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The thesis attached is a proposal for the National Science Foundation. It aims to alleviate 

the current issues plaguing the healthcare system in terms of infection and implant rejection. The 

basis of this research relies on the antibacterial activity of potassium iodide as a glass coating, 

which is an inorganic molecule that has shown efficacy in inhibiting both the growth of 

Enterococci species and Staphylococcus species.  While this proposal is mainly focused on the 

bacterial infections, the current times necessitate antiviral therapies as well, mainly for COVID-

19. Combining the photodynamic therapy outlined for Staphylococcus inhibition coupled with 

potassium iodide may potentiate a mechanism for eradicating COVID-19, a coronavirus strain, 

from the human body. This work requires extensive study of both the cytotoxic and 

physiological effects of potassium iodide coating within mammalian cells, but may provide a 

potential avenue for future antibiotics and antiviral therapy. 

Alfred University currently does not have any specific potassium iodide-coated glass 

studies to date, but the work would help further antibacterial coating research that has been 

completed, particularly through the Biomaterials Engineering department. Coatings of glass 

microspheres as well as creating antibacterial stents have been previously researched at Alfred 

University, therefore building the foundation for similar work to be done. As Alfred University is 

renowned for glass sciences, coating glass with potassium iodide is within the realm of the 

University’s capabilities, which provides an excellent network for the proposed work to be 

completed within. 



1 

ACKNOWLEDGMENTS 

There are truly so many people that have been intergral and imperative to my Master’s 

degree journey. First and foremost, I have to thank Alfred University and the entire 

engineering department for their help, ideas, and overall flexibility in allowing me to 

complete my degree, especially Emilie Carney and Laura Grove. The academic and lab 

support I received from Sahar Mokharti, Sierra Kucko, and Dutch Alles (who aided with 

the literature review) was much appreciated and helped me to succeed in my classes. As 

well, many thanks to my stellar advisory committee of Dr. Tim Keenan and Dr. Holly 

Shulman who were understanding, thoughtful, and really encourged the work I was doing. 

Of course, none of this would have been possible without my advisor Dr. Anthony Wren. 

Dr. Wren truly let me explore my interests, gave me the direction I needed, and always was 

willing to lend a hand. I cannot thank you enough. Ultimately, the love and support I had 

from my family and friends is what allowed me to accomplish this thesis. Nancy, Sophia, 

and Heather, thank you for being my biggest cheerleaders during this time. Nick, I could 

not have asked for a better role model and I am so lucky to have had your perspective. 

Finally, Mom and Dad, thank you for being the best parents, confidants, and supporters I 

could have ever asked for. You both made this possible. 

  



2 

TABLE OF CONTENTS 
 

Page 

Acknowledgments................................................................................................................1 

Table of Contents.................................................................................................................2 

List of Tables........................................................................................................................4 

List of Figures......................................................................................................................5 

Literature Review Abstract..................................................................................................6 

Literature Review 

A. Introduction............................................................................................................7 

B. Modifying Materials Properties through Coating Technology.........................7 

C. Principles of Coating Process..............................................................................16 

D. Characterization of Modified Surfaces..............................................................18 

E. Improving the Biocompatibility of Orthopedic and Dental Materials...........25 

F. Conclusion............................................................................................................31 

References..........................................................................................................................32 

Research Abstract...............................................................................................................36 

Research Proposal 

A. Introduction..........................................................................................................37 

A.1.  Goal...............................................................................................................37 

A.2.  Hypothesis and Objectives............................................................................38 

A.3.  Background and Motivation..........................................................................40 

A.4.  Current Technologies and Opportunities......................................................45 

A.5.  Previous Results............................................................................................48 

A.6.  Workplan and Timeline................................................................................48 

B. Research Plan 

B.1.  Synthesize KI-coated Glass and Characterize the Final Substrates..............48 

 B.1.1.  Rationale.........................................................................................48 

 B.1.2.  Approach........................................................................................48 

B.2.  Bacterial and Viral Assays to Determine Effectiveness of Coatings............49 

B.2.1.  Rationale.........................................................................................49 



3 

 B.2.2.  Approach........................................................................................50 

B.3.  Cytotoxicity Testing and Stability Testing of KI-coated Glass.......................50 

B.1.1.  Rationale.........................................................................................50 

 B.1.2.  Approach........................................................................................51 

