Calcium phosphates are mineral compounds containing calcium and phosphate ions. They 

are recognized as the primary inorganic components in almost 60% of all natural human bones. 

The presence of calcium phosphates in bones was initially observed in 1769, and in the 1800s, 

these calcium phosphates found in bones were classified into several groups. Since the 1900s, 

researchers have extensively investigated the therapeutic use of synthetic calcium phosphates[46-

48]. Subsequently, bone regenerating applications, such as bone cements, scaffolds, implants, and 

coating processes employing calcium phosphates, have been developed and a few have been made 

available for commercial use[49-51]. The features of calcium phosphates have been investigated 

for their potential use in bone regeneration, much as the ones mentioned above. 

Because of their compositional similarities to the inorganic component of human bone, 

carbonate substituted HA (Ca₁₀(PO₄)₆-x(CO₃)x(OH)₂), CaP bioceramics were first used in clinical 

settings[52, 53]. Although the Ca/P stoichiometric ratio and crystallinity determine whether a CaP 

ceramic is resorbable, all CaP ceramics are considered to be bioactive[54]. Compared to HA with 

a lower degree of crystallinity, HA with a higher degree of crystallinity is less resorbable and more 
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stable[5]. Pure HA is non-resorbable and has a Ca/P stoichiometric ratio of 1.67[52]. Tricalcium 

phosphate (TCP) alpha- or beta-polymorphs may occur when the stoichiometric ratio is less than 

1.67, whereas calcium oxide (CaO) arises as an impurity phase when it is larger than 1.67[52]. For 

applications like osseous defect repair, where simultaneous bone resorption and hard tissue 

regeneration are desired, HA containing CaO or polymorphs of TCP are both regarded as 

resorbable[52, 55]. It is important to remember that although a slight deviation from the ideal 

stoichiometric Ca/P ratio of 1.67 results in ceramics with acceptable qualities, CaP ceramics with 

a Ca/P ratio less than 1 are too resorbable and unsuitable for implantable uses[52]. Additionally, it 

has been shown that whereas CaP ceramics are typically thought of being osteoconductive in two-

dimensional configurations, in certain three-dimensional configurations they have been shown to 

induce osteogenesis, making them osteoinductive[56]. For load-bearing applications, HA is not 

suitable because to its mechanical qualities. Its fracture toughness is much lower than cortical bone 

and other bioceramics (e.g., Al2O3, YSZ)[5, 52]. To integrate the mechanical qualities of metallic 

implants with the bioactive surface qualities of hydroxyapatite, HA has been coated on metallic 

femoral stems[52, 57]. For more than 20 years, plasma-spraying has been utilized to coat femoral 

stems with HA; nevertheless, a comprehensive evaluation indicated no advantage when compared 

to uncoated femoral implant components[58]. It is suggested that the thickness of HA coatings, 

which results from the coating process, is the cause of their unremarkable performance in the early 

investigations. HA coatings (50-100μm) produced by plasma spraying are relatively thick, leading 

to poor adhesion, low interfacial shear strength, fragmentation, and in-situ release[52, 59]. Low 

temperature processing techniques, such as sol-gel deposition, electrophoretic deposition, 

biomimetic deposition, and electrochemical deposition, are being researched as alternatives to the 
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formation of thin, adherent calcium phosphate ceramic films in order to address the processing 

issues related to plasma spraying[52, 59, 60]. 

2.1.2.4. Bioactive Glasses 

Bioglass exhibits biocompatibility, non-toxicity, and chemical stability in a biological 

setting. It possesses antibacterial properties by increasing the pH and osmolarity in the nearby area, 

providing an unfavourable environment for bacterial development[61, 62]. Bioglass has significant 

differences in its dissolving compared to normal glass. Bioglass is activated by a specific 

dissolving process, achieved by adding network modifiers such as CaO or Na2O. This activation 

enhances the reactivity of both the surface and silica of the Bioglass[61]. The combination of 

alkali-free Bioglass with zinc oxide and strontium oxide provides an antibacterial effect against 

Staphylococcus aureus and Escherichia coli. Bioglass is a highly effective bone substitute for 

treating osteomyelitis, peri-implant infection, sinus augmentation, and fixing orbital floor 

defects[62, 63]. Bioglass can be utilized as a covering for dental implants because to its ability to 

be integrated into both hydrophilic and hydrophobic environments. Particle size also affects the 

antibacterial capabilities. Smaller particles have a bigger surface area, which leads to increased 

antimicrobial effects[64]. 

Bioactive glasses are remarkable biomaterials because they are simultaneously 

osteoinductive, osteoconductive and resorbable[9, 65, 66]. Due to their ability to rapidly grow new 

bone while resorbing over time, these characteristics make them ideal for use as tissue scaffolds in 

regenerative medicine[66]. Larry Hench initially identified bioactive glass, or Bioglass® 45S5, in 

the late 1960s. It had 46.1 mol% SiO2, 24.4% NaO, 26.9% CaO, and 2.6% P2O5 [38, 39]. Because 

it was the first substance capable of bonding with and promoting the development of new calcified 

tissue, Hench's initial bioactive glass was groundbreaking[5]. The following is the general bonding 
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process of bioactive glass: First, the glass will quickly corrode and dissolve the alkali ions when 

exposed to physiological fluids; these ions will then be replaced by H+ or H3O+ ions[65, 66]. This 

causes the Si-O-Si bonds to break, a local pH rise, and the condensation polymerization of silicon 

(Si(OH)4) gel on the glass surface[65, 66]. When CO3
2- and OH- anions from physiological fluid 

are included, the amorphous CaP layer that was formed by the diffusion of Ca ions and PO4
3- 

groups towards the silanol eventually crystallizes and develops into carbonated HA[65, 66]. 

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

the sol-gel method (named 58S Bioglass®), but these glasses were not suitable for use as tissue 

scaffolds because they were made using high temperature techniques, which prevented them from 

introducing porosity[67]. Prior to the development of the sol-gel approach for bioactive glass 

manufacturing, conventional melt-quench fabrication techniques were unable to create porous 

structures like tissue scaffolds[67]. By doping the glass with Ag ions, antibacterial bioactive 

glasses have also been created[68, 69]. Although bioactive glasses have been utilized in clinical 

settings since the 1980s, the FDA's limits on highly bioactive materials have resulted in fewer 

items being commercially accessible than HA[65]. Bioactive glasses' weak and brittle character 

has restricted their usage in load-bearing applications, but if combined with metals or polymers to 

increase their mechanical strength and ductility, they may find therapeutic value[67]. The 

comparatively quick resorption rate of bioactive glass—which has occasionally been shown to 

surpass spontaneous bone remodeling—is another barrier to the broad application of bioactive 

glass. This creates a space at the contact between the implant and the bone, which causes the 

implant to separate and fail. Lastly, the local pH rise brought on by the first dissolution of alkali 

ions raises concerns regarding cytotoxicity[66]. 
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2.1.3. Polymers on Biomedical applications 

2.1.3.1. PMMA and PEMA 

PMMA, also known as polymethyl methacrylate, is a thermoplastic material that is highly 

transparent. PMMA is an amorphous polymer from the acrylate family. PMMA is a polymer that 

is resistant to ultraviolet (UV) radiation and has very little variation. [70]. It has excellent thermal 

stability and can tolerate temperatures up to 100°C and down to -70°C. It also has extremely good 

optical characteristics. PMMA has great mechanical strength with little elongation at breakage[70, 

71]. PMMA is commonly utilized in solar cells[72], batteries[73], supercapacitors[74], and optical 

devices[70, 75, 76]. PMMA has been utilized in the field of biomedical applications, namely in 

the formulation of bone cements for the purpose of medication administration and release, as well 

as in cranioplasty procedures. The polymer possesses several desirable characteristics that make it 

suitable for various applications, such as non-toxicity, cost-effectiveness, ease of processing, 

compatibility, minimum inflammatory responses with tissues, and enhanced fracture resistance, 

particularly in cranioplasty procedures[70]. In addition to these, PMMA applications also include 

biosensors[77], orthopaedic devices[78], and dental implants[79].  

PMMA has also been used to widen the applications of chitosan in various fields that 

include biomedical and pharmaceutical applications. Zuhair et al. reported the successful grafting 

of a PMMA/chitosan blend, which illustrate its potentials for drug release applications[70]. Zuber 

et al. reported the synthesis of composite materials based on a combination of polyurethane-

poly(methyl methacrylate) (PU-PMMA) and titanium oxide (TiO2). According to the findings of 

the research, the blend exhibited non-toxicity towards live cells, had excellent mechanical strength, 

and showed biocompatibility for use in dental implant applications[70]. Nein et al. have developed 

a bone cement that can release pharmaceuticals in a controlled manner. This cement not only 
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enhances the pace and amount of drug release, but also maintains its mechanical qualities[70]. 

Moreover, PMMA composites have been developed and successfully applied for controlled 

medication delivery[80], cranioplasty[81], biomedical implants[71], bone and dental cements[79, 

82, 83],. 

Poly ethyl methacrylate (PEMA) is a versatile polymer with diverse uses across several 

industries. PEMA is a specific polymer classified within the polymethyl methacrylate (PMMA) 

family. PMMA, sometimes referred to as acrylic or plexiglass, is a thermoplastic material notable 

for its transparency. PEMA is a modified form of PMMA in which a tiny fraction of the methyl 

methacrylate monomer is substituted with ethyl methacrylate monomer during the process of 

polymerization[84]. PEMA has some features that are similar to PMMA, including transparency, 

exceptional weather resistance, and a high level of impact resistance. It is frequently employed as 

a replacement for PMMA when desirable characteristics are required. PEMA demonstrates 

enhanced flexibility and a reduced glass transition temperature in comparison to PMMA by 

integrating ethyl methacrylate units into the polymer chain[84]. 

PEMA, like PMMA, has applications in areas such as automotive, construction, electronics, 

signs, and medical equipment. PEMA is present in many items such as light coverings, windows, 

lenses, displays, and protective coatings. It is crucial to acknowledge that PMMA and PEMA have 

many similarities. However, the inclusion of ethyl methacrylate in PEMA might somewhat modify 

its characteristics. Therefore, it is vital to carefully analyze the unique needs of a given application 

when deciding between PMMA and PEMA[84]. PEMA has also attracted a lot of interest for a 

variety of biomedical applications, including the repair of bone and cartilage[84, 85], polymer 

electrolytes and membranes for energy generation and storage devices[86], biodegradable 
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antimicrobial packaging materials[87, 88], optical[84, 89] and electronic components[90], and 

corrosion protection coatings[91, 92].  

PEMA and its composites have favourable biocompatibility characteristics, giving them a 

viable option for biomedical applications. Biocompatibility is the capacity of a substance to 

interact with biological systems without inducing any detrimental consequences.  Research has 

demonstrated that PEMA and its composites have a little harmful effect on cells and are highly 

compatible with human cells[84]. PEMA exhibits a minimal inflammatory reaction, making it very 

suitable for biological purposes. PEMA and its composites possess features that render them 

appropriate for utilization in diverse biomedical applications, including orthopedic implants, 

dental materials, and drug delivery systems[84]. In addition, PEMA composites may be 

customized to possess precise biocompatibility characteristics by the integration of bioactive 

substances, such as growth stimulants and antibiotics, into the material. This characteristic 

enhances its potential for utilization in biological applications[84].  

However, it mostly demonstrates solubility in extremely harmful and carcinogenic solvents 

including benzene[93-95], toluene[94-96], and methyl ethyl ketone[97]. This is a significant 

barrier to PMMA/PEMA's use in the biomedical industry. This is because solvent molecules will 

still be present in the bulk or on the surface even after the solvent has mainly evaporated, leaving 

behind a solid polymer layer. In addition to the chose of the suitable solvent for PMMA/PEMA, 

making functional inorganic or organic components well disseminated in the PMMA/ PEMA 

matrix is another challenge in the creation of PMMA/PEMA composites. 

2.1.3.2. PVDF 
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PVDF is a thermoplastic that is highly non-reactive and belongs to the fluoropolymer 

family. The Curie brothers first introduced the piezoelectric characteristics of PVDF in 1880[98]. 

PVDF is a famous pure and highly non-reactive fluoropolymer with molecular formula -

(CH2CF2)n. Polyvinylidene fluoride (PVDF) has remarkable resilience to both creep and fatigue. 

When PVDF is in thin parts, such films, filaments, and tubes, it exhibits a flexible nature and 

becomes translucent. Polyvinylidene fluoride (PVDF) possesses several outstanding features, such 

as a high dielectric constant, strong mechanical qualities, excellent thermal stability, resistance to 

chemicals, UV radiation, nuclear radiation, and weather conditions. PVDF has the ability to adopt 

various molecular crystal structures, which can undergo transformation depending on the 

procedure used for sample preparation. This characteristic enables the polymer to assume 

numerous shapes during its production [8]. PVDF is also a non-transparent polymer, which 

renowned for its exceptional mechanical robustness and electrical properties. The presence of 

piezoelectricity, pyroelectricity, and nonlinear optical characteristics distinguishes this organic 

molecule as unique[99]. 

Researchers have used PVDF, a piezoelectric material, to examine the piezoelectric 

characteristics of live tissue in tissue engineering research[100]. Piezoelectric characteristics may 

be detected in several organs of the human body, such as bone and ligaments[101-104]. The 

utilization of PVDF materials in tissue engineering demonstrates a favourable potential for 

enhancing human health and is an increasing area of focus in medical research. Recently, Atiye et 

al. published a study on a wound dressing material made of PVDF that includes ionic liquids[105]. 

This material is designed to regulate the administration of drugs and has the ability to provide dual 

therapeutic effects[105]. 
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2.1.3.3. Polyethylenimine 

Polyethylenimines, or PEIs, are cationic polymer [106] molecules made up of two aliphatic 

carbons and repeating units of amine groups. Linear polyethyleneimines (LPEIs) commonly 

synthesized through acid or amine hydrolysis in the polyoxazoline backbone and solely consist of 

secondary amino groups. On the other hand, branching polyethyleneimines (BPEIs) are generated 

through ring opening polymerization of aziridine and comprise all three types of amino 

groups.[107]. At room temperature, LPEI is solid (melting point: 73-75C), while BPEI is liquid 

(regardless of molecular weight). LPEI dissolves in ethanol, methanol, chloroform, and hot water 

with a low pH[107-109]. LPEI is generally less hazardous and has the potential for improved 

transfection efficiency, whereas BPEI has a higher chemical reactivity and can form smaller 

complexes with DNA in circumstances including salt[107, 110]. PEI has a wide range of 

applications because of its polycationic character[109]. In contrast to BPEIs, LPEIs are better able 

to adhere to a specific binding site and can easily change their geometry, as shown by the 

geographic characteristics of linear and branching PEIs. In general, PEIs' chemical properties are 

stable, and they are compatible with space. When compared to linear PEIs, branched PEIs typically 

have a negligible energy effect on the glucose oxidase enzyme (GOx)[107, 109]. PEIs have a 

widespread application such as biomedical imaging[111-114], gene delivery[109, 115, 116], 

controlled drug delivery[107, 116-118], antimicrobial agents[119-123]. In previous study, it was 

investigated that the BPEI has been involved in the antibacterial applications which was co-

synthesized to the hybrid hydrogels with polyvinyl alcohol and polydopamine[124]. Moreover, the 

BPEI was also considered to be modified with poly(L-lactic acid) to fabricate the biomedical 

scaffold[125]. As for the LPEI, it was used for the surface functionalization of hydroxyapatite and 
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the preparation of biocomposites to fabricate the biomimetic scaffolds with controlled 

interconnected macroporosity, mechanical stability, and predictable degradation behavior[126]. 

LPEI can also be used for surface functionalization of gold nanoparticles for biomedical 

applications such as biosensors[127]. However, because BPEIs are liquids at all molecular weights 

and are highly soluble in water, the EPD of pure BPEI films for biomedical applications is 

challenging. On the other hand, only secondary amines make up the chemical structure of linear 

PEI (LPEI), which is a solid [128]. LPEI was dissolved in water after being protonated in acidic 

solutions: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐻𝐻+ → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐻𝐻+ (2 − 1) 

The process of deposition involved the cataphoresis of protonated LPEI-H+ towards the 

cathode surface, where a local pH increase caused the production of LPEI films and 

deprotonation[128]. 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐻𝐻+ + 𝑂𝑂𝐻𝐻− → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐻𝐻2𝑂𝑂 (2 − 2) 

This approach made it possible to co-EPD proteins, medicines, and bioceramics with 

LPEI[128, 129]. LPEI can form soluble complexes with metal ions (Mz+) by solubilizing it in 

solutions of metal salts. The cationic complexes LPEI-Mz+ undergo cataphoresis, which is the basis 

of the deposition process. The electrosynthesis of nanostructured metal hydroxides or oxides is 

paired with cathodic deposition of LPEI in this instance: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑀𝑀𝑍𝑍+ + 𝑧𝑧𝑂𝑂𝐻𝐻− → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑀𝑀𝑂𝑂𝑍𝑍
2

+ �
𝑧𝑧
2
�𝐻𝐻2𝑂𝑂 (2 − 3) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑀𝑀𝑍𝑍+ + 𝑧𝑧𝑂𝑂𝐻𝐻− → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑀𝑀(𝑂𝑂𝐻𝐻)𝑧𝑧 (2 − 4) 
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For thin film deposition in biosensor applications, the utilization of LPEI compounds 

shows promise[129]. 

2.2. Colloid Processing Techniques: Electrophoretic Deposition and Dip 

Coating 

2.2.1. Fundamentals of Electrophoretic Deposition 

Electrophoretic deposition (EPD) is a colloidal processing technique that utilizes the 

electrophoresis mechanism to move charged particles suspended in a solution under an electric 

field. This movement allows the particles to be deposited in an organized manner on a substrate, 

resulting in the formation of thin or thick films, coatings, and free-standing bodies. The utilization 

of EPD to arrange spherical colloids into meticulously structured colloidal crystals is widely 

recognized. EPD is attracting growing interest from the materials research community, and there 

is a growing number of new applications for this technique in the processing of both traditional 

and advanced materials. The interest in EPD stems from its exceptional versatility in working with 

various materials and combinations thereof. Additionally, EPD is highly cost-effective, typically 

necessitating only basic processing equipment and infrastructure. Additionally, EPD exhibits 

significant scalability, allowing for the production of products of various sizes, ranging from 

micrometres to meters. Furthermore, it can be easily customized to accommodate different shapes 

of devices and components. EPD is typically performed in a two-electrode cell, as illustrated in 

Figure 2-1. Electrophoresis is used to move charged particles in a liquid towards the working 

electrode. The formation and growth of solid deposits on the electrode mainly occur through 

particle coagulation. EPD can be utilized on a wide range of materials that are present as fine 

particles  in colloidal suspensions. Metals, polymers, ceramics, glasses, and their composites can 

be deposited  using the technique of EPD[130]. 
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Figure 2-1 Schematic illustration of electrophoretic deposition process. (a) Cathodic EPD 
and (b) anodic EPD[131] with permission from Elsevier 

EPD is particularly important for biomedical applications because of the remarkable purity 

of the deposits and the ability to uniformly deposit them on surfaces with complex forms. EPD of 

multilayer films, which consist of individual layers with precisely regulated thickness and content, 

is especially significant for biomedical applications. Furthermore, EPD enables the production of 

films with varying composition and precise morphological control. Another advantage of 

electrophoretic deposition (EPD) for biomedical applications is the ability to deposit diverse 

organic and inorganic composites at ambient temperature[132]. 

2.2.1.1. Particles interactions: The DLVO theory and other interparticle forces 

The colloidal stability of suspensions for EPD can be analyzed by the application of 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal stability. This theory states that 

the overall interaction between colloidal particles is comprised of two components: the Coulombic 

double-layer repulsion and the Van der Waals' attraction[133]. 

The total energy VT of interaction of two isolated, identically charged particles can be 

calculated as: 
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𝑉𝑉𝑇𝑇 = 𝑉𝑉𝐴𝐴 + 𝑉𝑉𝑅𝑅  (2 − 5) 

Where VA is the attractive energy of the London-van der Waals’ interaction between two 

spherical particles and can be defined by: 

𝑉𝑉𝐴𝐴 = −
𝐴𝐴
6
�

2
𝑠𝑠2 − 4

+
2
𝑠𝑠2

+ ln
𝑠𝑠2 − 4
𝑠𝑠2

�  (2 − 6) 

Where A is the Hamaker constant, and s can be defined as: 

𝑠𝑠 = 2 +
𝐻𝐻
𝑎𝑎

(2 − 7) 

H is the shortest distance between the two particles and a is the radius of the spherical 

particles. In the case H≪ 𝑎𝑎, Eq.6 can be modified to: 

𝑉𝑉𝐴𝐴 = −𝐴𝐴
𝑎𝑎

12𝐻𝐻
(2 − 8) 

VR is the repulsive energy and can be defined as: 

𝑉𝑉𝑅𝑅 = 2𝜋𝜋𝜋𝜋𝜋𝜋0𝑎𝑎𝜓𝜓2 ln[1 + 𝑒𝑒−𝑘𝑘𝑘𝑘] (2 − 9) 

Where 𝜋𝜋 is the dielectric constant of the solvent, 𝜋𝜋0 is the vacuum dielectric permittivity, 

𝜓𝜓 is the surface potential, 1/𝜅𝜅 is the Debye length using: 

𝜅𝜅 = �
𝑒𝑒02∑𝑛𝑛𝑖𝑖𝑧𝑧𝑖𝑖2

𝜋𝜋𝜋𝜋0𝑘𝑘𝑘𝑘
�

1
2

(2 − 10) 

The parameters in the equation are defined as follows: 𝑒𝑒0 represents the charge of an 

electron, 𝑘𝑘 represents the Boltzmann constant, T represents the temperature, and 𝑛𝑛𝑖𝑖 represents the 

concentration of ions with a valence of 𝑧𝑧𝑖𝑖 . The repulsion between two colloidal particles is 

proportional to the charge of the diffuse layer on the particles. 
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Figure 2-2A illustrates the correlation between the force profiles of particle interactions 

and the distance between particles. The Van der Waals forces controlled the profiles at both long 

and short distances, whereas the double layer contribution determined the forces at the middle 

distances. Figure 2-2B demonstrates that the overall interaction energy reached a peak, known as 

an energy barrier, which hinders the aggregation of particles. The maximum point on the total 

energy curve is reached when the repulsive force between the double layers is considerably greater 

than the attractive force of Van der Waals. 

 

Figure 2-2 The force profiles (A) and the potential energy profiles (B) as functions of the 
separation distance between two particles, according to the DLVO theory[134], used with 

permission. 

The DLVO theory takes into account the influence of electrolyte ions' concentration and 

valence, as seen in the equations above. This enables precise prediction of the stability of a 

colloidal solution. The thickness of electrical double layers, as determined by the Debye length 

(1/𝜅𝜅), is influenced by the concentration of the electrolyte[133]. The DLVO theory describes that 

there is a critical electrolyte concentration at which particles aggregate. The threshold diminishes 

as the valence of the electrolyte ions with an opposing charge to that of the particles increases[133].  

The double layer force dominates in the interaction between particles when the electrolyte 

concentrations are low, or the surface charge densities are large. Conversely, the Van der Waals' 
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force governs the contact in situations when there are high concentrations of electrolytes or low 

surface charge densities. The energy profile demonstrates a peak at moderate concentrations or 

charge densities, with the highest value occurring at a separation distance around the Debye 

length[133, 134].  The energy profile peak diminishes as the electrolyte content increases. 

Coagulation is the process in which the energy barrier is eliminated[133]. 

The validity of the DLVO theory has been examined in prior scholarly works.  Nevertheless, 

there are still constraints when examining the interaction between two particles. The DLVO 

hypothesis is only applicable to systems that are highly dilute. The theory relies on the Poisson-

Boltzmann (PB) approximation, which, however, neglects the attractive ion correlation forces 

within the ion cloud. Thus, the theory is applicable solely for the examination of interactions 

among individual particles that are not connected or influenced by other factors. The phenomenon 

known as the volume exclusion effect[135, 136] results in a force of attraction between particles. 

This force of attraction results in the aggregation and flocculation of particles[137]. 

Furthermore, the DLVO theory fails to account for the impact of polymer bonding or 

adsorption on the particle surface, as it can give rise to both attractive and repulsive forces[138]. 

Upon introducing a polymer into the solution, one of two outcomes may arise: the particles either 

form a stable suspension or aggregate together[138, 139]. Steric stabilization refers to the repulsion 

force between particles induced by long-chain polymers fixed onto the particle surface, as depicted 

in Figure2-3. This repulsion force is a result of steric hindrance. The adsorption of polyelectrolytes 

enables dispersion through the combined effects of electrostatic and steric repulsion. At low 

concentrations of polymer, a single polymer chain can attach itself to many particle surfaces, 

causing a phenomenon known as "bridging flocculation" as shown Fig.2-3. In the colloidal system, 

non-adsorbing polymers may also cause depletion stabilization or depletion flocculation of the 
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particles (see Fig. 2-3)[140-142]. Prior research[139, 142, 143]indicates that dipole-dipole, 

hydrophobic, and electrostatic interactions occur between the particles and polyelectrolytes. 

 

Figure 2-3 A simplified representation of the possible effects of polymer addition on the 
stability of colloidal system[142], used with permission. 

 

Hence, the DLVO theory offers a means to regulate the stability of the colloidal system by 

manipulating factors such as electrolyte concentration and surface charge. Nevertheless, 

considering the mentioned constraints of the DLVO theory, the use of dispersing agents is a viable 

approach to enhance the stability of the colloidal system. 

2.2.1.2. Suspension stability and particle charging 

In order to sustain the suspension, a repulsion force must be generated between the particles 

that is strong enough to oppose their attraction. Three of the most common methods are 

electrostatic, steric, and electrosteric stabilization. 
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Electrostatic stability 

When the particles experience repulsion from one another due to electrostatic charges, 

electrostatic stabilization takes place. The interaction of the electrical double layers of charge 

generated surrounding each particle is what causes the repulsion. There are two different situations 

that how particles get the electrostatic charges in both non-aqueous and aqueous solutions. 

For aqueous solution: There are various ways for dispersed particles to acquire a charge on 

the surface in an aqueous liquid. They are as follows: (1) preferential ion adsorption; (2) surface 

group dissociation; (3) isomorphic substitution; and (4) polyelectrolyte adsorption. The 

preferential adsorption of ions in liquid is frequently observed for oxide particles, whereas clays 

frequently exhibit the isomorphic substitution process. It has been covered in Healy et al.’s 

research[144] that describes how common surface groups, such as sulphate, carboxyl, and 

sulfonate groups, dissociate. The charge on the particle surface and the opposing and equal 

countercharge are the two parts of charges in the electrostatically stabilized suspension. On the 

particle surface, it is presumed that the positive ions have been preferentially adsorbed. Positive 

ions on the particle surface will be neutralized by an equal amount of counterions in the absence 

of thermal motion. Nonetheless, there is enough thermal mobility to prevent the formation of a 

dense double layer. Conversely, the counterions are not permanently attached on the surface of the 

particle; rather, they move inside the media. They comprise the diffuse layer and are haphazardly 

arranged, as shown in Figure 2-4. 
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Figure 2-4 The schematic diagram of the electrical double layer associated with a 
positively charged surface in a liquid[141] 

In Figure 2-5, when one moves farther away from the surface, the ion concentration rapidly 

changes and the electrical potential decreases correspondingly. At a distance of 1/𝜅𝜅, the potential 

reduced to 1/e of the potential at the particle surface; beyond this, the potential changed very little 

as the distance increased[141]. As a result, the double layer thickness can be defined as 1/𝜅𝜅, also 

known as the Debye length. For the examination of the electrical double layer, 1/𝜅𝜅 frequently used 

Eq. (2-10) in section 2.2.1 states that a number of experimental parameters determine the size of 

the double layer. Modifying these values can affect the strength of the double layer repulsion and, 

consequently, the stability of the suspension[141]. 

 

Figure 2-5 The electrical potential as a function of distance from the surface[141] 
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When two particles in the solution come into touch, the diffuse double layers will start to 

overlap. The contact between the double layers causes a repulsion between these two particles as 

a result. If the repulsion is strong enough to oppose the Van der Waals force that is attracting, a 

stable suspension will form. 

For non-aqueous solution: Theoretically, the dielectric constant (𝜋𝜋) of the medium, which 

specifically affects stability via the stabilizing electrolyte's degree of dissociation, has a significant 

impact on the amount of electrostatic stabilization in non-aqueous liquid. A precise number of ions 

in the liquids similarly generate a sufficient repulsion force, except for the charge of the particles. 

The ionic strengths in non-aqueous media are frequently much lower than 10-6 M, their dielectric 

constant is comparatively low, and the electrolytes in those liquids cannot completely dissociate. 

In the non-aqueous media, there are very few charges present. Thus, in such a non-aqueous liquid, 

the charged and scattered particles are surrounded by the extended ionic layers and sit on the 

double layers of each other, unless the particle concentration is very low[145-148]. The interaction 

of multiple layers of particles in non-watery liquids is comparable to electrostatic repulsion in 

aqueous media. Because it influences the interaction in two ways—indirectly affecting the 

dissociation of electrolytes and directly measuring the solvent's screening of charges—the 

dielectric constant is a crucial metric in this situation. It is believed that in a liquid with a low 

dielectric constant, electrostatic repulsion is insufficient to produce suspension stability[149]. 

Three conditions need to be satisfied for the colloidal particles to stop coagulating irreversibly. (1) 

Enough charge must be applied to the particles. (2) There need to be a moderate amount of ions. 

If there are more ions than are needed, the double layer will be completely squeezed, but the 

potential decay surrounding the particles can be steepened. (3) A position must be determined 

where the electrostatic repulsion surpasses the attractive van der Waals' force. The Liftshitz theory 
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can be used to calculate the van der Waals attraction between particles in a medium with a low 

dielectric constant [150]. The van der Waals attraction between particles in mediums with a low 

dielectric constant is comparatively minimal when compared to water. Consequently, in the non-

aqueous medium with low dielectric constant, repulsive pair interaction can be achieved with a 

reduced energy barrier. 

Steric Stability 

Steric stabilization, as illustrated in Figure 2-6, is a representation of colloidal stabilization, 

which is accomplished by the interaction between uncharged polymer chains adsorbed onto 

particle surfaces[151]. 

 

Figure 2-6 Schematic representation of steric stabilization of metal colloid particles[152], 
used with permission 

In contrast to electrostatic stabilization, which is achieved by the interaction of charged 

particles, steric stabilization is facilitated by interactions among polymer chains, the nature of 

which is dictated by the chains' configurational entropy. Although steric stabilization is frequently 
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linked to particles in organic solvents, it can still work effectively in aqueous solutions. Nowadays, 

steric stabilization is used in the manufacturing of many different items, such as paints, inks, 

coatings, and medications. It is frequently used in ceramics processing to create stable suspensions 

during the consolidation of ceramic powders using casting techniques like tape casting and slip 

casting. In order to minimize the risk of desorption, the polymer chains must be well adsorbed 

onto the particle surface. Secondly, the adsorbed layer must be thick enough to provide enough 

repulsion force when the particles approach one another in order to achieve effective steric 

stabilization[141]. 

Electrosteric stabilization 

Electrostatic and steric repulsion are combined in electrosteric stabilization (Figure 2-7). 

Adsorbed polymers must exist, and there must be a significant double layer repulsion[152]. 

 

Figure 2-7 Schematic representation of electrosteric stabilization of metal colloid 
particles[152], used with permission 

In most cases, electrosteric stabilization is connected to suspensions in aqueous media. 

Nevertheless, several studies have indicated that it is also possible to accomplish electrosteric 

stabilization in certain non-aqueous liquids[153]. Using polyelectrolytes with at least one ionizable 
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group—such as a carboxylic or sulfonic acid group—that can dissociate to produce charged 

polymers is a popular technique for electrosteric stabilization in aqueous media. 

The dissociation and adsorption of polymers are greatly influenced by the characteristics 

of the solvent as well as the surface of the particle. The structures of two popular polymers—poly 

(methacrylic acid) (PMAA) and poly (acrylic acid) (PAA)—for electrosteric stabilization are 

shown in Figure 2-8. The following equation,  

𝑋𝑋 − 𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂 ⇌ 𝑋𝑋 − 𝐶𝐶𝑂𝑂𝑂𝑂− + 𝐻𝐻3𝑂𝑂+ (2 − 11) 

where X denotes PMAA or PAA's primary structure without the carboxylic group chain, 

describes the dissociation reaction. The pH and ionic concentration of the solution determine how 

much of the functional groups are dissociated and non-dissociated. 

 

Figure 2-8 Schematic diagram showing the polymer segments of poly(methacrylic acid) 
(PMAA) and poly(acrylic acid) (PAA)[154], used with permission 

Block copolymers, graft copolymers, and homopolymers like poly (acrylic acid) can all be 

used for electrosteric stabilization. In the business, polyelectrolytes are frequently used to create 

extremely concentrated ceramic suspensions (more than 50% particles by volume), which are then 

burned and condensed to create dense products. 

2.2.1.3. Biomimetic Dispersing Agents 
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Charged or uncharged organic molecules or polymers are employed as dispersing agents 

to boost a colloid's overall stability[155]. They are extensively utilized in numerous industries, 

such as paint, personal cosmetics, and home cleansers, for a wide range of purposes. Dispersing 

agents have played an essential part in the progress of EPD processing in the past ten years. 

However, there has been a growing pursuit of novel organic molecules that possess the ability to 

both charge and disperse a wide range of inorganic particles or functional organic materials [156]. 

It can be difficult to develop new dispersants for biomedical applications because there are a lot 

more factors, such as toxicity and biocompatibility, to take into account than in ordinary uses. One 

method uses natural or biomimetic surfactants and draws inspiration from mother nature. Bile 

acids and their salts, as well as compounds from the catechol family, are two examples of 

biomimetic dispersion agents. When creating novel biomaterials, it is helpful to use a biomimetic 

approach because biomimetic molecules frequently overcome the limitations imposed during 

material selection and possess intriguing characteristics like ultra-high adhesion or the capacity to 

self-assemble into complex structures only seen in nature. 

Catechol-based dispersants for metal oxides particles 

The investigation of the process of mussel adhesion to various surfaces provided a new 

avenue for research on sophisticated dispersing agents that could be firmly fixed onto the particle 

surface[157, 158]. According to earlier research, protein macromolecules containing the catecholic 

amino acid L-3,4-dihydroxyphenylalanine (DOPA) are involved in the strong mussel adhesion. 

The main advantages of catechol chemistry are its good binding strength in wet environments and 

wide range of substrates[159]. The OH group of the catechol ligands complexes with metal atoms 

on material surfaces, which is the mechanism responsible for mussels' adherence (Figure 2-9). 
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Figure 2-9 Schematic of mussel adsorption and chemical structure of catechol[156], used 
with permission. 

Here, the catechol-based compounds' structures and adsorption processes are explained 

(Figure 2-10). A catechol is a phenolic group, an unsaturated six-carbon ring with two OH groups 

attached to neighbouring carbon atoms. DOPA is a member of the catechol group. A catechol 

ligand as well as extra carboxylic and amino groups are present in the chemical structure of DOPA 

(Figure 2-10). This molecule exhibits bidentate interfacial interactions with metal ions on various 

surfaces and zwitterionic characteristics. The zwitterionic characteristics of DOPA make it 

challenging to apply as charging agents for EPD, however research on other catechol-based 

compounds has been prompted by the study of DOPA adsorption. 
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Figure 2-10 Structure of molecules from catechol family[156], used with permission 

The two OH groups of the catechol ligand, whose adsorption is dependent on the chelating 

process, are present in the dopamine structure (Figure 2-10). In inorganic acids, the amino group 

is protonated. Dopamine exhibits cationic characteristics in acid as a result. In simple liquids, 

dopamine self-polymerizes, a process that was utilized to create polydopamine coatings. Strong 

adherence is exhibited by polydopamine to a variety of substrates, including Pt, TiO2, stainless 

steel, and other materials[156]. When it comes to the EPD of ceramic particles, dopamine can be 

employed as a dispersing and charging agent. It can also be used with the EPD of cationic 

polyelectrolytes to create organic-inorganic composites[160].  

For stainless steel, caffeic acid (CFA) can function as a highly effective green corrosion 

inhibitor. The molecular structures of CFA and DOPA are comparable (Figure 2-10). The anionic 

characteristics of CFA are linked to the carboxylic group's dissociation. In a variety of liquids, the 

robust adsorption of CFA has been observed on inorganic surfaces such as stainless steel, TiO2, 

MnO2[161, 162]. The adsorption of CFA involves both carboxylic (Figure 2-11) and phenolic 

bonding sites.[163] Mechanisms for bidentate bridging bonding (Figure 2-11b) and bidentate 
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chelating bonding (Figure 2-11a) were proposed[164, 165]. Depending on the makeup of the 

adsorbent materials, the adsorption may entail either outer sphere bonding (Figure 2-11b) or inner 

sphere bonding (Figure 2-11b). It was discovered that CA can be utilized in the anodic deposition 

of composite films as a co-dispersant. 

 

Figure 2-11 Suggested adsorption mechanisms of caffeic acid: (a) bidentate chelating 
bonding, (b) bidentate bridging bonding (inner sphere), (c) bidentate bridging bonding (outer 

sphere) of catechol group, (d) adsorption, involving a carboxylic group[156], used with 
permission 

The chemical structures of the catechol family members 3,4-dihydroxybenzoic acid (DHB), 

3,4-dihydroxyphenylacetic acid (DHP), and 3,4-dihydroxyhydrocinnamic acid (DHC) are shown 

in Figure 2-10. These compounds' anionic properties are partly due to the carboxylic groups. On 

metal salts, they exhibit high adsorption as well. These three compounds show promise as 

dispersing and charging agents for electrophoretic deposition (EPD) of various oxide materials 

from suspensions in ethanol, according to recent investigations[166, 167]. In particular, the studies 

showed that DHB and DHP strongly adsorbed to TiO2 nanoparticles. Research also showed that 
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additional compounds with a similar structure, including gallic acid, can be employed for material 

EPD[168]. 

Bile Acids and Bile Acid Salts 

Anionic biosurfactants with physiological significance, bile acid salts (BAS) are involved 

in numerous metabolic processes. Lipids, vitamins, cholesterol, and other useful biomolecules are 

all solubilized by BAS. BAS are hydrophobic and hydrophilic steroid compounds having SO3
- or 

COO- anionic groups on the hydrophilic side. Commercial BAS synthesis and its applications in 

the engineering and biomedical industries have attracted a lot of attention lately. There is growing 

interest in BAS's interactions with other materials and the creation of mixed micelles. Different 

materials become more soluble and dispersed as a result of these interactions. Experiments on the 

solubilization of medicines in water are particularly interesting because they offer a platform for 

the creation of novel drug delivery systems. Excellent dispersion of hydrophobic materials, 

including graphene, carbon nanotubes, diamonds, and polymers, was made possible by BAS, for 

use in biosensors and biomedical implants. By preventing defect development in the conductive 

carbon network, the surface modification and dispersion of carbon nanotubes using adsorbed BAS 

provides advantages over chemical functionalization approaches for biosensor applications. The 

amphiphilic structure of BAS governs its gel-forming capabilities and aids in the production of 

composite gels. Drug delivery is one area in which BAS gels have numerous significant uses[169].  

In particular, BAS are crucial for electrophoretic deposition (EPD). Many articles in the 

past have demonstrated the success of bile acids and bile acids salts as dispersing agents. It has 

been proved that the composite films could be obtained by using tetracycline and ibuprofen as 

model drugs with commercial BAS[170]. Polymers such as PVDF also can be solubilized by 

BAS[171] and inorganic materials like multiwalled carbon nanotubes (MWCNT) [172] can be 
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dispersed by BAS as well. BAS show great promise in material surface modification and 

composite film manufacturing for biological applications. 

2.2.2. Dip coating 

Dip coating is an incredibly easy, affordable, and repeatable method. Figure 2-12 is an 

illustration of the dip coating procedure[173]. The substrate must first be submerged in a solution 

containing coating component particles in order to begin the dip coating process. The next step is 

to retreat into an environment that contains water vapour at a steady speed. Afterwards, the 

substrate's surface is covered uniformly with a liquid coating. After drying at room temperature, 

the volatile solvents can be eliminated and some chemical processes that could result in the 

creation of films [173]. Following that, the coating typically requires heat treatment to harden it or 

change its chemical composition[173].  

 

Figure 2-12 Graphical representation of dip coating technique[173], used with permission 

The liquid characteristics in the dip coating process determine the quality and functionality 

of the deposited coatings. Thus, it is crucial to choose solvents and solutes carefully. First, one 

crucial element that must be taken into account is solvent volatility. In addition to allowing the 

liquid film to appropriately level off, moderate volatility can minimize the drying time. Secondly, 

the liquid should flow uniformly and the substrate should be fully wetted when the surface tension 
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is low enough. Short-chain aliphatic alcohols, like ethanol, isopropanol, and n-propanol, are 

frequently chosen as solvents for dip coating based on the criterion[174]. Beyond that, the 

performance of the deposition is frequently customized by combining different solvents[174, 175]. 

The choice of solute is far more complicated. The solute needs to be able to dissolve at the right 

concentration first. For instance, it is challenging to provide adequate substrate coverage while 

utilizing diluted polymer solutions. Second, as the solvent evaporates, the solute tends to hydrolyze 

into an amorphous gel film rather than crystallize or precipitate[174]. More than that, because of 

their potent film-forming and binding qualities, high molecular weight polymers are recommended. 

The coating thickness can be predicted using the below Landau-Levich equation: 

ℎ = 0.94(𝜂𝜂𝜂𝜂)
2
3 𝛾𝛾𝐿𝐿𝐿𝐿

1
6 (𝜌𝜌𝜌𝜌)1 2⁄� (2 − 12) 

where g stands for gravity, h for coating thickness, 𝜂𝜂 for liquid viscosity, U for withdrawal 

speed, γLV for liquid-vapor surface tension, and 𝜌𝜌 for sol-specific gravity. This equation states that 

thicker films are produced by increasing viscosity and withdrawal speed, however coating 

thickness is reduced by the subsequent drying and sintering processes. Hijon[176] and 

Mohseni[177] assert that another significant element affecting the thickness and homogeneity of 

the as-deposited thin coating is the suspension's concentration. The layer that forms is thinner and 

the adhesion between the coating and substrate is higher at lower concentrations. As a result, in a 

particular system, the coating liquid concentration and withdrawal speed can both regulate the 

thickness of formed films. In a colloidal system, films as thin as 1 nm can be created, and the 

coating of an organic-inorganic composite can attain a thickness of multiple microns due to the 

network's increased flexibility and decreased shrinkage[174]. Thick films can also be obtained via 
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the dip coating procedure through multiple depositions. Furthermore, a laminate including various 

coating materials can be constructed using this technology. 

Consequently, for a high-quality film to be produced during the polymer coating process, 

a high molecular weight polymer that is highly soluble as the solute and a blend of several solvents 

as the solvent are required. Furthermore, the multiple deposition approach makes it possible to 

create laminates with several functional layers made of various materials. 

2.3. Objectives 

The main goal of my research is to develop new colloidal and electrochemical techniques 

to create advanced nanocomposite coatings for biomedical applications. These coatings will have 

multiple functions, such as preventing infections and enhancing the compatibility and performance 

of medical devices. The research will focus on three key areas to achieve this goal: 

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

size of inorganic nanoparticles. 

2. Development of advanced solubilization and deposition methods for commercially 

available water-insoluble drugs and polymers for the fabrication of drug-containing 

coatings to prevent surgical infection. 

3. Develop biopolymers and polymeric hydrogels for the fabrication of novel 

biomaterials for biomedical applications. 
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Chapter 3 Deposition of Organic-Inorganic Nanocomposite 

Coatings for Biomedical Applications 

3.1.  Abstract 

Polymethylmethacrylate (PMMA) is a material of choice for many biomedical coating 

applications. However, such applications are limited due to the toxicity of the traditional solvents 

used for the solution processing of PMMA coatings and composites. This problem is addressed 

using an isopropanol-water co-solvent, which allows for the dissolution of high molecular mass 

PMMA and the fabrication of coatings by a dip-coating method from concentrated PMMA 

solutions. The use of the co-solvent offers a versatile strategy for PMMA solubilization and coating 

deposition, despite the insolubility of PMMA in water and isopropanol. Composite coatings are 

obtained, containing hydroxyapatite, silver oxide, zinc oxide, micron size silica and nanosilica. 