C. Summary of Research Plan and Experimental Objectives..............................52 

D. Potential Pitfalls and Solutions...........................................................................52 

E. Education Plan and Broader Impact Effects.....................................................54 

E.1. Broad Dissemination of Research Findings and Career Preparation.............54 

E.2.  Efforts to Promote Integration of Glass Science to the Local Community...55 

E.3.  Student Design Innovation Award-Scholarships for Summer Programs......57 

References..........................................................................................................................59 

 

  



4 

LIST OF TABLES 
 

Page 

Literature Review 

Table I. Characteristics of Bone Morphogenic protein (BMP) Isoforms..........................30 

Research Proposal 

Table I.  Project Schedule including Milestones and Projected Timeline.........................53 
 
 
  

  



5 

LIST OF FIGURES 
 

Page 

Literature Review 

Figure 1. Schematic outlining how bioglasses work.........................................................10 

Figure 2. Medithin™ DLC used for implants and medical tools......................................13 

Figure 3. SEM image of HA-coated PEEK (A/B) and uncoated PEEK (C/D)..................20 

Figure 4. NMR peaks representative of hydroxyapatite coatings......................................23 

Research Proposal 

Figure 1. Schematic of ultrasonic deposition of salt (KI) onto a glass substrate….………46 

Figure 2. A schematic describing dip and spin coating………………………………...…47 

Figure 3. A schematic describing photodynamic therapy………………………………...48 
 
 

  



6 

LITERATURE REVIEW ABSTRACT 

 
 Prior to the development of this thesis, an extensive literature review was conducted 

to explore coatings on medical devices to garner the necessary background. The literature 

highlights four fundamental aspects of coating technology. The first aspect is the ability of 

a coating to enhance the material properties of the substrate. This includes hardness, 

opacity, fatigue, as well as osseointegration and biocompatibility. The second aspect 

describes the different methods by which substrates can be coated, including dip coating, 

spin coating, and ultrasonic deposition. These coating processes helped to lay the 

foundation of the research plan described below. The third aspect that is described within 

the literature review is the extensive characterization methods that are necessary to perform 

on a coated, implantable medical device. The descriptions of characterization methods 

include, but are not limited to, Scanning Electron Microscopy, Transmission Electron 

Microscopy, Nuclear Magnetic Resonance, Raman Spectroscopy, and X-ray 

Crystallography. This section aims to outline the necessary procedures required to 

determine the structure of the coated device. Finally, the fourth aspect describes how 

adding a coating to a medical device can influence the antibacterial properties of the 

implant. This is explored in two sections, with emphasis on internal devices and dental 

implants individually addressed. This is the key portion related to developing the research 

described in the research proposal.  
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Literature Review 

A. Introduction 
 

 Implants are utilized in nearly every facet of medicine, from drug-delivery systems to 

weight-bearing hip replacements and can greatly improve the quality of a person’s life. It 

is estimated that in the United States, millions of implants are inserted every year into 

patients, with an emphasis on dental implants that contribute significantly to this quota. 

However, nearly 10% of these implants will fail within the recipient’s lifetime and are 

skewed to failing within the first 5 years. In order to combat this, a variety of coatings have 

been developed for medical devices in order to increase their biocompatibility, bioactivity, 

osseointegration, and overall success rates. This involves the manipulation of mechanical 

properties or chemical properties of the implant, including the hardness, fatigue points, 

bioactivity, and other integrative properties via coating. 

The coatings themselves can be applied in a variety of fashions to the implant substrate, 

including sol-gel processes, vapor deposition, sputtering, laser-assisted deposition, 

ultrasonic deposition, and dip-coating. Afterwards, the coated implant requires extensive 

characterization to determine the properties of the coated material (SEM, TEM, Raman 

Spectroscopy, X-ray diffraction, ICP, among others). Finally, the key aspect to coated 

materials is a focus on the antibacterial abilities of the implant, as many failures are 

associated to acute or chronic infection that occurs post-implantation. These antibacterial 

coatings often include silver and copper, as well as new coatings like Battelle’s that involve 

smart features to enhance the overall antibacterial properties of the implant. Coatings are 

an integral portion of creating implants and ensure the comfort and success in recipients. 

 

B. Modifying Materials Properties Through Coating Technology  

 

  A common coating that is applied to a variety of implants, particularly orthopedic 

implants, is Titanium-nitride (TiN). TiN, a ceramic, is known to increase the overall 

biocompatibility of the implant in question, as ceramics are ideal in that they rarely elicit 

any type of immune response. In implants that contact blood, especially in the 

cardiovascular system, the coating encourages tolerance and minimizes hemolysis. As 
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well, the coating on implants (including titanium alloys and cobalt alloys) influences 

mechanical properties, namely the friction and wear of the implant. The TiN coating itself 

has exceptional hardness and can withstand abrasion in bone implants where typical 

wearing of the implant would be found, minimizing the release of potentially harmful ions. 

A retroactive study found that this coating, analyzed between 1-6 years after implant, had 

success rates of over 90% in various clinical settings. However, these results did not have 

a control group, barring one small cohort which had nearly identical outcomes to the TiN 

coated implants. 1 

 TiN can be applied to metal surfaces in different forms. TiN coatings can range 

from ceramic matrix composites to pure nanocrystalline TiN deposited over a metal 

surface. These coatings have been shown to improve many properties useful to the 

implementation of biomaterials including; hardness, toughness, biocorrosion resistance, 

bacterial viability, elastic modulus. There was examination of the scratch hardness and 

fracture toughness of ceramic matrix composite coating (CMC) containing TiN, TiB2 and 

SiC on an AISI 1025 steel substrate. This coating was applied via laser-assisted chemical 

reaction which is discussed later (Principles of Coating Processing). Fracture toughness is 

the coating’s resistance to crack formation and this composite coating showed significantly 

higher fracture toughness than all of the individual constituents tested as bulk ceramics. 

This value was measured at three different depths of penetration with a Rockwell diamond 

indenter. The greatest fracture toughness was measured at the shallowest depth of 

penetration. This trend is also observed with scratch hardness. As the depth of penetration 

increases, scratch hardness decreases, which implies the actual fracture toughness and 

scratch hardness observed when CMC is applied will depend on the loads that the coated 

material is exposed to. 2 

Compared to a stoichiometrically balanced coating, the fracture toughness and 

scratch hardness was reduced when there was extraneous free hex boron nitride (hBn) in 

the matrix. This is because it agglomerated into a continuous phase. Without other phases 

to inhibit the growth of a crack through the hBN phase, it is intuitive that the fracture 

toughness would decrease. The scratch hardness also decreased because hBN is soft 

relative to the other constituents. Conversely, the fracture toughness and scratch hardness 

increased with extraneous SiC compared to the stoichiometrically balanced coating. This 
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is potentially due to the addition of a discontinuous phase which inhibits crack growth, or 

crack bridging between Si atoms on either side of the crack. 2 

It has been shown that TiN deposited via cathodic arc- physical vapor deposition 

(CA-PVD) onto a Titanium alloy (Ti4AL6V) in nanocrystalline form improved several 

properties of the material. Using a Vickers indenter, the coated sample was recorded to be 

seven times harder than the uncoated sample. The hardness values were recorded at 38.6 

GPa and 5.27 GPa respectively; measured under a load of 200 mN for 10 seconds. The 

coated sample had a modulus of elasticity to be more than twice that of the uncoated 

(358GPa and 151 GPa respectively). Due to the increased hardness of the coated sample, 

the coefficient of friction was lower in the coated sample which improves the material’s 

tribological properties and function as an articular implant. Further, passivation tests in 

simulated body fluid showed that there was no occurrence of pitting corrosion in the coated 

sample, and the calculated potential of pitting corrosion was reduced in the coated sample. 

Finally, the viability of bacteria (gram negative E. coli) on the coated sample was reduced 

significantly after 48 hours. 3 

It is important to note that CMC’s and nanocrystalline CA-PVD’s have different 

qualities. The increased toughness in the CMC coting was attributed to the presence of 

many different phases which is inherent to the nature of a composite. A single phase was 

achieved in the CA-PVD sample which is credited for its hardness. The fracture toughness 

was not measured in this coating but if the toughness was improved by the coating, it 

certainly would not be due to the multiple-phase mechanism. For this reason, toughness 

may be better in the CMC. Hardness however was measured in both cases. The CA-PVD 

coating was measured to have a greater hardness than the CMC coating. The micro-

hardness measured on the CMC sample was 24.37 GPa and the micro-hardness of the CA-

PVD coating was 38.36 GPa. These samples were measured using different metal 

substrates and different indentation methods; a further comparison would be prudent. 