Such coatings are promising for the manufacturing of implants with enhanced biocompatibility, 

bioactivity and antimicrobial properties and the fabrication of biosensors. Ibuprofen, tetracycline 

and amoxicillin are used as model drugs for the fabrication of PMMA-drug composite coatings for 

drug delivery. The microstructure and composition of the coatings are analyzed. The versatile dip-

coating method of this investigation provides a platform for various biomedical applications. 

3.2.  Introduction 

Polymethylmethacrylate (PMMA) is widely used for various applications in optical 

devices, solar cells, batteries and supercapacitors [1–4]. PMMA is a material of choice for various 

biomedical applications in dental implants, orthopedic devices and biosensors [1,5–7]. The interest 

in PMMA for biomedical applications is attributed to its biocompatibility, chemical stability and 

good mechanical properties [1]. Many investigations reported the development and successful 
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applications of PMMA composites for the controlled delivery of drugs [1,8], cranioplasty [9], 

biomedical implants [10] and bone and dental cements [1,11,12]. Composite materials containing 

TiO2 [13], Al2O3 [14], hydroxyapatite [15,16] and bioglass [17] were developed. Such composites 

showed enhanced biocompatibility, bioactivity and enhanced mechanical and other functional 

properties. PMMA composite films and coatings have generated significant interest, which was 

fueled by various applications. PMMA composite coatings containing bioactive ceramics were 

developed [18]. PMMA coatings and films provided a platform for advanced drug delivery 

applications [19,20]. PMMA exhibits remarkable properties for thin film applications in eye lenses 

[21,22] and thin film biosensors [23,24]. PMMA films and coatings were deposited by plasma 

polymerization [25] and laser evaporation [18]. Many investigations focused on the development 

of solution deposition techniques, such as solution polymerization [26], electrophoretic deposition 

[27], sol-gel deposition [28], spin coating [29] and dip coating [30–32]. Various solvents were used 

for PMMA, such as toluene, benzene, methyl ethyl ketone and other organic solvents, which are 

carcinogenic and toxic. The application of such solvents for biomedical applications presents 

difficulties, because solvent molecules can remain adsorbed on the surface or in the bulk of the 

PMMA coatings. 

Recent studies showed that dip coating of PMMA can be performed using a mixed 

isopropanol-water co-solvent [33]. Despite the PMMA insolubility in individual solvents, such as 

water and isopropanol, solutions of high molecular mass PMMA with high concentration were 

prepared. The use of such solutions was a key factor for successful film deposition by a dip coating 

method [33]. It should be noted that isopropanol offers benefits for film deposition for biomedical 

applications due to low evaporation temperature and miscibility with water. Isopropanol has been 

utilized in many studies focused on the manufacturing of coatings and thin films for biomedical 
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applications and offered the advantage of low cytotoxicity compared to other organic solvents [34–

38]. Good cell proliferation and attachment were observed on the surfaces of the coatings prepared 

using isopropanol [39–41]. The investigations focused on applications of isopropanol for protein 

purification and extraction [42], the fabrication of fibrous implant materials for tissue engineering 

[43], the manufacturing of scaffolds for wound healing [44] and the development of thin films for 

controlled drug delivery [45]. Therefore, the further development of dip coating from a mixed 

water-isopropanol solvent is a promising strategy for the fabrication of composites containing 

different functional materials for biomedical applications. The goal of this investigation was the 

fabrication of composite coatings containing different functional biomaterials in the PMMA matrix 

using a water-isopropanol co-solvent. We targeted the fabrication of organic–inorganic composites 

containing bioactive ceramics, such as hydroxyapatite, silica and materials with antimicrobial 

properties, such as Ag2O and ZnO. Moreover, the fabrication of PMMA-ZnO composite coatings 

paves the way for the development of biosensors. Ibuprofen, tetracycline and amoxicillin were 

used as model drugs for the fabrication of coatings for drug delivery. The results presented below 

showed that the dip coating method is a versatile strategy for the development of composite 

coatings. 

3.3.  Experimental 

Poly(methyl methacrylate) (PMMA, MW = 350,000, Aldrich, Oakville, ON, Canada), ZnO, 

Ag2O, nanosilica, isopropanol, ibuprofen, tetracycline and amoxicillin were received from the 

MilliporeSigma company. Micron size silica was obtained from PCR Inc. Hydroxyapatite (HA) 

nanoparticles were prepared by a chemical precipitation method, as described in previous 

investigations [46,47]. PMMA was dissolved in a mixture of water and isopropanol (20% water) 

at 50 ◦C, and the obtained solution was cooled to room temperature. The substrates for coating 
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deposition were stainless steel foils (304 type, area 30 × 50 mm, thickness 0.1 mm). It should be 

noted that PMMA can also be dissolved in ethanol-water mixtures. However, the isopropanol-

water solvent allowed for better PMMA solubility. Dip coating was performed at a substrate 

withdrawal speed of 10 mm min−1 from 10 g L−1 PMMA solutions without and with other 

functional materials for biomedical applications. The concentrations of such materials in the 10 g 

L−1 PMMA solutions were 5 g L−1 ZnO, HA, micron size silica and nanosilica, ibuprofen, 

tetracycline, amoxicillin and 0.5 g L−1 Ag2O. The thickness of the as-deposited and room-

temperature-dried monolayer coatings was 2–3 μm. Coating annealing was performed at 200 ◦C 

for 1 h. The coating microstructure was examined using a JEOL SEM (scanning electron 

microscope, JSM-7000F). The coating composition was examined using a Bruker Smart 6000 X-

ray diffractometer (XRD, CuK radiation). Thermogravimetric analysis (TGA, thermoanalyzer 

Netzsch STA-409) was carried out in air at a heating rate of 5 ◦C/min. For the TGA investigations, 

the deposits were removed from the substrates. A Bruker Vertex 70 spectrometer was used for the 

Fourier Transform Infrared Spectroscopy (FTIR) experiments. 

3.4.  Results and Discussion 

Figure 3-1 shows SEM images of PMMA coating prepared from 10 g L−1 PMMA solution. 

The microstructure of the as-deposited coating contained porous surface island networks formed 

on a relatively dense layer (Figure 3-1A). Such microstructure can result from the Stranski–

Krastanov mode of film growth [48]. It should be also noted that PMMA is soluble in the 

isopropanol-water mixture in a narrow water concentration range. Therefore, a faster isopropanol 

evaporation rate during drying can result in a change in the solvent composition and precipitation 

of PMMA particles in the surface layer to form a porous network. Annealing resulted in the film 

melting and formation of dense coatings. 
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Figure 3-1 SEM images of PMMA coating: (A) as-deposited and room-temperature-
dried, (B) annealed at 200 ◦C. 

PMMA was successfully co-deposited with inorganic materials. Figure 3-2 shows SEM 

images of as-deposited and annealed coating prepared from 10 g L−1 PMMA solutions containing 

0.5 g L−1 Ag2O, 5 g L−1 HA and 5 g L−1 ZnO. The interest in polymer coatings containing Ag2O is 

attributed to the antimicrobial properties of Ag2O [49,50]. Therefore, small additives of Ag2O can 

be beneficial for biomedical applications of PMMA coatings. ZnO is widely used for the 

fabrication of biosensors. This strategy is based on the relatively high isoelectric point of ZnO, 

which was reported to be about pH = 9 [51]. Electrostatic interactions of ZnO with various 

biosensing molecules, which have a low isoelectric point and negative charge at pH = 7, facilitated 

the immobilization of such molecules on the positively charged ZnO particles [51]. The 

antimicrobial properties of ZnO particles are important for biomedical applications [52,53]. HAP 

is widely used for implant applications because its chemical composition is similar to that of the 

mineral part of natural bone [54–56]. The concentration of ZnO and HA in the suspensions was 

larger than the Ag2O concentration in order to achieve a larger content of ZnO and HA in the 

coatings. A larger HA and ZnO content is necessary for the fabrication of bioactive coatings based 

on HA [57] and the immobilization of biosensing molecules in coatings based on ZnO particles 
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[51]. The as-deposited PMMA-Ag2O, PMMA-ZnO and PMMA-HA coatings were porous (Figure 

2). Annealing resulted in reduced coating porosity. The relatively high porosity of as-deposited 

PMMA-ZnO and PMMA-HA coatings resulted from the packing of ZnO and HA particles. The 

HA particles had a needle shape. The SEM images of annealed PMMA-ZnO and PMMA-HA 

coatings showed ZnO and HA particles on the coating surface. The annealed films were crack free 

and relatively dense. The polymer acted as a binding and film-forming agent. The fabrication of 

PMMA-silica coatings was motivated by their applications for the corrosion protection of 

biomedical implants with enhanced biocompatibility [58]. Figure 3-3 shows SEM images of as-

deposited and annealed PMMA-silica coatings. The SEM images of as-deposited coatings showed 

particles of micron size silica and nanosilica. Annealing resulted in the formation of relatively 

dense coatings containing silica particles in the PMMA matrix. The nanosilica nanoparticles were 

incorporated into the PMMA matrix as individual particles or agglomerates. 
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Figure 3-2 SEM images of (A,B) PMMA-Ag2O, (C,D) PMMA-HA and PMMA-ZnO 
coatings, (A,C,E) as-deposited and room-temperature-dried, (B,D,F) annealed at 200 ◦C. 
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Figure 3-3 SEM images of (A,B) PMMA-micron size composites and (C,D) PMMA-
nanosilica composites, (A,C) as-deposited and room-temperature-dried, (B,D) annealed at 200 ◦C. 

The XRD and TGA methods were used for the analysis of the composite coatings. Figure 

3-4a shows relatively broad peaks of pure PMMA. 
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Figure 3-4 X-ray diffraction patterns of (a) as-received PMMA, and composites (b) 
PMMA-ZnO, (c) PMMA-HA, (d) PMMA-Ag2O and (e) PMMA-HAP-Ag2O, ▼—JCPDS file 

04-020-9583, ▲—JCPDS file 04-008-4759, ●—JCPDS file 00-041-1104, ♦—PMMA. 

XRD studies showed that the composite PMMA-ZnO, PMMA-HAP and PMMA-Ag2O 

coatings exhibited peaks of ZnO (Figure 3-4b), HA (Figure 3-4c) and Ag2O (Figure 3-4d), 

respectively. Moreover, X-ray diffraction studies (Figure 3-4e) showed that the deposition from 10 

g L−1 PMMA solutions containing 5 g L−1 HA and 0.5 g L−1 Ag2O resulted in the fabrication of 

composite coatings containing HA and Ag2O. Such coatings can potentially be used for the 

fabrication of biomedical implants with enhanced bioactivity and antimicrobial properties. The 

XRD studies also confirmed the fabrication of composite PMMA-silica coatings. Figure 3-5 

compares the X-ray diffraction patterns of nanosilica, micron size silica and PMMA with the X-

ray diffraction patterns of PMMA composites containing nanosilica and micron size silica. The X-
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ray diffraction patterns of individual materials showed broad peaks, and the composite materials 

showed peaks of both PMMA and silica, confirming the fabrication of composites. 

 

Figure 3-5 X-ray diffraction patterns of (a) PMMA, (b) micron size silica, (c) PMMA-
micron size silica, (d) nanosilica and (e) PMMA-nanosilica (●—silica, ♦—PMMA). 

The results of TGA studies of the composite coatings are presented in Figure 3-6. It is 

known [59] that the decomposition of PMMA in air occurs in the temperature range of 250–400 

◦C. 
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Figure 3-6 TGA data for (A) PMMA-HA, (B) PMMA-Ag2O, (C) PMMA-ZnO, (D) 
PMMA-micron size silica and (E) PMMA-nanosilica composites. 

The TGA data for PMMA-HA showed a small variation the sample mass below 300 ◦C and 

sharp reduction in the sample mass at higher temperatures due to the burning out of PMMA. The 

total mass loss at 1000 ◦C was found to be 61%, which indicated that the HA content in the 

composite was 39%. The TGA data for PMMA-Ag2O showed weight losses at lower temperatures, 

which included two steps. A weight loss can result from dehydration, the decomposition of Ag2O 

[60] and the burning out of PMMA. The total mass loss at 1000 ◦C was found to be 94%. The 

decomposition of PMMA and Ag2O was observed [59,61] at temperatures above 200 ◦C. Therefore, 

weight loss in the range of 80–120 ◦C for PMMA-Ag2O can be attributed to dehydration. It is in 

this regard that porous and composite materials can accumulate a significant amount of water 

during synthesis [62–65]. Therefore, the drying of PMMA-Ag2O coatings at temperatures of 60–

100 ◦C can be beneficial for antimicrobial applications. The TGA studies of the PMMA-ZnO, 

PMMA-micron size silica and PMMA-nanosilica showed a sharp reduction in mass loss at 

temperatures above 250–300 ◦C, and total mass loss was 32, 64 and 81%, respectively. The content 
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of ZnO, micron size silica and nanosilica in the composite coatings was found to be 68, 36 and 

19%, respectively. Therefore, the results of the XRD and TGA studies confirmed the formation of 

composite coating by a dip-coating method. The difference in the thermal behavior of the 

composites can result from different factors, such as different concentrations of inorganic 

components, silver reduction, different amounts of adsorbed water, the influence of the inorganic 

phase on the burning out of polymer and other factors. The dip coating methods allowed for the 

fabrication of composite coatings containing drugs of different types. Ibuprofen, tetracycline and 

amoxicillin were used as model drugs of different types for the development of the dip coating 

method. Figure 3-7 shows SEM images of the composite coatings. The coatings show porous 

microstructures, which are beneficial for the drug release. Moreover, the biodegradability of 

PMMA is another beneficial factor for drug delivery [66]. 

 

Figure 3-7 SEM images of as-deposited and room-temperature-dried coatings: (A) 
PMMA- ibuprofen, (B) PMMA-tetracycline and (C) PMMA-amoxicillin coatings. 

The co-deposition of PMMA with drugs was confirmed by the XRD data presented in 

Figure 3-8. The X-ray diffraction patterns showed peaks of the drug materials. 
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Figure 3-8 X-ray diffraction patterns of (a) PMMA-amoxicillin, (b) PMMA-ibuprofen 
and (c) PMMAtetracycline; major XRD peaks are labeled: ▲—peaks corresponding to JCPDS 

file 00-039-1832 of amoxicillin, ●—peaks corresponding to JCPDS file 00-032-1723 of 
ibuprofen,♦—peaks corresponding to JCPDS file 00-039-1985 of tetracycline. 

The fabrication of the composite coatings was also confirmed by the results of FTIR 

spectroscopy. Figure 3-9 compares the FTIR spectra of as-received PMMA and drugs with the 

FTIR data for PMMA coatings containing drugs. The most intense bands in the spectrum of PMMA 

at 1703, 1230 and 1068 cm−1 are attributed to the carbonyl –C=O stretching, C–C–C stretching 

and skeletal rocking vibration of the polymer backbone, respectively [67]. The absorptions in the 

range of 1500–1400 cm−1 are related to the bending of the CH2, CH3 and OCH3 groups [67]. 

Similar absorptions were observed in the spectra of PMMA-ibuprofen, PMMA-tetracycline and 

PMMA-amoxicillin coatings. The FTIR spectra of ibuprofen [68] showed vibrational peaks at 935 

cm−1, which resulted from the O–H bending group of ibuprofen. Carbonyl stretching vibration 

(C=O) is observed at 1718 cm−1, which corresponds to the carboxyl group (COOH) of ibuprofen. 
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C–O stretching vibration is seen at 1230 cm−1. Such absorptions were observed in the spectrum of 

PMMA-ibuprofen. The main characteristic peaks of tetracycline [69] are located in the range of 

1200–1700 cm−1. The peak at 1575 cm−1 is attributed to the vibration of NH2 amide [69]. The peak 

at 1446 cm−1 can be assigned to the C-ring-C stretching vibration [69]. Such peaks were observed 

in the spectrum of PMMA-tetracycline. The FTIR spectrum of amoxicillin [70] showed a C=O 

stretching band at 1772 cm−1, a C=O stretching band of amide at 1683 cm−1 and absorption due to 

the asymmetric stretching of carboxylate at 1573 cm−1. Additionally, the C-O bending vibration 

peak was observed at 1076 cm−1. Similar peaks were observed in the spectrum of PMMA-

amoxicillin. 

 

Figure 3-9 FTIR spectra of (a) as-received PMMA (b) as-received ibuprofen, (c) PMMA-
ibuprofen, (d) asreceived tetracycline, (e) PMMA-tetracycline, (f) as-received amoxicillin and 

(g) PMMA-amoxicillin. 
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The experimental results described above confirmed the fabrication of composite coatings. 

The dip coating method developed in this investigation is a versatile strategy for the fabrication of 

composite coatings containing functional biomaterials of different types. Compared to other 

coating techniques, such as knife-coating or bar coating, dip coating involved the use of low-cost 

equipment. The isopropanol-water solvent offers benefits because the use of traditional toxic 

solvents for PMMA dissolution was avoided. The coatings obtained in this investigation provide 

a platform for the fabrication of implants with enhanced biocompatibility and antimicrobial 

properties, coatings for drug delivery and biosensors. 

3.5.  Conclusions 

The ability to eliminate the use of traditional toxic solvents for PMMA offers benefits for 

the fabrication of composite coatings for biomedical applications. PMMA and composite coatings 

were obtained using a water-isopropanol solvent, avoiding the use of traditional toxic solvents. 

The dip coating method is a versatile strategy for the fabrication of composite coatings containing 

various functional materials, such as bioceramics, antimicrobial agents and drugs. PMMA coatings 

containing hydroxyapatite and silica are promising for the fabrication of biomedical implants with 

enhanced bioactivity and biocompatibility. The incorporation of materials with antimicrobial 

properties, such as Ag2O and ZnO, into the PMMA matrix can potentially impart antimicrobial 

properties to the composite coatings. PMMA-ZnO coating can provide a platform for the 

immobilization of biosensing molecules and the fabrication of biosensors. PMMA-drug composite 

coatings offer potential for drug delivery. The dip coating method is a simple, low-cost technique, 

ideally suitable for multilayer processing. Therefore, further development of this method can result 

in advanced microstructures containing layers of different functional materials. It is expected that 
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future progress in this method will result in the deposition of new coatings containing other 

functional biomaterials for various applications. 
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Chapter 4 Surfactants for Electrophoretic Deposition of 

Polyvinylidene Fluoride–Silica Composites 

4.1.  Abstract 

This investigation is motivated by the numerous advantages of electrophoretic deposition 

(EPD) for the fabrication of polyvinylidene fluoride (PVDF) and composite coatings and the 

various applications of such coatings. It is demonstrated that gallic acid (GA), caffeic acid (CFA), 

cholic acid (CA) and 2,3,4 trihydroxybenzoic acid (THB) can be used as charging and dispersing 

agents for the EPD of PVDF. The deposition yield of PVDF increases in the following order: THB 

< CFA < CA < GA. Test results indicate that the chemical structure of the dispersants exerts 

influence on the deposition efficiency. Potentiodynamic and impedance spectroscopy studies show 

the corrosion protection properties of PVDF coatings. GA is used for the co-EPD of PVDF with 

nanosilica and micron-size silica. The silica content in the composite coatings is varied by the 

variation of silica content in the suspensions. The ability to use GA as a charging and dispersing 

agent for the co-EPD of materials of different types paves the way for the fabrication of advanced 

organic–inorganic composites using EPD. 

4.2.  Introduction 

Electrophoretic deposition (EPD) is an important technique for the surface modification of 

materials [1–3]. This technique is of particular interest for biomedical applications [4–7] due to 

the high purity of the deposited materials and the possibility of uniform deposition on complex 

shape substrates. Investigations focused on the development of advanced EPD bath formulations 

[8–10], particle charging additives [11], deposition kinetics and mechanisms [12–14]. Many 

investigations were performed on the EPD of organic–inorganic composites containing inorganic 
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particles in a polymer matrix [4–6,15,16]. Significant interest has been generated in the use of 

biosurfactants for the fabrication of colloidal suspensions and the EPD of different materials [17–

20]. The chemical structure of surfactants is an important factor controlling their adsorption on 

particles and the efficiency of particle dispersion [21–23]. A dispersant adsorbed on a particle’s 

surface imparts an electric charge to the particles and allows for their electrophoretic transport to 

the electrode [24]. One of the challenges in the EPD technology is the charging, dispersion and 

deposition of chemically inert polymers. Another challenge is related to the co-deposition of such 

polymers with inorganic materials. Difficulties are related to the poor adsorption of traditional 

surfactants on the surfaces of such polymers and the selection of charged co-dispersants for the 

co-deposition of polymers with inorganic nanoparticles. However, there is a need in the 

development of EPD for the fabrication of composites, based on chemically inert advanced 

functional polymers, such as polyvinylidene fluoride (PVDF). PVDF is a chemically inert polymer, 

which shows good resistance to inorganic and organic acids, various solvents and chemicals [25–

27]. This polymer exhibits ferroelectric and piezoelectric properties, mechanical strength and low 

flammability [28–31]. Many PVDF applications involved the use of thin films and coatings [32–

34]. Thin films were used for piezoelectric actuators and transducers, pyroelectric sensors, 

electrical insulators and capacitors [28,35,36]. Significant interest has been generated in PVDF 

films for water treatment and the removal of pollutants, gas separation membranes, polymer fuel 

cells and batteries [37–40]. Of particular interest are PVDF applications in different biosensors 

[41–43]. PVDF films are under investigation for application in implantable biomedical devices 

[44–46]. PVDF and PVDF–silica composites have generated significant interest for biomedical 

tissue engineering [47–49]. PVDF was used as a binder for [50–53] the EPD of different materials. 

In this strategy, a small amount of dissolved PVDF was co-deposited with particles of inorganic 
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or carbon materials. PVDF suspensions and solutions were used for EPD without charged 

dispersants [54–56]. However, the charging and deposition mechanisms were not understood. The 

EPD of PVDF films was achieved using bile acids as dispersing and charging agents [57]. This 

investigation was motivated by the need for the fabrication of PVDF and composite films and the 

numerous advantages of the EPD deposition method. The goal of this investigation was the EPD 

of pure PVDF and PVDF–silica films. The influence of different dispersants on the deposition 

yield was investigated. The highest deposition yield of PVDF was achieved using gallic acid (GA) 

as a dispersant. The PVDF films deposited using GA as a dispersant provided corrosion protection 

of stainless steel substrates. The use of GA facilitated the co-deposition of PVDF with micro-and 

nanosilica. The amount of silica co-deposited with PVDF could be varied. The results of this 

investigation indicated that catecholates and gallates can be used as efficient co-dispersants for the 

co-deposition of PVDF with inorganic particles. 