Regardless, TiN as a coating improves the properties of several metallic biomaterials. 2, 3 

One of the first types of coatings arose from the work of Dr. Larry Hench during 

the Vietnam War. This type of coating truly changed the bioactivity of the material used 

and allows for incorporation of the material into the host bone tissue. In order to repair 

bone that had been damaged, Hench devised a glass composition known as 45S5 Bioglass. 
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This glass, which is predominately SiO2, CaO, P2O5 and Na2O, has the ability to promote 

bone formation through hydroxyapatite crytallization. This is shown in Figure 1. The 

relatively high ratio of calcium to phosphorous causes apatite crystals (part of the calcified 

matrix of bone) to form, which integrates the Bioglass seamlessly into the bone complex. 

This can be applied to a variety of implant surfaces, allowing for the bioactive glass to 

bridge the gap between the implant and the bone tissue, and have the implant be 

incorporated into the normal bone remodeling processes which enhances the success rate 

of implants. 4 

 

 
 

 
 
 
 
 
 
 
 

Figure 1:  Schematic outlining how Bioglass mechanism of action 4. 
 
 

It is well known that citrate hydroxyapatite (cHAP) coatings improve 

biocompatibility, foster bone growth, and reduce toxic ion leaching from the substrate 

metal, but the effects on the mechanical properties of the material it coats were more 

recently discovered. This was analyzed by conducting a biaxial bend test on pure titanium 

and a cHAP coated sample of titanium. Coated samples not only showed a reduction of 

stress within the titanium substrate, but that the coating had no effect on the strain of the 

material. Further, in the uncoated sample of titanium, there was a larger area under stress 

than in the coated sample, meaning the cHAP coating reduces stress and impacts stress 

distribution. 5 

Hydroxyapatite coatings can be modified to further improve material properties. 

Horandghadim et al. (2019) found that as Ta2O5 is added (10, 15 and 20 wt%) to a 

hydroxyapatite coating on a NiTi substrate, several benefits were achieved. Increased wt% 

Ta2O5 decreased surface roughness which improves tribology. Fewer Ni ions are leached 
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from the substrate into a phosphate-buffered saline solution as Ta2O5 is added. As well, 

attachment to the substrate, hardness, and elastic modulus were also significantly increased 

with the addition of Ta2O5. 
6 

 Bioactive glass can be added into composite materials in order to maximize the 

positive effects of hydroxyapatite coatings by changing the overall properties of the 

material being used. Namely, it can be mixed with ceramics in order to form a 

hydroxyapatite coating, described in detail below (Dental Coatings). However, it can also 

be incorporated into polymers, making a bioactive coating that also promotes strength and 

functionality. Chitosan, a natural occurring polymer found in crustaceans and fungi, has 

antibacterial activity and high levels of compatibility within the human body. In order to 

use this as a beneficial coating, it can be mixed with 45S5 Bioglass, which enhances the 

adhesion of the implant to bone while garnering all the benefits from chitosan. 

Polycaprolactone (PLC) is another important polymer than can be mixed with Bioglass in 

order to produce desired results. Since glass is brittle and can have catastrophic failure, 

using a polymer to help counter these effects and increase overall elasticity (like PLC) 

makes Bioglass more stable in load-bearing or high fracture risk applications. 4 

 There are many different Bioglass compositions, each possessing different 

properties with different degrees of functionality. In particular, Sol-gel Bioglass coatings 

can provide protection from bio- corrosion. They can also be biologically active by 

releasing Si ions which has been shown to promote new tissue growth. The degree to which 

a sol-gel coating can protect a material and the degree to which it can participate in 

bioactivity seem to be inversely related. 7 

 An investigation of three compositions of sol gel coatings on a stainless steel 

substrate relates to the described concept. The steel substrates were coated with a mixture 

of tetraethyl orthosilicate and one of three methyl modified alkoxylanes: trimethylsilane 

(MTMS), dimethyldiethoxylane (DMDES), or polydimethylsiloxane (PDMS). The 

samples were tested with hydrolytic degradation to measure the bioactivity of the coating, 

and electrochemical corrosion to measure the bio-corrosion resistance. The highest mass 

loss from the hydrolytic degradation test was from the coating that contained MTMS 

followed by DMDES and PDMS respectively. These results suggest that MTMS causes 

the highest level of bioactivation. In the electrochemical corrosion test, the highest modulus 
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of impedance was measured from the coating containing PDMS followed by DMDES and 

MTMS respectively. Resistance to bio-corrosion and increased bioactivation are both 

desirable properties in a biomaterial coating. These properties conferred to a material by a 

sol-gel are in opposition to one another. For this reason, a balance must be stricken between 

these properties which may depend on the particular needs of the biomedical application7. 