4.3. Experimental 

Poly (vinylidene fluoride) (PVDF, spherical particles, diameter 100 nm, Alfa Aesar, 

Tewksbury, MA, USA), gallic acid (GA), caffeic acid (CFA), cholic acid (CA), 2,3,4 

trihydroxybenzoic acid (THB), NaCl, nanosilica (size 5–20 nm, MilliporeSigma, Oakville, ON, 

Canada) and micron-size silica (size 1 μm ± 10%, PCR Inc., Cumming, GA, USA) were used. 

PVDF films were prepared via EPD from 5 g L−1 PVDF suspensions in ethanol, containing 1 g L−1 

dispersants, such as GA, CFA, CA and THB. The dispersants were dissolved in ethanol, and then, 

PVDF particles were added. Ultrasonication was performed for 30 min in order to obtain stable 

suspensions for EPD. The EPD of composite films was performed from 5 g L−1 PVDF suspensions, 

containing 1–8 g L−1 silica particles and 1–2 g L−1 dispersants. Silica particles were added to the 

PVDF suspensions, containing dissolved dispersants. Ultrasonication was performed for 30 min 
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for the fabrication of stable suspensions for EPD. A type 304 stainless steel (dimensions 25 × 30 

× 0.12 mm) functioned as the working electrode, while a platinum sheet (dimensions 25 × 30 × 

0.1 mm) acted as the counter electrode, with a 17 mm spacing between them in the EPD cell. An 

Amersham Biosciences EPS 2A200 power supply was used for EPD. EPD was performed for 1–

5 min at a deposition voltage of 100 V between two electrodes. Following deposition, the coatings 

were dried at room temperature before being thermally treated in a Carbolite ELF furnace at 200 

◦C for 1 h for further characterization. Deposition yield measurements were performed via 

measurement of substrate mass before and after deposition using precise Mettler Toledo XSR104 

Analytical Balance. Zeta potential measurements were performed by a mass transfer method [58]. 

FTIR studies were performed using a Bruker Vertex 70 spectrometer (USA). A PARSTAT 2273 

potentiostat from Ametek (USA) was used to conduct electrochemical characterization of coated 

and uncoated substrates in a 3.0 wt% aqueous NaCl solution with a 3-electrode cell that included 

an uncoated or coated stainless steel substrate as a working electrode, a saturated calomel reference 

electrode (SCE), and a Pt mesh counter electrode. The testing technique and data analysis were 

both controlled by PowerSuite software. To reduce the influence of oxygen, the aqueous NaCl 

solution was deoxygenated for at least 30 min using inert nitrogen gas before each test. 

Potentiodynamic polarization experiments were carried out at a 1.0 mV s−1 sweeping rate. 

Electrochemical impedance spectroscopy (EIS) experiments were carried out in the frequency 

range from 10 mHz to 10 kHz with a sinusoidal excitation voltage of 10 mV. Microstructure 

analysis was carried out using a JEOL JSM-7000F (Tokyo, Japan) scanning electron microscope 

(SEM) and a Talos 200X (ThermoFisher Scientific, Waltham, MA, USA) transmission electron 

microscope (TEM). 
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4.4. Results and Discussion 

Figure 4-1 shows TEM images of PVDF particles used for EPD. The particles had a 

spherical shape with uniform diameters of ~200 nm. PVDF is an electrically neutral polymer. 

Therefore, PVDF particles must be charged and dispersed using additives for film formation via 

EPD. Figure 4-2 shows structures of GA, CFA, CA and THB used in this investigation as additives 

for PVDF deposition. 

 

Figure 4-1 TEM images of PVDF particles at (A,B) different magnifications. 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

101 
 

 

Figure 4-2 Chemical structures of (A) THB, (B) CFA, (C) CA and (D) GA. 

The chemical structures of GA, CFA, CA and THB contain anionic COOH groups. The 

chemical structures of CA and aromatic GA, CFA and THB molecules are beneficial for their 

adsorption on organic materials [19]. THB, CA and GA are especially attractive for adsorption on 

inorganic materials, because such molecules can be adsorbed on particle surfaces via catecholate-

type bonding (GA, CFA and THB) or salicylate-type bonding (THB) [18]. The interest in gallates 

and catecholates for the EPD of metal oxides resulted from the analysis of strong catecholate-type 

bonding of mussel proteins to inorganic surfaces [59–61]. In previous investigations, aromatic 

catecholate- and gallate-type molecules were used as charging and dispersing agents for the anodic 

EPD of different oxide particles in ethanol [62–66]. The adsorption of catecholate molecules 

containing COOH groups on positively charged MnO2 particles resulted in a charge reversal and 

allowed for the anodic deposition of MnO2 films from particle suspensions in ethanol [67]. The 

addition of GA, CFA, CA and THB to the PVDF suspensions in ethanol allowed for the fabrication 

of PVDF films via EPD. The suspensions of electrically neutral PVDF were unstable, and EPD 

was not achieved from such suspensions. It was hypothesized that added dispersants adsorbed on 

PVDF particles imparted an electric charge to the particles and allowed for the suspension 
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stabilization and deposition of PVDF from stable suspensions. Dispersant adsorption on particles 

can result from hydrophobic interactions. Figures 4-3B and 4-9 (Supplementary data) show the 

deposit masses of the films prepared with different dispersants at a PVDF concentration of 5 g L−1. 

The EPD experiments indicated that selected anionic dispersants adsorbed on the PVDF imparted 

charge to the PVDF particles and allowed their EPD. The chemical structures of the aromatic 

dispersants THB, CFA and GA exerted influence on the deposition efficiency, with the highest 

deposition yield obtained using GA. The deposition yield obtained using CA was higher than that 

obtained using THB and CFA. The deposition yield increased in the following order: THB < CFA 

< CA < GA. The suspensions containing CA and GA were further investigated due to the larger 

deposition yields obtained using such dispersants. Moreover, CA and GA are promising for the 

dispersion and charging of inorganic particles because they allow for catecholate-type bonding to 

the particle surface [18]. The deposition yield increased with increasing PVDF concentration in 

suspensions with the highest deposition yield achieved using GA for all PVDF concentrations 

(Figures 4-3B and 4-10). The deposition yield of PVDF increased with increasing deposition 

voltage and time (Figures 4-11 and 4-12). Zeta potentials of PVDF particles obtained in the 

presence of THB, CFA, CA and GA were found to be −4.2, −4.5, −7.1 and −13.9 mV, respectively. 

The highest deposition yield and zeta potential of PVDF achieved using GA indicated stronger GA 

adsorption on PVDF and enhanced particle charging. The EPD of PVDF was optimized using GA 

dispersant at the deposition voltage of 100 V, deposition time of 5 min and PVDF concentration of 

5 g L−1. It should be noted that at higher voltages, deposition times and PVDF concentrations, the 

deposition process required the addition of a polymer binder due to increased deposit mass and 

risk of spalling of green deposits. A GA concentration of 1 g L−1 was the minimum concentration 

required for EPD from 5 g L−1 PVDF solutions and the co-EPD of PVDF with micron-size silica. 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

103 
 

It is shown below that in the case of nanosilica with smaller particle sizes and large nanosilica 

concentrations, the GA content could be increased to 2 g L−1 in order to achieve the improved co-

deposition of nanosilica with PVDF. The deposition of PVDF was also confirmed by results of 

Fourier Transform Infrared Spectroscopy (FTIR). The comparison of the FTIR spectrum of the as-

received PVDF powder and spectra of deposits obtained using THB, CFA, CA and GA dispersants 

(Figure 4-13) indicated that PVDF coatings were deposited via EPD. The spectra of the deposits 

contained characteristic peaks of as-received PVDF (Figure 4-13). Figure 4-4A shows SEM 

images of the as-deposited PVDF film. The as-deposited film was porous. Annealing at 200 ◦C for 

1 h resulted in the PVDF melting and the formation of a dense film (Figure 4-4B). The annealed 

PVDF films showed promising corrosion protection properties. Figure 5 presents potentiodynamic 

testing data for coated and uncoated substrates. Coated substrates showed a lower corrosion current 

of 0.27 μA cm−2, compared to the corrosion current of 2.6 μA cm−2 for uncoated steel. The Tafel 

plot for the coated sample showed reduced anodic current and increased corrosion potential. 

Moreover, the Bode plots of impedance data confirmed corrosion protection properties of the 

PVDF coatings (Figure 4-6). Coated samples showed larger impedance compared to uncoated 

substrate in 3% NaCl solutions. Therefore, deposited coating provided a barrier preventing 

electrolyte access to the substrate. 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

104 
 

 

Figure 4-3 (A) Deposit mass achieved for different dispersants using 5 g L−1 PVDF 
suspensions containing 1 g L−1 dispersants, (B) deposit mass versus PVDF concentration in 

suspensions, containing 1 g L−1 dispersants for deposition time of 5 min and deposition voltage 
of 100 V. 

 

Figure 4-4 SEM images of (A) as-deposited and (B) annealed PVDF films fabricated via 
EPD from 5 g L−1 PVDF suspension containing 1 g L−1 GA as a dispersant. The films were 

obtained at deposition time of 5 min and deposition voltage of 100 V. 
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Figure 4-5 Tafel plots for (a) uncoated substrate and (b) coated from 5 g L−1 PVDF 
suspensions containing 1 g L−1 GA and annealed at 200 ◦C. PVDF films were obtained at 

deposition time of 5 min and deposition voltage of 100 V 

As pointed out above, GA is an important dispersant for the EPD of oxide materials [18], 

which allows for catecholate-type bonding to metal atoms on the particle surface. Therefore, it was 

hypothesized that GA can act as a co-dispersant for PVDF and silica particles. The co-EPD of 

PVDF and silica was performed using micron-size silica and nanosilica. Figure 4-7 shows SEM 

images of coatings prepared from PVDF and silica particles and dispersed using GA. The SEM 

images at different magnifications showed crack-free coatings containing nanosilica or micron-

size silica particles. The particles were incorporated into the PVDF matrix as individual particles 

or agglomerates. The EPD of composite films was performed from suspensions with different 

concentrations of silica particles. Figure 4-8 shows films mass as a function of silica concentration 

in 5 g L−1 PVDF suspensions, containing 1 g L−1 GA. The deposition yield for suspensions, 
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containing micron-size silica particles increased with increasing concentrations of particles in 

suspension. The increase in the deposition yield indicated the increased deposition of silica and 

the possibility of variations in coating composition. The deposition yield for suspensions 

containing nanosilica increased in the concentration range of 0–4 g L−1 and remained nearly 

constant at higher nanosilica concentrations. It is suggested that larger GA content is necessary for 

dispersion and deposition on nanosilica due to the larger surface area of this material. Indeed, a 

continuous increase in the deposition yield was observed with increasing nanosilica content in 

suspensions containing 5 g L−1 PVDF and 2 g L−1 GA (Figure 4-14). It is important to note that 

applications of many charging agents for EPD are limited to materials of specific types, such as 

metal oxides or carbon materials. The fabrication of composite coatings requires the use of 

advanced charging agents suitable for the charging of materials of different types. Therefore, GA 

is a promising charging agent for the fabrication of advanced organic–inorganic composites. 

 

Figure 4-6 Bode plots for (a) uncoated substrate and (b) coated from 5g L-1 PVDF 
suspensions containing 1g L-1 GA and annealed at 200℃. PVDF films were obtained at 

deposition time of 5 min and deposition voltage of 100V 
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Figure 4-7 SEM images at different magnifications for coatings deposited from 5 g L−1 
PVDF suspensions, containing 1 g L−1 GA and 1 g L−1 (A,B) nanosilica and (C,D) micron-size 

silica and annealed at 200 °C. Deposition was performed during 5 min at a deposition voltage of 
100 V. 
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Figure 4-8 Deposit mass versus silica concentration in 5 g L−1 PVDF suspension 
containing 1 g L−1 GA. Deposition was performed during 5 min at a deposition voltage of 100 V 

The co-deposition of PVDF with nanosilica and micron-size silica was also confirmed via 

the comparison of SEM images of annealed pure PVDF films without silica and with nanosilica 

or micron-size silica (Figure 4-15). EPD is a promising technique for the deposition of PVDF and 

composites based on the functional properties of PVDF and other functional materials. Such 

composites can potentially be used for applications in biomedical implants and devices. The results 

of this investigation pave the way for the deposition of PVDF films for applications based on the 

piezoelectric and ferroelectric properties of this polymer [68]. EPD is a versatile alternative for the 

fabrication of multifunctional composites, combining ferroelectric and magnetic properties of 

materials [69,70], thin film sensors [71], and energy storage devices [72]. 
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4.5. Conclusions 

GA, CFA, CA and THB showed adsorption on chemically inert, electrically neutral PVDF 

particles and were used as charging and dispersing agents for the EPD of PVDF coatings. The 

deposition yield of PVDF increased in the following order: THB < CFA < CA < GA. PVDF 

coatings exhibited corrosion protection properties. GA can be used as a charging dispersant for the 

co-deposition of PVDF with nanosilica or micron-size silica and the fabrication of composite films. 

The film composition can be varied by the variation of silica concentration in suspensions for EPD. 

The use of GA as a charging co-dispersant for materials of different types paves the way for the 

deposition of advanced organic–inorganic composites. 
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4.7.  Supplementary data 

 

Figure 4-9 Deposit mass achieved for different dispersants using 5 g L-1 PVDF suspensions 
containing 1 g L-1 dispersants for deposition time of 5 min and deposition voltage of 50V. 

 

Figure 4-10 Deposit mass versus PVDF concentration in suspensions, containing 1 g L-1 
dispersants for deposition time of 5 min and deposition voltage of 50V. 
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Figure 4-11 Deposit mass versus deposition time at a deposition voltage of 100 V for 5 g L-1 
PVDF suspensions. 

 

Figure 4-12 Deposit mass versus deposition voltage for 5 g L-1 PVDF suspensions at deposition 
time of 5 min. 
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Figure 4-13 FTIR spectra of deposits, prepared from using 5 g L-1 PVDF suspensions containing 
1 g L-1 dispersants: (a) THB, (b) CFA, (c) CA, (d) GA for deposition time of 5 min and 

deposition voltage of 100V and (e) as-received PVDF. 
The spectra of deposied materials contains peaks similar to the peaks of as-received PVDF. 

The strong broad absorption at 1401 cm-1 in the spectrum of as-received PVDF resulted from 

wagging of CH2 and antisymmetric stretching of C-C bonds [1]. Other strong bands at 1179 and 

873 cm-1 were associated with the stretching and rocking of CF2 bonds [1, 2]. 
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Figure 4-14 Deposit mass versus nanosilica concentration in 5 g L-1 PVDF suspension containing 
2 g L-1 GA at deposition time of 5 min at voltages of 50 V and 100 V. 

 

Figure 4-15 SEM images of coatings, prepared from 5 g L-1 PVDF solution, containing 1 
g L-1 GA (A) without silica, (B) with 1 g L-1 nanosilica and (C) with 1 g L-1 micron size silica 
deposited at a deposition voltage of 100V and deposition time of 5 min and annealed at 200°C 

for 1 h. 
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Chapter 5 Surfactant assisted dip-coating method for 

deposition of polyethylmethacrylate-diamond coatings 

5.1. Abstract 

This investigation is motivated by increasing interest in polymer-diamond coatings for 

biomedical applications in implants and sensors. A conceptually new strategy is based on the 

feasibility of solubilisation of polyethyl methacrylate (PEMA) in isopropanol using 18β-

glycyrrhetinic acid (GRA) and rhamnolipids (RLP) as solubilising agents. This approach offers 

benefits for biomedical applications by avoiding the use of traditional toxic solvents for PEMA 

dissolution. The ability to obtain concentrated solutions of high molecular mass polymer is a 

crucial factor for the development of a dip coating method. Potentiodynamic and impedance 

spectroscopy studies indicate that PEMA films provide corrosion protection of stainless steel in 3% 

NaCl solutions. The use of GRA facilitates the fabrication of films with improved protective 

properties. PEMA films are obtained as monolayers or multilayers of controlled film mass. Another 

important finding is a good dispersion of chemically inert microdiamond and nanodiamond 

particles using GRA and RLP. For the first time composite PEMA-diamond films are obtained 

using GRA and RLP as solubilising agents for PEMA and dispersing agents for diamonds in 

isopropanol solvent. The detailed analysis of film microstructures provides an insight into the 

influence of chemical structure of GRA and RLP on their interactions with PEMA and diamonds. 

Moreover, microstructure analysis indicates that such interactions are important for preventing 

defects in the composite films. The benefits of steroid-like dispersants are discussed. Composite 

films are obtained as monolayers with different diamond content or PEMA-diamond multilayers 

of different composition and film mass. The method represents a versatile strategy for the 
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fabrication of alternating PEMA/PEMA-diamond multilayers. The benefits of the obtained 

microstructures for biomedical applications are discussed. The approach developed in this 

investigation opens an avenue for the fabrication of other polymer coatings containing various 

functional materials. 

5.2. Introduction 

Diamond has been widely used for advanced composite films and coatings because it 

possesses high hardness, low coefficient of friction, high wear resistance and biocompatibility [1]. 

Of particular interest are biomedical applications of polymer-diamond coatings. It has been stated 

that diamond-like carbon (DLC), coated with polymer can be used in biomedical devices for 

controlled drug release and enhanced of cell proliferation [2]. Nanostructured Nafion-coated 

boron-doped diamond coating reduced the biofouling effect and were used for the fabrication of 

dopamine sensors [3]. DLC thin film could improve the chemical resistance of polymer-based 

composites in alkaline environments [4]. Diamond and composite films are currently under 

intensive investigations for surface modification of biomedical implants. Significant interest has 

been generated in the development of coating techniques for the deposition of multilayer and 

functionally graded coatings with advanced functionality. Orthopaedic load-bearing surfaces 

covered with diamond-like carbon (DLC) were created and tested [5]. They were made up of three 

layers with different functionalities of the individual layers. Low-temperature magnetron 

sputtering on steel substrates was used for the manufacturing procedure [5]. A multilayer approach 

has been developed for enhancing the erosive wear resistance of diamond coatings [6]. It was 

found that multilayer strategies facilitated the fabrication of advanced diamond coatings on 

relatively soft substrates, such as steels [7]. Multilayer diamond coatings for biomedical 

applications were deposited on Ti6Al–4V alloy surfaces using microwave plasma chemical vapour 
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deposition [8] and such coatings showed enhanced adhesion and toughness. Many investigations 

focused on the development of deposition techniques for the fabrication of multilayer diamond 

polymer coatings with enhanced mechanical properties and improved adhesion [9–11]. 

Electrodeposition of DLC was performed on TiAlV alloy substrates at room temperature aiming 

to increase the wear resistance and corrosion resistance [12]. Advanced techniques are currently 

under development for deposition of DLC on implants [13]. New coating techniques are of 

particular interest for prevention of knee and hip implants failure due to mechanical stress and 

corrosion [14]. Diamond coatings allowed reduced levels of acute, chronic inflammatory, and 

foreign-body reactions, showing that diamonds are well tolerated in vivo [15]. Diamond is a 

promising inorganic material for the fabrication of biomedical implants and sensors, bioimaging, 

gene therapy and drug delivery applications [16,17]. Diamond-polymer coatings combined 

advanced properties of diamonds and polymers [3]. Polyethyl methacrylate (PEMA) is an 

advanced polymer that exhibits mechanical strength, thermal stability, biocompatibility, and 

chemical stability. PEMA has attracted interest for a variety of applications, including the repair 

of bone and cartilage, polymer electrolytes and membranes for energy generation and storage 

devices, biodegradable antimicrobial packaging materials, optical and electronic components, and 

corrosion protection coatings [18]. PEMA is a desirable material for bone cements since it has 

been demonstrated to improve osteoblast adhesion and proliferation while simultaneously offering 

excellent mechanical properties. In vivo bone healing and cell attachment are made easier by this 

polymer’s water absorption characteristics. PEMA based shape memory materials show promise 

for use in medical equipment. Foamed PEMA and PEMA mixtures have a specific surface 

chemistry that supports cell adhesion, differentiation, and development, causing thick cartilaginous 

tissue to fill the pores. PEMA gels, cements, and films are suitable for dental applications, 
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craniofacial implants, and a range of other orthopaedic uses due to these characteristics [19]. 

However, PEMA is soluble in extremely harmful and carcinogenic solvents including benzene, 

toluene, and methyl ethyl ketone. This is a significant barrier to PEMA’s use in the biomedical 

industry, because such solvent molecules remain in the bulk or on the surface of PEMA even after 

drying. Another challenge is related to dispersion of diamonds in solvents and in PEMA coatings. 

The goal of this investigation was the fabrication of PEMA-diamond coatings by a dip-coating 

method using isopropanol solvent. Isopropanol offers benefits of lower cytotoxicity compared to 

other organic solvents [20–24]. It is widely used for many biomedical fabrication applications, 

such as deposition of films for drug delivery [25], surface modification of implants with 

bioceramics, polymers and proteins [26,27], protein purification and extraction [28], 

manufacturing of fibrous implants [29], and biomedical scaffolds [30]. However, PEMA is 

insoluble in isopropanol. An important finding of this study was the solubilisation of PEMA in 

isopropanol in the presence of biosurfactants, such as 18β-glycyrrhetinic acid (GRA) and 

rhamnolipids (RLP). The fabrication of concentrated high molecular mass PEMA solutions was 

one of the key factors for successful fabrication of PEMA coatings. Obtained coatings provided 

corrosion protection of stainless steel. Another important finding was the dispersibility of 

microdiamond and nanodiamond particles in isopropanol in the presence of GRA and RLP. It was 

found that the use of the biosurfactants as solubilising agents for PEMA and dispersing agents for 

diamond opened a versatile strategy for the fabrication of composite PEMA-diamond films. The 

analysis of coating microstructure provided an insight into the influence of the biosurfactants and 

diamond concentration on coating composition and morphology. This investigation opened a new 

avenue for the fabrication of composite coatings by a dip coating method. 
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5.3. Experimental 

High molecular mass poly(ethyl methacrylate) (PEMA, MW = 515,000), rhamnolipids 

(RLP), 18β-glycyrrhetinic acid (GRA), isopropanol, microdiamond (size < 1), nanodiamond (size 

<10 nm) were received from the MilliporeSigma company. Stainless steel foils (304 type, 50 × 25 

× 0.1 mm) were used as substrates for coating deposition. RLP and GRA were dissolved in 

isopropanol at a concentration of 2 g L−1. Following this, PEMA was added at a concentration of 

10 g L−1 to both the RLP and GRA solutions. Upon heating to 55°C, the PEMA suspensions, 

containing dissolved RLP or GRA, turned from an opaque cloudy white to clear and transparent 

solutions which were cooled to room temperature and used for dip-coating. Microdiamond or 

nanodiamond particles were added at concentrations of 1–3 g L−1 to the 10 g L−1 PEMA solutions 

and obtained suspensions were ultrasonicated for 30 min prior to the deposition of composite films. 

The substrates were dipped in solutions or suspensions for 20 s. A JEOL SEM (scanning electron 

microscope, JSM7000F) was used for the analysis of coating microstructure. A Bruker Smart 6000 

X-ray diffractometer (XRD, CuKα radiation) was utilised for the analysis of coating composition. 

Electrochemical characterisation was performed using a PARSTAT 2273 (Ametek) potentiostat-

impedance analyzer. Testing was carried out in 30 g L−1 NaCl solution in water using a corrosion 

cell, containing a working electrode (coated or uncoated stainless steel), counter-electrode (Pt 

mesh) and a reference electrode (SCE, saturated calomel electrode). The results of 

potentiodynamic studies (1 mV s−1 rate) were presented in Tafel plots. Electrochemical impedance 

spectroscopy (EIS) data was obtained in the frequency range of 0.01 Hz10 kHz and voltage 

amplitude of 5 mV. 
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5.4. Results and Discussion 

Isopropanol is known as a non-solvent for PEMA. The problem of insolubility of PEMA 

in isopropanol is aggravated due to specific requirements for the dip coating method. The 

deposition of PEMA films by a dip coating method requires the use of high molecular mass PEMA 

in solutions of high concentrations. It is in this regard that low molecular mass polymers exhibit 

poor binding and film forming properties. The increase in the molecular mass of polymer 

molecules results in decreasing their solubility in solvents due to enhanced polymer-polymer 

interactions. In this investigation, a new approach has been developed, which allowed for the 

solubilisation of PEMA in isopropanol. This approach allowed the solubilisation of high molecular 

mass PEMA (MW = 515,000) and formation of relatively concentrated stable solutions with 

concentration of 10 g L−1. The use of such solutions was a key factor for successful deposition of 

PEMA on stainless steel (304 type) substrates. The approach developed in this investigation is 

based on the use of biosurfactants, such as RLP and GRA. Biosurfactants are especially important 

for colloidal processing of materials because they are biocompatible and safe to environment [31]. 

Figure 5-1A, B shows chemical structures of the biosurfactants. As-received RLP was a mixture 

of mono- and diRLP, which are amphiphilic glycolipids, produced by Pseudomonas [31]. The RLP 

structure contains fatty acid and rhamnose groups. The amphiphilic structure of RLP and their 

anionic carboxylic groups are important structure factors governing performance of RLP as 

biosurfactants. The strong dispersion and solubilisation power of RLP is related to their very low 

critical micelle concentration, which is 10–100 times lower than that of traditional chemical 

surfactants [31]. RLP can solubilise highly hydrophobic organic molecules in aqueous solutions 

[32]. RLP are very important biosurfactants for colloidal biotechnology due to their antimicrobial 

and anticancer properties [33,34]. GRA is another natural surfactant. It is produced from licorice, 
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which is the most common herb in Chinese medicine [35]. GRA structure contains five rings and 

an anionic carboxylic group. GRA and its derivatives show remarkable biological properties, 

including antitumour, antioxidant, antimicrobial, anti-inflammatory, antiviral, antiulcer, 

antidiabetic, and other valuable properties [35]. The chemical structure of GRA facilitates its 

binding to different organic molecules and adsorption on different surfaces [36]. The negative 

charge of the carboxylic acid group of adsorbed GRA is beneficial for dispersion of different 

materials. GRA and RLP interactions with PEMA in ethanol allowed solubilisation of PEMA in 

isopropanol and fabrication of PEMA films by a dip coating method. Moreover, using GRA and 

RLP we addressed challenges in dispersing of chemically inert diamond particles. The diamond 

suspensions in ethanol were unstable and showed rapid precipitation (Figure 5-1C). It was found 

that addition of GRA and RLP to diamond facilitated the formation stable suspensions (Figure 5-

1C). The formation of stable suspensions is critically important for colloidal processing of 

materials [37–40]. The use of GRA and RLP for solubilisation of PEMA and diamond dispersion 

paved a way for the fabrication of composite films. 
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Figure 5-1 (A) Chemical structures of RLP: mono-RLP and di-RLP, (B) Chemical 
structure of GRA, (C) diamond suspensions in isopropanol without and with biosurfactants. 

 

Figure 5-2 SEM images of PEMA films prepared from 10 g L−1 PEMA solutions, 
containing 2 g L −1 (A) GRA and (B) RLP. 

Figure 5-2 shows SEM images of PEMA films prepared by a dip coating method. The films 

were smooth and crack-free. Motivated by the interest in PEMA films for corrosion protection, we 

investigated protective properties of the deposited films. Figure 5-3 compares results of 
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potentiodynamic studies of uncoated and coated stainless steels. The analysis of obtained Tafel 

plots indicated that film deposition resulted in increasing corrosion potential and reduction of 

corrosion currents. The corrosion currents were found to be 2.63, 1.44 and 0.64 μAcm−2 for 

uncoated stainless steel and PEMA coated using RLP and GRA, respectively. The lower corrosion 

current for PEMA films prepared using GRA indicates improved corrosion protection. The results 

of potentiodynamic studies are in agreement with electrochemical impedance spectroscopy data. 

Figure 5-4 shows EIS data presented in Bode plots. Relatively small increase in impedance values 

(|Z|) was observed for stainless steel coated with PEMA films prepared using RLP in comparison 

with uncoated steel. However, significant increase in impedance in a wide frequency range was 

observed for stainless steel samples coated with films prepared using GRA. The corresponding 

phase angle (φ) data showed significantly lower φ for such films at low frequencies. Therefore, 

such films acted as a barrier, which limited electrolyte access to the film surface. The simplicity of 

film preparation by a dip-coating method offers highly advantageous features, such as fabrication 

of multilayer films. The deposition of multilayer coatings was performed and the deposition yield 

was analysed. Figure 5-5 shows deposit mass versus number of the deposited layers. Nearly linear 

dependencies were obtained, which indicated good control of the deposition process. The 

deposition yield obtained using PLP was slightly higher than that obtained using GRA. 
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Figure 5-3 Tafel plots for (a) uncoated stainless steel and coated with PEMA films 
prepared using (b) GRA and (c) RLP. Coated samples contained one dip-coated layer. 

 

Figure 5-4 EIS data presented in Bode plots for (a) uncoated stainless steel and coated 
with PEMA films prepared using (b) RLP and (c) GRA 
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Figure 5-5 Deposit mass of PEMA films versus number of deposited layers prepared 
from 10 g L−1 PEMA solutions, containing 2 g L −1 (a) GRA and (b) RLP. 

Following the goal of this investigation we performed co-deposition of PEMA and 

diamond particles. In this approach, GRA and RLP were used as solubilising agents for PEMA and 

dispersing agents for diamonds in isopropanol. Another important factor for coating fabrication is 

PEMA-dispersant-diamond interactions, which facilitate diamond particle incorporation into the 

PEMA matrix. Figure 5-6 shows SEM images of PEMA-microdiamond films prepared using RLP. 

The SEM images show diamond particles in PEMA film. The SEM images at low magnification 

showed that the increase in diamond concentration in suspension resulted in larger number of 

diamond particles in the deposited films. SEM studies showed that the increase in diamond 

concentration resulted in significant agglomeration of the diamond particles. Moreover, multiple 

defects were observed around the diamond particles. The SEM images at higher magnifications 

revealed areas of lower polymer thickness around the diamond particles and pores. Such images 

indicated poor integration of the diamond particles into the polymer matrix. The SEM images of 
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PEMA-nanodiamond films (Figure 5-7) prepared using RLP showed significant agglomeration of 

the nanoparticles, especially for films with larger nanodiamond concentration. The films showed 

defects, such as areas of lower thickness and pores. Similar defects were observed for films 

containing microdiamond prepared using RLP (Figure 5-6). The analysis of data obtained for 

PEMA-diamond films prepared using RLP showed that despite of good dispersion of diamonds in 

suspension, RPL provided poor dispersion of the chemically inert diamond particles in the PEMA 

matrix. Significant agglomeration of the diamond particles and formation of defects around the 

particles indicated that PEMA-diamond interactions in the films were weak. In contrast, the use of 

GRA allowed for improved film morphologies. Figure 5-8 shows SEM images of composite 

PEMA-microdiamond films. The diamond particles were well incorporated into the PEMA matrix 

and defects of the films around the particles were not observed. The diamond particles showed 

reduced agglomeration, compared to films prepared using RLP. The increase in particle 

concentration in suspensions resulted in increased particle concentration in the films. Similar 

morphologies were observed for PEMA-nanodiamond films prepared using GRA (Figure 5-9). 

The defects around the particles or small agglomerates were avoided. The nanodiamond particles 

showed reduced agglomeration, however the formation of agglomerates cannot be completely 

avoided. The ability to increase the diamond content in the coating by increasing the diamond 

concentration in suspension allows control of coating composition. It is suggested that enhanced 

diamond-GRA and PEMA-GRA interactions allowed for defects prevention and reduced 

agglomeration. Previous investigations [5–11], described in the Introduction section, highlighted 

benefits of multilayer diamond-polymer coatings and coatings of graded composition. These 

studies generated a need in the further development of deposition techniques. Motivated by the 

previous studies, we investigated the possibility of deposition of multilayer techniques for 
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deposition of layers of different composition. Figure 5-10 shows deposit mass versus number of 

the deposited layers for PEMA-microdiamond and PEMA-nanodiamond films, prepared using 

GRA or RLP. The deposition yield measurements show continuous increase in the deposit mass 

with increasing number of the deposited layers. Nearly linear dependences were obtained, which 

confirm continuous increase in the amount of the deposited material. The increase in diamond 

concentration in the suspension resulted in higher film mass. The dip-coating method developed 

in this investigation is promising for the fabrication of multilayer films, containing layers of 

different composition and functionally graded films. As a step in this direction, we investigated 

the possibility of deposition of multilayers, containing alternating PEMA and composite PEMA-

diamond layers. The feasibility of deposition of such films was confirmed by the results of 

deposition yield measurements (Figure 5-11). 

 

Figure 5-6 SEM images at different magnifications for films prepared from 10 g L−1 
PEMA solutions, containing 2 g L−1 RLP and (A, B) 1 g L−1 and (C,D) 3 g L−1 microdiamond. 
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Figure 5-7 SEM images at different magnifications for films prepared from 10 g L−1 
PEMA solutions, containing 2 g L−1 RLP and (A, B) 1 g L−1 and (C,D) 3 g L−1 nanodiamond. 

 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

138 
 

 

Figure 5-8 SEM images at different magnifications for films prepared from 10 g L−1 
PEMA solutions, containing 2 g L−1 GRA and (A, B) 1 g L−1 and (C,D) 3 g L−1 microdiamond. 

 

Figure 5-9 SEM images at different magnifications for films prepared from 10 g L−1 
PEMA solutions, containing 2 g L−1 GRA and (A, B) 1 g L−1 and (C,D) 3 g L−1 nanodiamond. 
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Figure 5-10 Film mass versus number of the deposited layers for films prepared from 10 
g L−1 PEMA solutions containing (A,B) microdiamonds and (C,D) nanodiamonds, prepared 

using (A,C) 2 g L−1 GRA and (B,D) 2 g L−1 RLP and diamonds concentrations of (a) 1 g L−1 and 
(b) 3 g L−1 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

140 
 

 

Figure 5-11 Film mass as a function of number of alternating (A) PEMA/PEMA-
microdiamond and (B) PEMA/PEMA-nanodiamond layers, prepared from 10 g L−1 PEMA/10 g 

L−1 PEMA and 1 g L−1 diamond media prepared using (a) 2 g L−1 GRA and (b) 2 g L−1 RLP. 

The results presented demonstrate that GRA and RLP can be used as solubilising agents 

for PEMA and dispersing agents for micro- and nanodiamond particles. This observation is 

important given that the use of toxic solvents can be avoided, and the problems related to 

dispersion of chemically inert diamonds in solvents can be eliminated. This finding could also 

provide a novel strategy for solubilisation of other polymers and fabrication of composite coatings. 

The proposed approach creates a platform for deposition of coatings with different diamond 

content, which can be deposited as monolayers or multilayers of different composition. The results 

also stress importance of the dispersant structure on the fabrication of composite coatings. The 

chemical structure of GRA belongs to steroid derivatives of the sapogenins family. Steroid 

molecules, such as bile salts solubilise different biomolecules in a human body [41]. Bile acids 

and bile salts have generated significant interest in materials processing [41,42]. However, we 

were not able to dissolve PEMA in the presence of bile acids or bile salts. Therefore, further 

investigation of sapogenins and other steroid derivatives is promising for the development of 

composite coatings. 
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5.5. Conclusions 

GRA and RLP can be used as solubilising agents for PEMA and the use of toxic solvents 

can be eliminated. We demonstrated the ability to dissolve high molecular mass PEMA and obtain 

concentrated solutions. These finding were crucial for the development of a dip coating method, 

which represents a versatile approach for the deposition of PEMA films. Obtained films provided 

corrosion protection of stainless steel. The films prepared using GRA provided improved corrosion 

protection, compared to the films prepared using RLP. The PEMA films can be deposited as 

monolayers or multilayers. Another important finding was the feasibility of dispersion of 

chemically inert diamond microparticles and nanoparticles. The ability to solubilise PEMA and 

disperse diamonds using GRA and RLP provided a platform for the fabrication of composite 

PEMA-diamond coatings. The composition of the films can be varied by variation of diamond 

concentration in suspensions. The analysis of film morphologies showed that chemical structures 

of GRA and RLP are important factors controlling their interactions with PEMA and diamonds. 

The films prepared using RLP showed defects at the diamond-PEMA interface, whereas such 

defects were avoided in the composite films prepared using GRA. Expansion of these studies can 

result in the development of other advanced steroid dispersants for solubilisation of polymers and 

dispersion of various materials. The dip coating method represents a simple strategy for the 

fabrication of multilayer PEMA/diamond films and films containing alternating PEMA/ PEMA-

diamond layers. PEMA and composite coatings can be used for different biomedical applications 

in implants and sensors due to the use of biocompatible materials. The proposed approach opens 

an avenue for the fabrication of composite coatings containing other polymers and various 

functional nanoparticles. 
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Chapter 6 Bile Acid Salt as a Vehicle for Solubilization 

and Electrodeposition of Drugs and Functional 

Biomolecules for Surface Modification of Materials 

6.1. Abstract 

This investigation addresses the need in biocompatible biosurfactants for electrophoretic 

deposition (EPD) of biomaterials. It is motivated by unique multifunctional properties of bile acid 

salts. Sodium cholate CHOLNa is a primary bile acid salt, which can solubilize and disperse 

different functional biomaterials. The EPD mechanism of pure EPD involves electrophoresis (EP) 

of CHOL− micelles, their discharge and gelation of cholic acid (CHOLH) to form anodic CHOLH 

films. The EPD strategy for immobilization of different functional biomolecules is based on the 

formation and EP of mixed micelles. Curcumin (CCM), hydrocortisone (HCS), and indomethacin 

(IDM) are used as model electrically neutral water insoluble drugs for EPD of composite films. 

CHOLNa acts as a solubilizing agent, which forms mixed micelles with the electrically neutral 

drugs for their EPD and formation of composite films. The pH-dependent charge of various 

functional biomolecules and charge reversal at isoelectric points prevents their deposition. This 

problem is addressed by the use CHOLH for codeposition with bovine serum albumin (BSA) and 

hemoglobin (Hb), which are used as model proteins for EPD of CHOLH-BSA and CHOLH-Hb 

films. Another challenge is related to EPD of functional biomolecules with pH-independent charge, 

such as heparin (HP). The feasibility of deposition of CHOLH-HP films is demonstrated. The 

deposition mechanisms, film composition, and films morphologies are discussed. The approach 

developed in this investigation offers advantages of the use of biosurfactants as charging and gel-
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forming agents and mild EPD conditions for fabrication of films for drug delivery, biosensors, and 

surface modification of biomedical implants. 

6.2. Introduction 

Bile acid salts (BAS) are physiologically significant anionic biosurfactants[1], which have 

many metabolic functions. BAS solubilize lipids, vitamins, cholesterol, and other functional 

biomolecules. BAS are amphiphilic steroid molecules, containing a hydrophobic side and a 

hydrophilic side with anionic COO− or SO3− groups. Recently, significant interest has been 

generated in commercial synthesis and applications of BAS in biomedical and engineering fields 

[1, 2]. It has been widely reported that self-aggregation properties of amphiphilic BAS promote 

the formation of micelles and gels [1–4]. The interactions of BAS with other materials and 

formation of mixed micelles are of increasing interest [1, 3, 5]. Such interactions promote 

solubilization and dispersion of different materials [1, 3]. Of particular interest are experiments on 

solubilization of drugs in water, which provide a platform for the development of new strategies 

for drug delivery [5–7]. BAS allowed excellent dispersion of various hydrophobic materials, such 

as diamonds, carbon nanotubes, graphene, and polymers [1, 8–10] for applications in biosensors 

and biomedical implants. The surface modification and dispersion of carbon nanotubes using 

adsorbed BAS [11] offers advantages for biosensor applications, compared to chemical 

functionalization techniques [12] by eliminating defect formation in the conductive carbon 

network. The gel-forming properties of BAS [13] are governed by their amphiphilic structure, 

which also facilitates the formation of composite gels. BAS gels have many important applications 

in the field of drug delivery [14]. 

BAS are very promising for surface modification of materials and fabrication of composite 

films for biomedical applications [15]. BAS are especially important for electrophoretic deposition 
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(EPD). Due to the excellent purity of the deposits, high deposition rate and the potential for 

uniform deposition of multilayer films on substrates of complex shapes, EPD is particularly 

valuable for biomedical applications and fabrication of composites [8, 16–22]. The feasibility of 

film deposition by this method is closely related to the use of efficient charging and film-forming 

agents [23]. However, many charging and film-forming agents are not biocompatible and cannot 

be used for EPD of biomaterials. Sodium cholate (CHOLNa) is a primary BAS (Fig. 6-1A), which 

has generated interest for EPD [24]. The electric charge of dissociated CHOLNa is related to 

anionic COO− ligands. CHOLNa solutions were used for the fabrication of cholic acid (CHOLH) 

films [24]. 

The deposition mechanism involved dissociation of water-soluble CHOLNa and 

electrophoresis of CHOL− anions, which resulted in the protonation and deposition of water-

insoluble CHOLH gels on the conductive anodic substrates: 

𝐶𝐶𝐻𝐻𝑂𝑂𝐿𝐿−  + 𝐻𝐻+  →  𝐶𝐶𝐻𝐻𝑂𝑂𝐿𝐿𝐻𝐻 (6 − 1) 

The current density was optimized to generate low pH close to the anode surface in a 

reaction: 

2𝐻𝐻2𝑂𝑂 →  4𝐻𝐻+  +  𝑂𝑂2  +  4𝑒𝑒− (6 − 2) 

  



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

151 
 

 

Figure 6-1 Chemical structures of (A) CHOLNa, (B) curcumin (C) hydrocortisone and 

(D) indomethacin 

Drying of the CHOLH gels resulted in the formation of adherent films[24]. The approach 

developed in this investigation is based on interactions of CHOLNa with functional organic 

molecules and formation of mixed micelles in solutions, which opens an avenue for the EPD of 

composite films. Previous investigations showed that CHOLNa and other BAS can solubilize 

drugs, such as curcumin, hydrocortisone, and indomethacin [25]. This observation is important 

given that many failures in the development and applications of drugs are related to their poor 

water solubility [26]. It was demonstrated that CHOLNa and other BAS formed mixed micelles 

with drugs [25]. The formation of mixed micelles of BAS with curcumin, hydrocortisone, and 

indomethacin can involve hydrophobic interactions and hydrogen bond formation. Figure 6-1B–

D shows chemical structures of curcumin, hydrocortisone, and indomethacin. We hypothesized 

that the formation of mixed micelles of CHOLNa with such water insoluble electrically neutral 

drugs can provide a strategy for the fabrication of composite films by EPD. In this approach, 
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CHOLNa can provide solubilization of the drug molecules and act as a charging and film forming 

agent for their deposition. 

Electrodeposition of proteins and enzymes presents difficulties due to their charge reversal 

at isoelectric points. They are negatively charged at pH above the isoelectric points. However, such 

molecules acquire a positive charge at the electrode surface, where the pH is typically lower than 

their isoelectric point [27, 28]. In this case the mutual electrostatic repulsion between the molecules 

and electrostatic molecule-anode repulsion prevents deposition. Other difficulties are related to 

EPD of strong anionic polyelectrolytes with a pH-independent charge, such as heparin due to 

mutual electrostatic repulsion of anionic heparin molecules, containing multiple SO3
− groups. Such 

problems can potentially be addressed by the use of gel-forming and film-forming properties of 

CHOLH. 

The goal of this investigation was the development of EPD strategies for deposition of 

CHOLH films, containing drugs, such as curcumin, hydrocortisone, and indomethacin, proteins, 

such as albumin and hemoglobin, and other functional biomolecules, such as heparin. We 

developed deposition mechanisms and analyzed the mechanisms of charging, electrophoresis and 

films formation at the electrode surface. It was demonstrated for the first time that electrically 

neutral molecules, as well as molecules with charge reversal properties and strong anionic 

polyelectrolytes can be co-deposited with CHOLH. The findings of this work indicate that the use 

of CHOLNa for EPD method is a versatile strategy for deposition of various functional materials 

for biomedical applications. 
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6.3. Experimental 

Sodium cholate (CHOLNa), curcumin (CCM), hydrocortisone (HCS), and indomethacin 

(IDM), bovine serum albumin (BSA), hemoglobin (Hb), and heparin (HP) were purchased from 

Aldrich. EPD of pure CHOLH films was performed from aqueous 3 g L−1 CHOLNa solutions. 

Composite films were deposited from aqueous 3 g L−1 CHOLNa solutions, containing 1 g L−1 

CCM, HCS, IDM, BSA, Hb, and HP. EPD was performed at a constant deposition voltage of 10 V. 

The pH of the solutions was 7.2. The separation between stainless steel anodic substrates (304 type, 

25 × 50 × 0.1 mm) and Pt (25 × 50 × 0.1 mm) cathodes was 15 mm. The electrodes were 

ultrasonically cleaned in ethanol for 5 min. prior to deposition. The deposited films were dried in 

air at 20 °C for 24 h. X-ray diffraction (XRD) studies were performed using a powder 

diffractometer (Nicolet I2, monochromatized CuKa radiation) at a scan rate of 0.5 deg s−1. FTIR 

studies were performed using a Bruker Vertex 70 spectrometer (USA) in the range of 400–

4000 cm−1. Electron microscopy investigations were performed using a JEOL JSM-7000F 

scanning electron microscope (SEM) at a voltage of 3 kV and working distance of 10 mm. A 

conductive 4 nm Pt layer was deposited on the sample surface in order to improve electronic 

conductivity of the samples. FTIR and XRD studies were performed on powder samples, which 

were obtained by removing deposited materials from the substrates. Electrophoretic mobility 

measurements were performed by the mass transport method[29]. 

6.4. Results and discussion 

The electrophoretic mobility of CHOLNa was found to be 3.4.10–4cm2s−1 V−1. It is known 

that CHOLNa forms micelles in solutions[3, 30]. The critical micelle concentrations (CMCs) were 

obtained by different methods [3, 30] and it was shown that the stepwise micelle formation results 

in a CMC range, rather than a specific CMC value. The CMC for CHOLNa is in the range of 1.6–
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17.4 mM[1]. The CHOLNa concentration in the solutions used in this study was about 7 mM. 

Therefore, the formation of micelles can be expected. Figure 6-2 shows basic deposition 

mechanisms. The deposition mechanism of pure CHOLH involves electrophoresis (EP) of CHOL− 

micelles (Fig. 6-2A). A local pH decrease at the anode and protonation of CHOL− species in 

reactions (6-1,6-2) resulted in formation of CHOLH gel. CHOLH films were formed after drying 

of the deposited gels. 

 

Figure 6-2 Schematics of electrophoresis (EP) and phenomena at the electrode surface for 
(A) CHOL- micelles, (B) proteins or enzymes (C) heparin and (D-F) CHOL- micelles with 

mixed micelles, containing CHOL- and (D) drugs, (E) Hb or BSA, F (HP).  Formation of (A) 
pure CHOLH films and (D-E) composite films by EPD. 

The net charge of Hb and BSA is a sum of charges of anionic and cationic groups [27, 28], 

such as carboxylic and amino groups. The degree of ionization and charge of such groups depend 

on pH. As a result, Hb and BSA exhibit charge reversal at isoelectric points. The isoelectric points 

of BSA[27] and Hb [28] are located at pH ~ 5 and pH~ 7, respectively. The mutual repulsion of 
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positively charged Hb or BSA molecules at the electrode surface prevents their deposition (Fig. 6-

2B). Moreover, electric field promotes their electromigration away from the positively charged 

anode. HP is a highly charged molecule, which exhibits a pH-independent charge. The electric 

charge of HP is related to multiple SO3
− groups. The mutual repulsion of HP molecules prevents 

deposition (Fig. 6-2C). As pointed out above, literature data present evidence of solubilization of 

CCM, HCS, and IDM in CHOLNa solutions and formation of mixed micelles[25]. Turning again 

to the chemical structures of CHOLH and drugs (Fig. 6-1) it can be suggested that micelle 

formation can result from hydrophilic interactions of OH groups and hydrophobic interactions of 

hydrocarbon groups of the molecules. It was hypothesized that mixed CHOL−-drug micelles can 

be used for HP transport of the drug molecules toward the electrode surface. EP from solutions, 

containing the mixed micelles and CHOL− micelles can result in gel formation. The films, 

containing drugs can be obtained after drying of the gel deposits (Fig. 6-2D). Similar deposition 

mechanism can be proposed for co-deposition of Hb or BSA with CHOLH (Fig. 6-2E) and co-

deposition of HP with CHOLH (Fig. 6-2F). The experimental results presented below provide 

experimental evidence of the fabrication of composite films. Figure 6-3 shows microstructure of a 

pure CHOLH film at different magnifications. SEM studies showed the formation of a continuous 

crack-free film layer (Fig. 6-3A) and aggregates of spherical particles with a typical size of 50–

150 nm (Fig. 6-3B) on the top of the continuous film layer. The SEM image also showed necks 

formation between the individual particles. Such film microstructure can result from Stranski–

Krastanov layer-plus-island film growth mechanism[31, 32] 
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Figure 6-3 SEM images at different magnifications (A,B) of CHOLH films. 

EPD was also performed from CHOLNa solutions, containing CCM, HCS, and IDM. 

Figure 6-4 shows microstructures of such films. The films prepared from such solutions showed 

different morphologies, compared to the morphology of pure CHOLH films. The films prepared 

from CHOLNa solutions, containing CCM showed the formation of a continuous film layer and 

agglomerates of particles of irregular shape with a typical size of 100–1000 nm on the top of the 

continuous film layer (Fig. 6-4A, B). Co-deposition from CHOLNa solutions containing HCS also 

resulted in the formation of a continuous film layer and agglomerates of particles with spherical 

and irregular shape on top of it (Fig. 6-4C, D). The continuous bottom layer of films deposited 

from CHOLNa solutions, containing IDM showed craters with diameter 0.1–2 μm and nearly 

spherical particles with a typical size in the range of 0.05–3 μm (Fig. 6-4E, F). Small particles 

filled some large craters. The difference in film morphologies can be attributed to co-deposition of 

CHOLH with drugs, which was confirmed by the results of XRD and FTIR. 
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Figure 6-4 SEM images at different magnifications for films, prepared from CHOLNa 
solutions, containing (A,B) CCM, (C,D) HCS and (E,F) IDM. 

Figure 6-5A shows X-ray diffraction patterns of pure drugs and CHOLH deposit. The 

diffraction patterns of CCM, HCS, and IDM showed peaks, corresponding to JCPDS files 66–

1420, 15–1016, and 58–1737, respectively. The CHOLH film showed a broad peak, which resulted 
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from amorphous nature the deposited material. The X-ray spectra of the composites (Fig. 6-5B) 

showed peaks of CCM, HCS, and IDM, which indicated their co-deposition with CHOLH.  

Figure 6-6A shows FTIR spectra of pure drugs and a CHOLH deposit. CCM showed 

absorptions due to C=O stretching [33] at 1628 and 1600 cm−1, the aromatic C–C vibration peaks 

[33, 34] appeared at 1505 and 1453 cm−1. The in-plane O–H deformation [33] for CCM was 

observed at 1428 cm−1 and the alkene CH2 scissoring appeared at 1315 cm−1, the C–O stretching 

peaks were observed at 1271 and 1231 cm−1. Then the aromatic C–H in plane deformation [33] 

appeared at 1202, 1178, and 1150 cm−1, the aromatic C–H out of plane deformations were observed 

at 1112 and 1022 cm−1. The FTIR spectra of HCS showed C=O stretching [35] at 1708 cm−1 and 

the aromatic C=C stretchings at 1640, 1628, and 1609 cm−1. In-plane bending bands [35] appeared 

in the 1300–1000 cm−1 region. The C–H in-plane bending vibrations [35] were observed at 1223 

and 1000 cm−1. The bands at 1133 and 1047 cm−1 were assigned to C–H out-of-plane bending and 

C–H in-plane bending vibrations [35], respectively. The FTIR spectrum of IDM showed 

characteristic bands at 1712 cm−1 for C=O vibrations of the COO group [36], 1612–1583 and 

1475 cm−1 for C–C stretching of the aromatic rings, 1685 cm−1 for amide group, 1261–1223, and 

below 1012 cm−1 for ether group, C–H deformation, and C–C stretching modes [36]. CHOLH 

showed peaks related to COOH group stretching at 1703 cm−1 and absorptions at 1467 and 

1445 cm−1 due to C–H and C–C vibrations [24, 37]. The spectra of composite deposits (Fig. 6-6B) 

showed peaks of the drugs and CHOLH and confirmed their co-deposition. 
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Figure 6-5 XRD patterns for A(a) CCM, A(b) HCS, A(c) IDM, A(d) CHOLH, B(a) 
CHOLH-CCM, B(b) CHOLH-HCS, B(c) CHOLH-IDM, ●, ▲, ♦ - labels for peaks, 

corresponding to JCPDS files 66-1420, 15-1016 and 58-1737, respectively. 

 

Figure 6-6 FTIR spectra for A(a) CCM, A(b) HCS, A(c) IDM, A(d) CHOLH, B(a) 
CHOLH-CCM, B(b) CHOLH-HCS, and B(c) CHOLH-IDM 

Following the objective of this investigation, we also analyzed the feasibility of co-

deposition of BSA, Hb, and HP with CHOLH. As pointed out above, BSA, Hb, and HP cannot be 
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deposited individually (Fig. 6-2B, C). Figure 6-7 shows SEM images of composite films, prepared 

from solutions containing BSA, Hb and HP and CHOLH. 

 

Figure 6-7 SEM images at different magnifications for films prepared from CHOLNa 
solutions, containing (A,B) BSA, (C,D) Hb and (E,F) HP. 

The microstructure of the composite films was different from the microstructure of pure 

CHOLH films. The CHOLH-BSA films were porous (Fig. 6-7A, B). The SEM image at high 
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magnification showed a fibrous network with a typical pore size of 50–200 nm. The microstructure 

of CHOLH-Hb films contained a dense bottom layer and a porous top layer (Fig. 6-7B, C). The 

CHOL-HP films were dense and contained large particles with a size in the range of 0.1–1 μm. 

FTIR studies of such films provide evidence of BSA, Hb, and HP co-deposition with CHOLH. 

Figure 8A shows FTIR spectra of as-received BSA, Hb, and HP. The spectrum of BSA [Fig. 6-

8A(a)] showed absorptions related to amide I and amide II bands[38] at 1643 and 1528 cm−1, 

respectively. FTIR studies of Hb [Fig. 6-8A(b)] also revealed peaks related to amide I and amide 

II bands [39] at 1645 and 1529 cm−1, respectively. 

The absorption peak in the spectrum of HP [Fig. 6-8A(c)] at 1617 cm−1 is due to hydroxyl 

bending [40]. The absorption at 1418 cm−1 is related to the carboxylate stretching [40]. The SO3
− 

asymmetric and symmetric stretchings [40] of HP resulted in peaks at 1224, 1149, and 1030 cm−1. 

The FTIR spectra of composite films [Fig. 6-8B(a-c)] showed similar peaks of BSA, Hb, and HP. 

The peak at 1703 cm−1 is related to CHOLH in agreement with the spectrum of pure CHOLH 

[Fig. 6-6(d)]. EPD was performed at mild aqueous conditions without the use of chemicals, which 

can react with starting materials. As a result, we didn’t observe any changes in the deposited 

materials, compared to starting materials. 

The experimental results presented above indicate that CHOLNa is a versatile 

multifunctional material for EPD of different biomaterials. Electrically neutral materials must be 

dispersed and charged for EPD using charged surfactants [41, 42]. CHOLNa addresses the need in 

biocompatible biosurfactants for aqueous EPD of biomaterials. It is in this regard that many 

traditional surfactants for EPD are not biocompatible, toxic or can be used for only for non-aqueous 

EPD. It should be noted that many organic solvents are not chemically compatible with various 

biomolecules and toxic. CHOLNa can be used as a solubilizing and charging agent for electrically 
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neutral drug molecules of different types for their aqueous EPD. The interactions of CHOLNa with 

drugs and formation of mixed micelles facilitates EP of the electrically neutral drug molecules. 

CHOLNa possesses gel-forming, film-forming properties, and pH-dependent charge, which 

facilitate the fabrication of composite films by EPD. It is expected that EPD can be used for 

deposition of other drugs and fabrication of films for drug delivery. Moreover, other electrically 

neutral functional biomolecules can potentially be deposited by a similar method. 

 

Figure 6-8 FTIR spectra of A(a) BSA, A(b) Hb, A(c) HP, B(a) CHOLH-BSA, B(b) 
CHOLH-Hb, B(c) CHOLH-HP. 

Table 6-1 Methods for EPD of proteins 

Proteins Methods References 

Streptavidin Co-deposition with chitosan polymer [43] 

Collagen Deposition on a membrane in the EPD cell 
between cathode and anode 

[44,45] 

Gelatin Co-deposit with Fmoc-phenylalanine [46] 

Bovine Serum Albumin EPD at AC current [47] 
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As pointed out above the EPD of proteins presents difficulties due to their charge reversal 

at isoelectric points. Table 6-1 summarized previous strategies for the deposition of proteins. Our 

investigation offers benefits of controlled constant voltage deposition using a charged 

biosurfactant. CHOLNa facilitates EPD of BSA and Hb, which exhibit pH-dependent charge with 

charge reversal at their isoelectric points. BSA and Hb were used as model proteins, which cannot 

be deposited from their pure solutions due to their charge reversal properties. The approach 

developed in this investigation offers benefits of mild conditions for the immobilization of proteins 

on inorganic surfaces. BSA is one of the most intensively studied proteins for surface modification 

of implants. BSA immobilization resulted in reduced bacterial adherence and anti-thrombogenic 

properties [48]. Hb immobilization on different surfaces is of significant interest for 

biotechnological applications [49, 50]. Immobilized Hb reduced inflammatory response of 

implants and improved biocompatibility [51, 52]. Moreover, Hb immobilization techniques are 

important for the development of biosensors [53]. The approach used for the immobilization of 

BSA and Hb can also be used for immobilization of enzymes with charge reversal properties for 

applications in electrochemical biosensors. It is in this regard that CHOLNa is an advanced 

dispersing agent for EPD of carbon nanotubes [11], which can be co-deposited and offer a benefit 

of improved electrical conductivity and enhanced electrochemical performance of the biosensors. 

To explore the possibility of other applications, we performed EPD of anionic HP molecules with 

pH-independent charge, which cannot be deposited individually [54]. It is known that pH-

independent charge is detrimental for EPD [55] and special additives are necessary for film 

formation. HP is of particular interest for the EPD of composite films for the fabrication of surfaces 

with antithrombogenic properties [54]. The approach developed in this investigation is 

conceptually different from previous work on cathodic EPD of non-stoichiometric complexes of 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

164 
 

cationic chitosan and anionic HP [54]. The approach developed in this investigation presents 

simple and versatile strategy for EPD of other functional organic biomolecules and their co-

deposition with inorganic materials [1]. This approach can address various challenges in the 

development of surface modification techniques for biomedical implants and sensors [56–58]. 

6.5. Conclusions 

The solubilization, micelle-forming and gel-forming properties of CHOLNa are key factors 

for the fabrication of composite films. The use of CHOLNa represents a versatile strategy for EPD 

of biomolecules of different types, which cannot be deposited independently due to poor solubility, 

electrical neutrality, charge reversal at isoelectric points, and strong pH-independent charge. The 

use of natural bile acid salts as multifunctional biosurfactants for deposition at mild conditions 

from aqueous solutions eliminates limitations of various traditional charging agents for EPD, 

which are toxic and cannot be used for biomedical applications. Moreover, many traditional 

surfactants can be used only for EPD in non-aqueous environments, which is not compatible with 

many functional biomolecules. The EPD mechanism involved the formation of mixed micelles 

and formation of composite gels at the electrode surface. The results of the XRD and FTIR studies 

confirmed the formation of composite films. The approach developed for EPD of drugs, proteins, 

and HP, which were used as model biomaterials for EPD, can be used for the fabrication of films 

for drug delivery, biosensors, and surface modification of biomedical implants with enhanced 

biocompatibility. Moreover, this approach can be further developed for co-deposition of functional 

organic molecules, biopolymers, and inorganic materials, which can be deposited as monolayers 

or multilayers. 
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Chapter 7 Application of Cyrene solvent for the fabrication of 

polymethyl methacrylate, polyethylmethacrylate and 

composite films containing hydroxyapatite and diamonds 

7.1. Abstract 

Cyrene is a new biodegradable solvent, which represents a green alternative to many 

traditional toxic solvents for polymer processing. It is demonstrated that the feasibility of 

solubilization of polymethyl methacrylate (PMMA) and polyethyl methacrylate (PEMA) in 

Cyrene. The ability to form relatively concentrated solutions of the high molecular mass polymers 

is critical for the formation of PMMA and PEMA films using a dip coating method. The polymer 

coatings provide corrosion protection of stainless steel in 30 g L-1 NaCl solutions. The use of 

Cyrene facilitates the fabrication of stable suspensions of hydroxyapatite (HA), microdiamond and 

nanodiamond particles. This approach addresses the issues of the dispersant selection of 

chemically inert diamond dispersion and biocompatible dispersants. In the meantime, HA 

nanorods with reduced particle size are obtained using rutin as a chelating capping agent. 

Composite films containing HA, microdiamond and nanodiamond in the PMMA or PEMA matrix 

are obtained as well, which are promising for biomedical applications. The such film’s morphology, 

composition and microstructure are influenced by the solvent-particle-polymer interactions and 

processing conditions.  

7.2. Introduction 

Polymethyl methacrylate (PMMA) exhibits advanced properties, which were utilized in 

solar cells[1], batteries[2], supercapacitors[3], and optical devices[4] such as lenses[5], automotive 
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windscreens, solar panels and LEDs[6]. Moreover, PMMA is a material of choice for many 

biomedical applications, including biosensors[7], orthopaedic devices[8], and dental implants[9]. 

PMMA is being considered for biomedical applications due to its favourable mechanical properties, 

chemical stability, and biocompatibility[4]. PMMA composites have been developed and 

successfully applied for controlled medication delivery[10], cranioplasty[11], biomedical 

implants[12], bone[13] and dental cements[14]. 

Polyethyl methacrylate (PEMA) is another advanced polymer that exhibits good 

mechanical strength, thermal stability, biocompatibility, and chemical stability. PEMA has 

attracted significant interest for a variety of applications, including the repair of bone[15] and 

cartilage[16], polymer electrolytes and membranes for energy generation and storage devices[17], 

biodegradable antimicrobial packaging materials[18], optical[19] and electronic components[20], 

and corrosion protection coatings[21].  

PMMA and PEMA are soluble in toxic and carcinogenic solvents, including benzene[22], 

toluene[23], and methyl ethyl ketone[24]. The use of such solvents represents a significant barrier 

to PMMA and PEMA in the biomedical applications. Other challenges include the fabrication of 

composites, containing various functional materials in PMMA or PEMA matrix.  Of particular 

importance are composites, containing hydroxyapatite (HA), which has a composition similar to 

that of the mineral part of bones[25]  and  plays an important role in biomedical applications such 

as tissue engineering[26] and bone implants[27]. There is increasing interest in films containing 

diamond and nanodiamond for various biomedical applications, including blood contacting 

biomedical implants, sensors, drug delivery, gene therapy and biomedical imaging[28].  Diamond 

materials show excellent biocompatibility, cell attachment properties, good corrosion stability, 

mechanical hardness and wear resistance[29]. There is increasing interest in the development of 
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composite polymer-diamond films for biomedical applications[30]. However, challenges in the 

development of composite films are related to the poor dispersion[31] of diamond particles in 

various solvents. The use of surfactants for diamond dispersion present difficulties due to chemical 

inertness of the diamond, which limits surfactant adsorption.  

This investigation was motivated by unique properties of a new solvent, Cyrene, which we 

utilized for addressing challenges in the development of PMMA, PEMA and composite films, 

containing HA and diamonds. Cyrene, also known as dihydroleveglucosenone[32], has a strong 

polarity[33], which results from its acetal and ketone groups[34], and it can be categorized as a 

dipolar aprotic solvent[35]. Cyrene's significant viscosity is advantageous when creating stable 

dispersions. Cyrene is easily miscible with water and common organic solvents, and it has a high 

boiling point. This makes it possible to use Cyrene at a variety of temperatures and in blends with 

other solvents. Cyrene has low volatility, high flash point, low toxicity, lack of mutagenicity and 

it represents a significant addition to the family of green solvents. Furthermore, during its 

biodegradation, the Cyrene structure's lack of nitrogen or sulphur atoms prevents NOx and SOx 

from being released. This new green solvent is drawing a lot of attention due to its advantageous 

environmental benefits[34].  

Cyrene is compatible with a wide range of chemical processes[34]. It is found that Cyrene 

could be used for biomass pretreatment in the biorefinery process and extraction of hesperidin and 

rutin from natural products[34]. Cyrene was also found to be a sustainable alternative to DMF as 

a medium for the construction of different metal-organic frameworks[36]. Cyrene showed 

advanced characteristics for processing graphene, enabling the creation of highly useful 

conductive graphene inks and concentrated dispersions[37]. On the other hand, Cyrene is a strong 

solvent that readily dissolves a wide variety of polymeric compounds and it is easily cleaned up 
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with a water wash. Because of this, Cyrene became the preferred solvent for the following 

processes: creating poly(lactic-co-glycolic acid) nanoparticles for biomedical purposes[38]; 

repairing membranes made of polyimide, polysulfone, polyethersulfone, 

polyethersulfone/graphene oxide, poly (vinylidenefluoride), and cellulose acetate; and creating 

cathodes with various configurations[39]. The use of Cyrene as a solvent facilitated multiwalled 

carbon nanotubes dispersion and eliminated the need in surfactants[39]. It also has been 

investigated as a solvent for biomedical  applications polyhydroxyalkanoate[40]. 

For biomedical applications Cyrene offers antibacterial properties and exhibits  

solubilizing power towards common antibiotics[32]. Cyrene was applied for the fabrication of 

poly(d,l-lactide-coglycolide)-based nanoparticles for efficient drug delivery[38]. Cyrene can 

solubilize a wide range of organic biomolecules such as aspirin, ibuprofen, salicylic acid, ferulic 

acid, caffeine and mandelic acid[41]. Cyrene has also demonstrated outstanding biocatalytic 

performance, acting as both a solvent and a catalyst[34]. 

The goal of this investigation was the application of Cyrene as a solvent for the fabrication 

of PMMA, PEMA and composite films by dip coating. It was found that PMMA and PEMA can 

be dissolved in Cyrene. The ability to dissolve high molecular mass PMMA and PEMA polymers 

and achieve relatively concentrated solutions coupled with viscosity of Cyrene facilitated film 

formation by a dip coating method. The films provided corrosion protection of stainless steel. 

Investigations revealed the influence of processing conditions on film morphology. The HAp 

nanoparticles prepared using a new capping agent, commercial diamond and nanodiamond 

powders showed good stability in Cyrene solvent, eliminating the need in a surfactant. Composite 

films were obtained, containing stable dispersions of HAp and diamonds in PMMA or PEMA 

solutions using a dip-coating method. The approach developed in this investigation opens an 
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avenue for the fabrication of various composites, containing different functional materials in 

PMMA or PEMA matrix. 

7.3. Experimental 

High molecular weight polymethyl methacrylate (PMMA, MW = 350,000), poly(ethyl 

methacrylate) (PEMA, MW = 515,000), Cyrene, microdiamond (size < 1), nanodiamond (size <10 

nm), rutin, NH4OH, Ca(NO3)2·4H2O, and (NH4)2HPO4 were received from the MilliporeSigma 

company. Stainless steel foils (304 type, 50 × 25 × 0.1 mm) were used as substrates for film 

deposition.  

HA synthesis was performed by slow adding 0.6M (NH4)2HPO4 aqueous solution into 

1.0M Ca(NO3)2  aqueous solution using rutin as a capping agent. The pH of the solutions was 

adjusted to 11 with NH4OH. Stirring was performed for 7 h at 70 °C. The precipitate was washed 

with water and dried at room temperature for 24 h.  

PMMA and PEMA were dissolved in Cyrene to form 50 g L-1 solutions, which were used 

for dip coating. HA, nanodiamond and microdiamond particles were added to the polymer 

solutions for the fabrication of composite films for dipping 20 seconds under the room temperature. 

The particle concentration in the obtained suspensions was 5-20 g L-1. The suspensions were 

ultrasonicated before the dip coating. And the film was dried under room temperature. 

The film microstructure was examined using a scanning electron microscope[42-45] (SEM, 

JEOL JSM-7000F). Particle morphology was analyzed using a transmission electron microscope 

(TEM, Talos 200X,  ThermoFisher Scientific). The starting materials and films were examined 

using a Bruker Smart 6000 X-ray diffractometer (XRD, CuK radiation). Electrochemical 

characterisation was performed using a PARSTAT 2273 (Ametek) potentiostat-impedance analyzer. 
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Testing was carried out in 30 g L−1 NaCl solution in water using a corrosion cell, containing a 

working electrode (coated or uncoated stainless steel), counter-electrode (Pt mesh) and a reference 

electrode (SCE, saturated calomel electrode). The results of potentiodynamic studies (1 mV s−1 

rate) were presented in Tafel plots. Electrochemical impedance spectroscopy (EIS) data was 

obtained in the frequency range of 0.01 Hz-10 kHz and voltage amplitude of 5 mV. 

7.4. Results and Discussion 

PMMA and PEMA showed good solubility in Cyrene. The possibility of forming 

concentrated solutions of the high molecular weight polymers were key factors for the fabrication 

of polymer films by a dip coating method. Figure 7-1A,B shows cross section and surface of the 

PEMA film. 

 

Figure 7-1 SEM images of (A) cross section  (F-film) and (B) surface of as-deposited 
PEMA films, (C) cross section and (D) surface of annealed PMMA films, arrows show film cross 

section. 
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The as-deposited PMMA films were porous with a typical pore size of 5 μm. The film 

thickness was about 10 μm. Annealing of the films at 180°C resulted in relatively dense and 

crack-free films. As-deposited PEMA films were relatively dense and crack-free (Figure 7-2) 

 

Figure 7-2 SEM images of as-deposited PEMA films: (A) cross section and (B) surface 

PMMA and PEMA films provided corrosion protection of stainless steel. Figure 7-3 

compares electrochemical impedance spectroscopy data for uncoated and coated stainless steel. 

 

Figure 7-3 Electrochemical impedance spectroscopy data presented in Bode plots (A) 
absolute value of impedance |Z| and (B) phase angle φ for (a) uncoated stainless steel, and (b) 

coated with PMMA and (c) coated with PEMA. The films were annealed at 180°C for 1 h. 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

180 
 

The frequency dependence of impedance |Z| for the uncoated sample showed nearly linear  

frequency dependence of Log |Z|  versus log f, which indicated significant contribution of the 

double layer capacitance Z=1/(C2𝜋𝜋f) of the electrical double layer formed by the electrolyte at the 

electrode surface. In contrast, the frequency dependences of |Z| for coated samples showed 

relatively small variations of |Z| with frequency. This can be attributed to the limited electrolyte 

access to the electrode surface. The coated electrodes showed significantly higher |Z| at high 

frequencies, compared to the uncoated electrodes. The phase angle φ for uncoated electrode 

showed values close to 80 degrees, which indicated a significant contribution of the capacitive 

component. In contrast, the coated samples showed significantly lower phase angles due to low 

capacitance and electrical resistance of the films. Therefore, the films provided a barrier for 

electrolyte access to the electrode surface. The analysis of potentiodynamic data presented in Tafel 

plots in Figure 7-4 showed increased corrosion potential of the coated samples, compared to the 

uncoated stainless steel.  

 

Figure 7-4 Tafel plots for (a) uncoated stainless steel and coated with (b) PMMA and (c) 
PEMA 
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Dip-coating method is a versatile technique for the  fabrication of composite coatings[46]. 

Therefore, following the goal of this investigation we applied this method for the fabrication of 

composite coatings. Nanoparticles of synthesized HA, commercial nanodiamonds and 

microdiamonds were used. Figure 7-5 shows TEM images of HA nanoparticles prepared by a 

modified chemical precipitation method. In contrast to the previous investigation[47], we used 

rutin as a capping agent.   Rutin is an important natural biosurfactant, which contains catechol 

ligands. It was suggested that the catechol ligand of this molecule will provide bonding to the Ca 

atoms of HA and the rutin adsorption will limit particle growth. The idea of using catecholates as 

dispersants and capping agents[48] came from the investigation of strong mussel protein 

adsorption on inorganic surfaces by chelating or bridging bonding of catecholate monomers of the 

proteins to metal atoms on the material surface. 

 

Figure 7-5 (A,B) TEM images at different magnifications of HA nanoparticles 
synthesized using rutin as a capping agent 

Previous synthesis experiments[47] performed without capping agent resulted in HA 

nanorod particles with a size of 200 nm. The use of rutin as a capping agent facilitated the 
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formation of nanorods with reduced size of 40-70 nm. However, drying resulted in small 

agglomeration of the particles. 

Figure 7-6A shows X-ray diffraction patterns of starting materials used in this investigation. 

The X-ray diffraction pattern of PMMA showed broad peaks centered at 2θ of 12,  17 and  30°. 

The pattern of PEMA showed broad peaks centered at 2θ of 15 and 30°. The XRD studies of 

microdiamond and nanodiamond showed peaks corresponding to JCPDS file 00-006-0675. The 

peak on nanodiamond were relatively broad due to the small particle size. 

 

Figure 7-6 X-ray diffraction patterns of (A) starting materials: (a) PMMA, (b) PEMA, (c) 
microdiamond, (d) nanodiamond, (e) HA and (B) deposited composite materials (f) PMMA-

HAp, (g) PEMA-HA, (h) PEMA-microdiamond, (i) PMMA-microdiamond, (j) PEMA-
nanodiamond, (k) PMMA-nanodiamond (▼-peaks corresponding to JCPDS file 00-006-0675 of 

diamond, ▲- peaks corresponding to JCPDS file  00-009-0432 of HA). 

The X-ray diffraction peaks of the synthesized HA corresponded to the JCPDS file 00-009-

0432 and confirmed successful synthesis of this material.  

The use of Cyrene as a solvent facilitated the formation of stable suspensions. It is known 

that particle-solvent interactions play an important role in the formation of stable suspensions[49]. 
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Therefore, Cyrene offers benefits of the formation of stable suspensions without the use of 

dispersants. It is in this regard that the selection of dispersants for biomedical applications presents 

difficulties, because some advanced dispersants for colloidal processing are toxic and cannot be 

used for biomedical applications[49]. It is challenging to find dispersants for chemically inert 

diamond particles[49]. X-ray diffraction studies confirmed co-deposition of polymers and particles 

(Figure 7-6B). The comparison of the diffraction patterns of individual materials (Figure 6A) and 

composites (Figure 7-6B) confirmed the formation of PEMA-HA, PMMA-HA, PEMA-

nanodiamond, PMMA-nanodiamond, PEMA-microdiamond and PMMA-microdiamond films. 

The diffraction patterns of the composite films contained characteristic peaks of the individual 

components. The use of dip coating method offers benefits for the deposition of complex 

compounds, such as HA because stoichiometry of the deposited material is controlled by the 

stoichiometry of the starting material.  

The formation of composite coatings was also confirmed by SEM. Figure 7-7 shows SEM 

images for PMMA-HA and PEMA-HA films obtained from suspensions with different HA 

concentrations. The SEM images show HA in the polymer matrix and confirm co-deposition. The 

increase in the particle concentration in the suspension from 5 to 20 g L-1 resulted in the increased 

number of particles in the deposited films. Therefore, the coating composition can be varied. As 

pointed out above, pure PMMA coatings were porous. However, the porosity was eliminated in 

coatings containing HA. 
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Figure 7-7 SEM images at different magnifications for films prepared from 50 g L-1 
PMMA solutions, containing (A,B) 5 g L-1 and (C,D) 20 g L-1 HA and  50 g L-1 PEMA 

solutions, containing (E,F) 5 g L-1 and (G,H) 20 g L-1 HA. 
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Composite films containing microdiamonds were also obtained using suspensions of 

microdiamond in solutions of PMMA and PEMA in Cyrene. Figure 7-8 shows SEM images at 

different magnifications for PMMA-microdiamond and PEMA-microdiamond films. The images 

show microdiamond particles and confirm their co-deposition with polymers. The increase in 

particles concentration in suspensions resulted in increasing number of the particles in the films. 

The addition of microdiamond to the PMMA solution resulted in elimination of porosity in the 

PMMA matrix. However, small pores were observed between the particles due to their packing 

(Figure 7-8D).  

Composite PMMA-nanodiamond and PEMA-nanodiamond films (Figure 7-9) were also 

obtained and showed similar features, as indicated by the incorporation of the nanodiamond 

particles into PMMA and PEMA films, elimination of porosity of the PMMA films and increase 

in nanodiamond content in the films with increasing nanodiamond concentration in the 

suspensions. However, the analysis of SEM images of the deposited films showed enhanced 

agglomeration of the nanodiamond particles.  

It is suggested that the formation of composite films is governed by polymer-solvent, 

particle-solvent, particle-polymer, polymer-polymer and particle-particle interactions. Cyrene 

facilitated the dissolution of high molecular weight polymers and fabrication of concentrated 

suspensions, which were critically important for the deposition of the polymers by a dip-coating 

method. High molecular weight polymers exhibit enhanced film-forming properties. High 

concentration of the high molecular weight polymer promoted polymer-polymer interactions and 

facilitated film formation. The particle-solvent and particle-polymer interactions allowed 

dispersion of the HA, microdiamond and nanodiamond particles in the suspensions, containing 

dissolved polymers. 
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Figure 7-8 SEM images at different magnifications for films prepared from 50 g L-1 
PMMA solutions, containing (A,B) 5 g L-1 and (C,D) 20 g L-1 microdiamond and  50 g L-1 

PEMA solutions, containing (E,F) 5 g L-1 and (G,H) 20 g L-1 microdiamond. 
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Figure 7-9 SEM images at different magnifications for films prepared from 50 g L-1 
PMMA solutions, containing (A,B) 5 g L-1 and (C,D) 20 g L-1 nanodiamond and  50 g L-1 PEMA 

solutions, containing (E,F) 5 g L-1 and (G,H) 20 g L-1 nanodiamond 

Such interactions facilitated co-deposition of  particles and polymers. However, the SEM 

images (Figures 7-9) showed agglomeration of the particles in the polymer matrix, which can result 

from solvent evaporation, elimination of particle-solvent interactions and enhanced effect of 
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particle-particle interactions. It is in this regards that microdiamond particles showed enhanced 

agglomeration, which can result from their higher surface area. The particle-polymer interactions 

resulted in elimination of porosity of PMMA based composite films, which was observed in pure 

PMMA films. The results of this work coupled with literature data on feasibility of solubilization 

of various functional biomolecules[41] in Cyrene opens an avenue for the fabrication of composite 

films with enhanced functionality, which can be deposited as single layers, multilayers or films of 

graded microstructure and composition. 

7.5. Conclusion 

The feasibility of solubilization of PMMA and PEMA in Cyrene was demonstrated. Cyrene 

is a promising biodegradable solvent, which represents a green alternative to traditional solvents, 

which are toxic and carcinogenic. The ability to form relatively concentrated solutions of the high 

molecular mass polymers was a key factor for the formation of PMMA and PEMA films by a dip 

coating method. The polymer coatings provided corrosion protection of stainless steel in 30 g L-1 

NaCl solutions. The use of Cyrene facilitated the fabrication of stable suspensions of HA, 

microdiamond and nanodiamond particles. In this approach, the problems of the dispersant 

selection for dispersion of chemically inert diamond and development of biocompatible 

dispersants were successfully addressed. HA nanorods with reduced particle size were obtained 

using rutin as a chelating catecholate-type capping agent. Composite films containing HA, 

microdiamond and nanodiamond in the PMMA or PEMA matrix were obtained. The composite 

films are promising for biomedical applications. The film morphology, composition and 

microstructure were influenced by the solvent-particle-polymer interactions and processing 

conditions. The results of this work coupled with literature data on solubility of various functional 
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biomolecules in Cyrene open possibility for fabrication of films with advanced functionality for 

biomedical and other applications. 
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Chapter 8 Strategies for alkali-free synthesis, surface 

modification and electrophoretic deposition of composite 

films for biomedical applications 

8.1. Abstract 

This investigation addresses increasing interest in composites for biomedical applications 

and advanced methods for their synthesis and electrophoretic deposition (EPD). The feasibility of 

preparation of hydroxyapatite (HA), titania and zirconia particles using branched polyethylenimine 

polymer (BPEI) or L-arginine amino acid as organic alkalizers is demonstrated. In this approach, 

BPEI and L-arginine are used as alkalizers-capping agents instead of inorganic alkalis. The use of 

BPEI facilitates synthesis of HA nanorods with reduced size. The advantages of this strategy for 

the fabrication of nanoparticles are discussed. Composite films are obtained by cathodic EPD using 

linear polyethylenimine (LPEI) as a charging and film-forming agent. A conceptually new 

approach is developed for anodic EPD of alginic acid polymer (AlgH) and composite films 

containing drug molecules in AlgH matrix. This strategy involved the use of L-arginine as an 

alkalizer for solubilization of drugs, which exhibit poor solubility in water. AlgH and drug 

molecules are solubilized in water and deposited by anodic EPD. Testing results confirm the 

fabrication of composite films, containing drug molecules. The synthesis and deposition methods 

developed in this investigation can be used for synthesis of other inorganic nanomaterials, EPD of 

other polymers  and their co-EPD with bioceramics, drugs and other functional materials.  
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8.2. Introduction 

Electrophoretic deposition (EPD) of materials from colloidal suspensions or polymer 

solutions is an important method for depositing different materials and composites[1-5]. EPD 

benefits include a high rate of deposition, uniform film formation on large surface area substrates, 

excellent control of film thickness and deposition rate [6, 7]. This method allows fabrication of 

thick coatings, thin films and patterned films [8]. EPD is a flexible and inexpensive method for the 

deposition of metal oxides, hydroxides, metals, ceramics, polymers, and other organic and 

inorganic materials. The high purity of the deposits makes EPD particularly important for 

biomedical applications[3, 4, 9]. 

EPD of polymers can be performed by cathodic or anodic methods[10]. Moreover, cationic 

and anionic polymers can be used as charging and dispersing additives for surface modification, 

dispersion and deposition of other materials. Polymers for cathodic or anodic deposition usually 

contain amino or carboxylic groups, respectively. The pH-dependent charge and solubility of such 

polymers are critically important for film deposition. 

Polyethylenimine (PEI) has attracted significant interest for surface modification, 

dispersion and cathodic EPD of materials. PEI is of particular interest for various biomedical 

applications, such as biomedical imaging[11-14], gene delivery[15-17], controlled drug 

delivery[17-20], biosensors[21], antimicrobial materials[22-26], surface functionalization of 

biomaterials[27], biomedical scaffolds[28] and gels[29]. The chemical structure of branched PEI 

(BPEI) contains primary, secondary and tertiary amino groups (Figure 1A). In contrast, linear 

polyethylenimine (LPEI) has only secondary amino groups (Figure 1B). At room temperature, 

LPEI is solid (melting point 73-75°C), while BPEI is liquid (regardless of molecular weight). LPEI 

dissolves in ethanol, methanol, chloroform, and hot water with a low pH[16, 19, 30]. BPEI is 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

199 
 

soluble in water at room temperature and forms basic solutions due to the protonation of amino 

groups and corresponding increase in OH- concentration in the solution. BPEI is used for charging 

and dispersion of ceramic particles and facilitates their EPD[31-33]. However, pure BPEI films 

cannot be deposited by EPD due to high solubility of this polymer. In contrast, LPEI films can be 

deposited by cathodic EPD [34]. LPEI can be protonated and dissolved in acidic aqueous solutions: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 +  𝐻𝐻+ →  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐻𝐻+ (8 − 1) 

The process of deposition involved the cataphoresis of protonated LPEI-H+ towards the 

cathode surface, where a local pH increased due to the reaction: 

2𝐻𝐻2𝑂𝑂 +  2𝑒𝑒−  →  2𝑂𝑂𝐻𝐻− + 𝐻𝐻+ (8 − 2) 

The deprotonation and charge neutralization of LPEI-H+ accumulated at the electrode 

surface facilitated film formation [34]: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐻𝐻+ + 𝑂𝑂𝐻𝐻− → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐻𝐻2𝑂𝑂 (8 − 3) 

A similar approach is used for deposition of other cationic polymers, containing amino 

groups, such as chitosan[4, 35], poly-l-lysine and poly-l-ornithine[36] for various biomedical 

applications.  

Anodic deposition is used for polymers with carboxylic groups, such as alginic acid[37], 

hyaluronic acid[38], and polyacrylic acid[39].  Alginic acid is a naturally occurring polysaccharide 

derived from brown algae. The chemical structure of alginic acid (Figure 8-1C) contains blocks of 

α-L-guluronic acid and β-D-mannuronic acid[40]. The anionic properties of alginic acid are related 

to carboxylic groups. Because of its low toxicity, low cost, biocompatibility, and biodegradability, 

alginic acid is a very desirable polymer for biomedical applications. Alginate exhibits great 
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potential as a material for the encapsulation of drugs, proteins, and enzymes as well as for the 

fabrication of biosensors, scaffolds and coatings for biomedical implants[41]. EPD of alginic acid 

films was carried out using solutions of sodium alginate (AlgNa) [37]. Film formation was aided 

by the anodic local pH decrease in the following reaction: 

2𝐻𝐻2𝑂𝑂 →  𝑂𝑂2 + 4𝐻𝐻+ +  4𝑒𝑒− (8 − 4)  

 

Figure 8-1 Chemical structures of (A) BPEI, (B) LPEI, (C) AlgH and (D) L-arginine. 

Anionic Alg- macromolecules were accumulated at the anode surface and a local pH drop 

facilitated  the production of water-insoluble alginic acid films[37]. 
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𝐴𝐴𝐴𝐴𝜌𝜌− + 𝐻𝐻+ → 𝐴𝐴𝐴𝐴𝜌𝜌𝐻𝐻 (8 − 5) 

EPD of AlgH and composites was demonstrated to be a viable technique for surface 

modification of biomedical implants [37]. Another deposition mechanism was developed for 

calcium alginate films[42, 43]. AlgNa solutions containing CaCO3 particles were used for EPD. 

The dissolution of CaCO3 was caused by the pH drop at the anode surface: 

𝐶𝐶𝑎𝑎𝐶𝐶𝑂𝑂3 + 2𝐻𝐻+ → 𝐶𝐶𝑎𝑎2+ + 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 (8 − 6) 

The interaction of Ca2+ and Alg- facilitated the formation of calcium alginate films[42, 43]. 

The ability to create calcium alginate films at mild pH values is advantageous[44] for many 

applications. 

This investigation is motivated by increasing interest in EPD of polymers and composite 

materials for biomedical applications and the need for the development of novel materials 

preparation and EPD strategies. The objective of this investigation was the development of new 

strategies for material preparation and EPD of composite films. LPEI and AlgH were used as 

model polymers for cathodic and anodic EPD, respectively. The approach was based on the use of 

BPEI and L-arginine as alkalizers-dispersants instead of inorganic alkalis for synthesis of 

bioceramic nanoparticles, such as hydroxyapatite, zirconia and titania. The use of L-arginine offers 

benefits for biomedical applications because it is one of the twenty amino acids that are found in 

proteins. In addition to the typical acid and amine groups, this molecule has a highly basic 

guanidinium group (Figure 8-1D). L-arginine is widely used as alkalizer for solubilization and 

delivery of various drugs, which exhibit poor solubility in water [45-47]. We demonstrated that the 

synthesis of fine bioceramic nanoparticles can be performed without the use of inorganic alkalis 

and described benefits of this approach. Composite LPEI-bioceramic coatings were obtained by 
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cathodic EPD.  In another strategy, L-arginine was used for the development of new method for 

EPD of AlgH films. This approach is conceptually different from previous investigations [37]. It 

is based on the solubilization of AlgH in L-arginine solutions and formation of insoluble AlgH 

films in an anodic EPD process. The new approach offers benefits of high deposition rate. 

Moreover, it offers multiple advantages for deposition of composite films. As a step in this 

direction, we used L-arginine as an alkalizer for dissolution of alginic acid and an anionic drug 

and obtained composite film by co-EPD. The strategies developed in this investigation can be used 

for synthesis of other materials and EPD of other polymers and composites by cathodic and anodic 

methods for biomedical and other applications. 

8.3. Experimental 

Calcium nitrate tetrahydrate, branched polyethylenimine (BPEI, MW=110,000), 

ammonium phosphate dibasic, zirconyl chloride octahydrate, titanium oxysulfate solution, L-

arginine, alginic acid (AlgH, MW=200,000) and ibuprofen were purchased from Millipore Sigma 

company. Linear polyethylenimine (LPEI, MW=250,000) was supplied by Polysciences,  Inc. 

Precipitation of calcium phosphates was performed at a temperature of 60 °C by a slow 

addition of 0.6 M ammonium phosphate solution into 1.0 M calcium nitrate solution. The 

experiments were performed without pH adjustment or with adjusting pH of the individual 

solutions to pH=10 using BPEI or L-arginine.  Stirring was performed for 1 h at 60 °C and 2 h at 

room temperature. The precipitates were washed with water and dried. 

Synthesis of zirconia was performed using aqueous 0.005M zirconyl chloride solutions. 

Synthesis of titania was performed from titanium oxysulfate solutions. In this procedure, 1 mL of 

titanium oxysulfate solution was added to 50 mL of water. The pH of the solutions was adjusted 
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to pH=9 by adding PEI or L-arginine. Obtained precipitates were washed with DI water, dried and 

annealed for 1 h at 400 or 600 °C. 

LPEI was dissolved in water by adding acetic acid [34]. Cathodic EPD of composites was 

performed using a mixed water-ethanol solvent (20% water). The influence of solvent composition 

on EPD process was discussed in a previous investigation [48]. The use of water was important 

for base generation in reaction (2). The use of ethanol reduced the electrical conductivity of the 

suspensions and allowed EPD at a higher voltage, which facilitated electrophoresis of ceramic 

particles. Cathodic EPD was performed from 2 g L-1 LPEI solutions, containing 5 g L-1 of 

bioceramics, such as hydroxyapatite (HA), zirconia and titania. Ultrasonication was performed for 

10 min in order to obtain stable suspensions for EPD. 

The use of AlgH as a starting material instead of AlgNa facilitated the fabrication of 

solutions with lower electrical conductivity and EPD was performed from aqueous solutions. The 

solutions were obtained by dissolution of AlgH in DI water in the presence of L-arginine as an 

alkalizer. The pH of the 1 g L-1 AlgH solutions was pH=9. L-arginine facilitated dissolution of 

ibuprofen in the same solution.  EPD was performed from 1 g L-1 AlgH solutions without and with 

2 g L-1 ibuprofen. 

A type 304 stainless steel (dimensions 25 × 30 × 0.12 mm) was used as the substrate 

electrode, while a platinum sheet (dimensions 25 × 30 × 0.1 mm) acted as the counter electrode, 

with a 17 mm spacing between them in the EPD cell. An Amersham Biosciences EPS 2A200 

power supply was used for EPD. EPD was performed for 5 min at a deposition voltage of 15 V 

between two electrodes for cathodic deposition and 10 V for anodic deposition. 
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The materials were examined using a Bruker Smart 6000 X-ray diffractometer (XRD, CuK 

radiation). Microstructure analysis was carried out using a JEOL JSM-7000F (Tokyo, Japan) 

scanning electron microscope (SEM) and a Talos 200X (ThermoFisher Scientific, Waltham, MA, 

USA) transmission electron microscope (TEM). A Bruker Vertex 70 spectrometer was used for the 

Fourier Transform Infrared Spectroscopy (FTIR) experiments. 

8.4. Results and Discussion 

The approach developed in this investigation is based on proton-sponge effect[49] of BPEI 

and L-arginine, which resulted in pH increase in their solutions. Figure 8-2A shows X-ray 

diffraction patterns of the calcium phosphate materials synthesized without pH adjustment and 

using BPEI or L-arginine as alkalizers. 

 

Figure 8-2 X-ray diffraction patterns of (A) calcium phosphate materials, prepared (a) 
without pH adjustment, (b) using BPEI for pH adjustment, (c) using L-arginine for pH adjustment, 
(● - peaks corresponding to JCPDS file 04-013-3344 of brushite, ♦ - peaks corresponding to 
JCPDS file 00-009-0432 of HA; (B)  (a,b) zirconia, (c,d) titania, (a,c) as-precipitated, (b,d) 
annealed at 400°C for 1 h, (▼- peaks corresponding to JCPDS file 01-075-9646 of tetragonal 
zirconia, ▲ – peaks corresponding to JCPDS file 04-014-5762 of anatase titania prepared using 
BPEI; (C) (a,b,c) zirconia, (d,e,f) titania, (a,d) as-prepared, (b,e) annealed at 400°C for 1 h, (c,f) 
annealed at 600°C for 1 h, (▼- peaks corresponding to JCPDS file 01-075-9646 of tetragonal 
zirconia, □ – peaks corresponding to JCPDS file 00-037-1484 of monoclinic zirconia, ▲ – peaks 
corresponding to JCPDS file 04-014-5762 of anatase titania) prepared using L-arginine. 
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The precipitate obtained without pH adjustment showed XRD peaks of a brushite 

CaHPO4.2H2O phase. In contrast, the use of BPEI for pH adjustment resulted in successful 

synthesis of HA. Previous investigations showed that pH control during synthesis was critically 

important for the HA synthesis[50-52]. The pH control was achieved using NH4OH for pH 

adjustment of individual 0.6 M ammonium phosphate and 1.0 M calcium nitrate solutions before 

their mixing. However, the use of NH4OH for the formation of buffer solutions with fixed pH 

requires application of a  special reactor with cooled condensers for ammonia containing vapor in 

a fume hood. Additional difficulties are related to the disposal of NH4OH containing chemical 

waste. Such difficulties can be avoided using BPEI, which offers benefits of more environmentally 

friendly and very simple synthesis equipment and procedure.  Therefore, the HA synthesis can be 

simplified, and it offers tremendous benefits for mass scale production. It will be shown below 

that BPEI offers additional advantages, because it also acts as a capping agent for synthesis of 

nanoparticles.  

The fabrication procedure performed using L-arginine as an alkalizer resulted in synthesis 

of a brushite CaHPO4.2H2O phase. It is suggested that the size and adsorption of the alkalizer 

molecule exerts influence on the crystallization behavior. It is in this regard that BPEI and other 

polyelectrolytes, containing amino groups, such as chitosan and polyallylamine showed strong 

interaction with HA[50, 51, 53, 54]. BPEI showed strong adsorption on the HA particles[53]. The 

chitosan-HA interactions resulted in crystallographic orientation of HA nanorods in the composite 

chitosan-HA films prepared by EPD [50, 51]. Polyallylamine promoted HA synthesis inside the 

polyelectrolyte capsules[54].  

The synthesis of zirconia and titania in the presence of BPEI and L-arginine resulted in 

amorphous precipitates (Figure 8-2B,C). Crystallization of tetragonal zirconia and anatase titania 
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phases was observed after annealing at 400°C for materials prepared using BPEI (Figure 2B). 

However, crystallization was observed at higher temperatures for the precipitates obtained using 

L-arginine (Figure 8-2C). The X-ray diffraction pattern of zirconia showed peaks of the metastable 

tetragonal and stable monoclinic phase after annealing of the precipitates at 600°C (Figure 8-2 C). 

The annealing of the titania precipitate at 600°C resulted in the formation of anatase (Figure 8-2 

C). Therefore, the results of XRD studies confirmed synthesis of zirconia and titania using BPEI 

and L-arginine as alkalizers.  

Figure 8-3 shows TEM images of precipitated powders obtained using BPEI and L-arginine. 

The HA particles, prepared using BPEI, showed a rod-like morphology (Figure 8-3A). The length 

of the nanorods was in the range of 40-80 nm. It should be noted that the size of the nanorods 

prepared using NH4OH was about 200 nm [50, 51].  Therefore, the use of BPEI as an alkalizer-

capping agent allowed the fabrication of nanorods with a reduced size. The titania particles formed 

using BPEI showed a nanorod morphology with a typical size 80-150 nm (Figure 8-3B). The 

zirconia particles precipitated using BPEI were very fine with a size below 10 nm (Figure 8-3C). 
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Figure 8-3 . TEM images of precipitates obtained using (A-C) BPEI and (D-F)  (L-
arginine),  (A) HA, (D) brushite, (B,E) titania, (C, F)  zirconia 

 

The brushite particles formed in the presence of L-arginine showed a needle-shape 

morphology, the length of the needles was 100-300 nm (Figure 8-3D).  The morphology of the 

titania particles formed using L-arginine was different from the morphology of the particles 

synthesized in the presence of BPEI. The use of L-arginine resulted in particles with nearly cubic 

shape and size ~ 10 nm, which showed agglomeration (Figure 8-3E). The zirconia particles 

precipitated in the presence of L-arginine were very fine with a typical size below 5 nm (Figure 8-

3F). 

As-prepared calcium phosphates, annealed zirconia and titania were used for cathodic EPD. 

LPEI was used as a model cationic polymer for EPD. The deposition mechanism of pure LPEI was 
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discussed in the Introduction section. It is based on the use of protonated LPEI. It was found that 

the protonated LPEI facilitated charging of the inorganic particles and allowed for the fabrication 

of composite films. The formation of the composite films was confirmed by SEM. 

Figure 8-4 shows SEM images of composite films, containing inorganic particles 

synthesized using BPEI. The SEM images show the HA, titania and zirconia particles, co-

deposited with LPEI. The SEM images revealed agglomeration of HA, titania and zirconia 

particles. It is suggested that drying of the particles and their annealing promoted agglomeration. 

The brushite, titania and zirconia particles prepared using L-arginine were also successfully co-

deposited with LPEI. Figure 8-5 shows SEM images of the composite films. The films were crack-

free and contained bioceramic particles.  LPEI-titania films showed significant porosity, which 

resulted from packing of titania particles.  The SEM images showed many titania particles. In 

contrast, the LPEI-zirconia films were relatively dense and contained zirconia particles in the LPEI 

matrix. The higher deposition yield of titania particles can result from better adsorption of LPEI 

on titania, which imparted a positive charge to the particles for their deposition. The annealed 

particles prepared using L-arginine showed smaller size and reduced agglomeration, compared to 

annealed particles prepared using BPEI. 
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Figure 8-4 SEM images at different magnifications for composite films prepared by 
cathodic EPD using (A,B) as-precipitated HA, (C,D) titania annealed at 400°C for 1 h, (E,F) 

zirconia annealed at 400°C for 1 h, for materials synthesized using BPEI. 
 

The approach developed in this investigation can be used for synthesis of other inorganic 

materials and their co-EPD with other cationic polymers. 
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Figure 8-5 SEM images at different magnifications for composite films prepared by 
cathodic EPD using (A,B) as-precipitated brushite, (C,D) titania annealed at 600°C for 1 h, (E,F) 

zirconia annealed at 600°C for 1 h, for materials synthesized using L-arginine. 

The use of L-arginine facilitated the deposition of composite coatings containing drugs. It 

should be noted that many drugs show poor solubility in water and significant challenges are 

related to their EPD[46, 55]. Such problems can be addressed using L-arginine, which is 
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increasingly being explored as an alkalizer for solubilization of different drugs [45-47]. The use of 

anionic L-arginine is beneficial for overcoming limitations of cationic PEI and other cationic 

polymers for drug and gene delivery[56, 57]. It is also known that AlgH is advanced polymer for 

drug delivery applications[58, 59]. There are excellent reviews describing drug delivery 

applications of AlgH in different forms, such as capsules, gels, and films[40, 60-62].  Our approach 

was based on solubilization of AlgH and ibuprofen drug in aqueous solutions, containing L-

arginine as an alkalizer. Ibuprofen was used as a model drug, which has poor solubility in water, 

for the development of composite films by EPD.  

It was found that AlgH and ibuprofen can be dissolved in water by the solution pH 

adjustment to 8.5 using L-arginine. It is suggested that the dissociation of carboxylic groups of 

AlgH (Figure 8-1C) and L-arginine (Figure 8-6A) facilitates their dissolution and formation of 

corresponding anionic species. However, investigations[46] of solubilization of drug molecules  in 

the presence of L-arginine showed that the dissolution mechanism is more complex. It involved 

the formation of drug-alkalizer ion-pair complexes with low binding energy, compared to the 

energy of H-bonds between the drug molecules. The formation of weakly bonded ion-pair 

complexes facilitated the dissolution process. Another important finding was the feasibility of EPD 

of AlgH films from pure AlgH solutions. The deposition yield measurements showed that 

relatively high deposition rate of ~1 mg cm-2 min-1 was achieved at a deposition voltage of 10 V. 

The deposition yield increased with increasing deposition voltage. However, the increase of 

deposition voltage above 30 V resulted in enhanced gas evolution and enhanced film porosity. 

Relatively smooth AlgH films were obtained at a deposition voltage of 10 V (Figure 8-7A,B) from 

AlgH solutions.  The SEM images at different magnifications showed that the films were crack-

free. Composite films were obtained from AlgH solutions containing ibuprofen. Figure 8-6B 
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shows X-ray diffraction patterns of deposited AlgH, as-received ibuprofen and co-deposited AlgH 

and ibuprofen. The X-ray diffraction pattern of AlgH showed (Figure 8-6B) broad peaks in the 2θ 

range of 10-25 degrees. The X-ray diffraction pattern of ibuprofen (Figure 8-6B) showed peaks 

corresponding to JCPDS file 00-032-1723 of this material. Similar peaks were observed in the 

diffraction pattern of the composite (Figure 8-6B). Therefore, X-ray diffraction studies provided 

evidence of co-deposition of AlgH and ibuprofen. 

 

Figure 8-6 (A) chemical structure of ibuprofen, (B) X-ray diffraction patterns of (a) 
deposited AlgH, (b) as-received ibuprofen and (c) co-deposited AlgH and ibuprofen (♦-peaks 

corresponding to JCPDS file 00-032-1723 of ibuprofen). 

SEM studies of the composite film showed changes in morphology of the composite AlgH-

ibuprofen film, compared to pure AlgH film (Figure 8-7). The composite film showed pores with 

a typical size of 0.1- 0.2 μm. The analysis of SEM images at different magnifications showed that 

the films were crack-free and contained fibers. 

FTIR studies provided additional evidence of composite film deposition.  Figure 8-8 shows 

results of the FTIR studies. 
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Figure 8-7 SEM images of films at different magnifications: (A,B) AlgH and (C,D) 
AlgH-ibuprofen 

The FTIR spectrum of L-arginine agrees with literature data[63]. It contains a weak 

absorption due to C=O stretching at 1,672 cm-1 and a weak band due to asymmetric NH3
+ 

deformation at 1,612 cm-1.  The absorption peaks at 1,473 cm-1 and 1,418 cm-1 are related to COO- 

vibrations modes. The peak at 1132 cm-1 is assigned to symmetric (C–N) stretching. Absorption at 

972 cm-1 is due to NH3
+ rocking vibrations and a weak peak due to C–H stretching is observed at 

604 cm-1. 

As-received AlgH showed characteristic peaks of AlgH[64], such as absorptions due to 

vibrations of protonated COOH groups at 1727 cm-1 and peaks due to C-H and O-C-H stretching 

at 1233 and 1174 cm -1,  respectively. Strong C-O stretching vibrations produced a peak at 1031 

cm-1.  The small peaks in the range of 922 - 735 cm-1 are related to vibrations of C-O and C-H 

groups, mannuronic and guluronic acid residues in agreement with literature data[64]. The 



Ph.D. Thesis – Zhengzheng Wang; McMaster University – Biomedical Engineering. 

214 
 

spectrum of deposited AlgH showed similar peaks. The peaks of L-arginine were not observed in 

the spectrum of the deposited AlgH.  The FTIR studies of as-received ibuprofen showed 

characteristic strong peaks of this material at 1718, 1419, 1230 and 935 cm-1 related to COOH 

vibrations, C-C stretching, C-O stretching and O-H bending, respectively [65-67].  The FTIR 

spectrum of co-deposited AlgH and ibuprofen showed peaks of both materials and confirmed their 

co-deposition. 

 

Figure 8-8 FTIR spectra of (A) (a) as-received L-arginine, (b) as-received AlgH, (c) 
deposited AlgH; (B) (a) as-received ibuprofen, (b) deposited AlgH-ibuprofen. 

 

The co-deposition mechanism involved electrophoresis of anionic species of dissociated 

AlgH and ibuprofen, containing COO- groups, local pH decrease at the anode surface, protonation 

of the COO- groups of both materials and formation of insoluble composite films. The approach 

developed in this investigation can be used for EPD of other polymers for biomedical applications, 

such hyaluronic acid, polyacrylic acid, polygalacturonic acid and other polymers, containing 

carboxylic groups.  Such polymers can be co-deposited with various anionic drugs and other 

functional molecules using L-arginine as an alkalizer for improvement of their solubility. The 
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application of AlgH for deposition instead of AlgNa used in a previous investigation[37] offers 

benefits for co-deposition of AlgH with inorganic materials, such as bioceramics. It is challenging 

to obtain stable suspensions of bioceramic particles in AlgNa solutions, containing Na+ ions, which 

promote precipitation and can contaminate the deposited films. In contrast, L-arginine can be 

adsorbed on particles[68] and facilitate their dispersion. Previous investigation[37] also showed 

that cathodic and anodic EPD techniques can be combined for the fabrication of multilayer and 

functionally graded films, containing layers of different functional materials and biopolymers.  

Therefore, the results of this investigations open a new and unexplored route for synthesis and 

EPD of different materials and composites. 

8.5. Conclusion 

BPEI and L-arginine can be used as organic alkalizers-capping agents for the synthesis of 

inorganic nanoparticles, such as HA, zirconia and titania. The use of alkalizers-capping agents 

offers multiple benefits, such as simple and environmentally friendly synthesis procedure and 

fabrication of nanoparticles of reduced size. Composite films containing LPEI and bioceramics 

were obtained using cathodic EPD. For the first time AlgH films were obtained by anodic EPD 

using L-arginine as an alkalizer, which facilitated fabrication of AlgH solutions. The use of L-

arginine as an alkalizer for solubilization of AlgH and ibuprofen allowed the fabrication of 

composite films. The strategies developed in this investigation can be used for synthesis of other 

materials, anodic EPD of other advanced biopolymers, containing drugs, bioceramics and other 

functional materials. 
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Chapter 9 Conclusions and future work 

In summary, the main goal of the research was to develop innovative methods for 

producing polymer and composite coatings that had advanced features for biomedical applications. 

The primary goal was achieved by this work. Novel approaches have been devised for the 

application of advanced polymers and other functional particles. Advanced functionality coatings 

can be manufactured using new methods, which provide processing advantages. The primary 

accomplishments of this dissertation can be succinctly described as follows: 

1. Instead of hazardous solvents, water-isopropanol was developed to prepare PMMA 

and composite coatings. Dip coating has been applied as a versatile approach for 

making composite coatings with bioceramics, antimicrobials, and medicines. 

PMMA coatings with hydroxyapatite and silica may improve bioactivity and 

biocompatibility of biomedical implants. Composite coatings with antibacterial 

characteristics can be made by adding Ag2O and ZnO to the PMMA matrix. 

PMMA-ZnO coating can immobilize biosensing molecules and make biosensors. 

Delivery of drugs is possible with PMMA-drug composite coatings.  

2. GA, CFA, CA, and THB charged and dispersed PVDF allowing EPD by adsorbing 

on chemically inert, electrically neutral PVDF particles. PVDF deposition yield 

rose sequentially: THB < CFA < CA < GA. PVDF coatings protected metallic 

substrates against corrosion. GA can be utilized as a charged dispersant for PVDF 

co-deposition with nanosilica or micron-size silica and fabrication of composite 

films. Variations in EPD suspension silica concentration affect film composition. 

GA can be used as a charging co-dispersant for various materials to deposit 

improved organic–inorganic composites. 
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3. GRA and RLP can solubilize PEMA without hazardous solvents. We dissolved high 

molecular mass PEMA and obtained concentrated solutions. These findings helped 

design a dip coating process for PEMA film deposition, which is adaptable. 

Chemically inert diamond microparticles and nanoparticles can be dispersed, which 

is another key finding. GRA and RLP can solubilize PEMA and distribute diamonds, 

enabling composite PEMA-diamond coatings. Diamond suspension concentration 

affects film composition. The investigation of film morphologies demonstrated that 

GRA and RLP chemical structures affect their interactions with PEMA and 

diamonds. Expanding these investigations may lead to the development of 

enhanced steroid dispersants for polymer solubilization and material dispersion. 

Dip coating is a straightforward way to make multilayer PEMA/diamond films and 

alternating PEMA/diamond films.  

4. CHOLNa is a versatile EPD technique for biomolecules of various types that cannot 

be deposited separately due to low solubility, electrical neutrality, charge reversal 

at isoelectric points, and high pH-independent charge. Natural bile acid salts can be 

employed as multifunctional biosurfactants for gentle deposition from aqueous 

solutions. The EPD mechanism formed mixed micelles and composite gels at the 

electrode surface. The EPD method for pharmaceuticals, proteins, and HP, which 

were utilized as model biomaterials, can be applied to make drug delivery films, 

biosensors, and biocompatible biomedical implant surface modifications.  

5. Cyrene is a promising biodegradable solvent that could replace hazardous, 

carcinogenic solvents for solubilizing PMMA and PEMA. Cyrene also made stable 

HA, microdiamond, and nanodiamond suspensions. This strategy facilitated the 
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chemically inert diamond dispersion using biocompatible dispersants. Using rutin 

as a chelating catecholate-type capping agent produced smaller in size HA nanorods. 

HA, microdiamond, and nanodiamond composite films were made in PMMA or 

PEMA matrix. These composite films show promise for biological use. Solvent-

particle-polymer interactions and processing parameters affected film shape, 

composition, and microstructure. This work and literature data on Cyrene 

solubilization of functional biomolecules allow for the production of films with 

increased functionality for biomedical and other purposes. 

6. As organic alkalizers-capping agents, BPEI and L-arginine can synthesize 

inorganic nanoparticles like HA, zirconia, and titania. Alkalizer-capping agents 

allow for simple, ecologically friendly synthesis of smaller nanoparticles. Cathodic 

EPD produced LPEI-bioceramic composite films. Anodic EPD with L-arginine as 

an alkalizer produced AlgH films for the first time, enabling the use of AlgH 

solutions. As an alkalizer, L-arginine solubilized AlgH and ibuprofen to make 

composite films. This study's methods can be utilized to synthesize additional 

materials, perform anodic EPD of advanced biopolymers with medicines, 

bioceramics, and other functional materials. 

Based on this work, these techniques can be improved to create microstructures with layers 

of functional materials regarding to the specific biomedical applications. For example, 

biocompatible materials make from PEMA/PMMA and composite coatings which are suitable for 

implants and sensors can be developed. This approach also helps in the combination of HA and 

some drugs to form implants that can be used to prevent infections and localize the therapy. 

Successful application of EPD and dipcoating in the preparation of biocomposites gives more 
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possibilities for synthesis. These methods can be expanded to co-deposit functional organic 

molecules, biopolymers, and inorganic materials in monolayers or multilayers. 
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