 On the subject of glass, metallic glasses are amorphous metals that provide very 

good wear resistance compared to crystalline metals. Typically, these glasses are brittle but 

when used as a coating on a more ductile material like stainless steel, their wear resistant 

properties can be conferred while mitigating the drawbacks of the bulk material. A laser-

cladded a nickel free stainless steel with a FeCrMoCB amorphous metallic glass was 

designed to measure hardness. The substrate had a hardness measured to be 230 HV0.1; 

the coated samples had hardness values ranging from 1200 to 1400 HV0.1. The range in 

compounds comes from different levels of amorphous or crystalline phases in the metallic 

glass coating. Also, dry and SBF wear tests were performed. In both cases, the coated 

samples outperformed the uncoated samples by a large margin. In the dry wear tests, the 

coated samples were as much as 270 times more wear resistant than the substrate. A SEM 

image after submersion in SBF showed large wear scars on the uncoated sample and a 

smooth, unworn surface on the coated sample. Since metallic glasses are brittle and cannot 

undergo strain hardening, softer metallic glasses exhibit better wear resistance. Finally, an 

osteoblast cell culture was performed on the coated sample. After a week, healthy cells 

were observed inferring the cytocompatibility of this coating. 8 

 Diamond like coatings (DLC) are amorphous carbon-based coatings that mimic 

properties observed in diamonds due to a large amount of sp3 hybridized carbon bonds. 

These properties include exceptional hardness, corrosion resistance, biocompatibility, 

hemocompatability and a low friction coefficient. This makes DLC a promising coating 

especially for articular surfaces that require corrosion resistance and favorable tribological 

qualities. However, drawbacks to DLC’s include poor adhesion to metal surfaces due to 

high internal stress and low bioactivity. These coatings have been modified and studied to 

increase the beneficial properties and mitigate the harmful properties for biomedical 

applications. 9 An example is shown in Figure 2. 
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Figure 2: Medithin™ DLC used for implants and medical tools 9. 
 

 To study the effects of cooper in a DLC coating, experimenters found that the 

coating’s hardness increased as copper wt% is increased in the coating until it reaches 

~37% at which point the addition of copper reduces the hardness. This inverse trend is 

observed for Young’s modulus. Copper reduced internal stresses in the coatings increasing 

adherence to the substrate. The samples coated with copper-enriched DLC showed higher 

antibacterial, osteogenic and angiogenic properties. These mechanical and biological 

properties can all be optimized by modulating the wt% of copper in the coatings. The 

H3/E2 (hardness/elastic modulus) ratio is used to determine wear resistance. The optimal 

ratio is clear in this case because the minimum elastic modulus occurs at the same Cu wt% 

as the maximum hardness measurement. 9 

Another experiment doped DLC coatings with different amounts of Si on a titanium 

alloy substrate. The highest amount of Si tested (21.85 at% Si) exhibited the highest 

hardness, H3/E2 ratio, and critical load. Further, this sample was more hydrophilic than 

the with less Si wt%. Mechanical properties in this case were clearly improved with the 

addition of silicon, and with cytocompatibility tests, they found no adverse biological 

effects to the addition of Si to a DLC coating. 10 

Smart coatings involve the combination of the release of an antibiotic with an active 

“targeting” of specified bacteria that often leads to failure in implants. The idea behind this 

stems from a method that’s been utilized for years. Antibiotics or other wound-care 

treatment have long been applied to the implant site, but are only available for a short 

amount of time. This means that the therapeutic properties of the medicine, whether applied 



14 

topically or into the implant site, are only available in the first few days following operation 

and implant insertion. This can be problematic, as it may mitigate the effects from acute 

infection but not have any prevention against chronic infection which can occur for longer 

periods of time post-implantation. A controlled-release coating can supply the implant site 

with an antibiotic for a longer period of time, and if the coating is a “smart” polymer, it 

will only release antibiotics when challenged with bacteria based on specified triggers. 11 

An experiment was developed a poly(ethylene glycol)-poly(propylene sulfide) 

(PEGS-PPS) polymer coating that could be added to implants and act as a “smart” 

antibiotic delivery device. PEGS-PPS is non-toxic and biodegradable, meaning that as the 

polymer breaks down to release antibiotics to the body, it does not induce an immune 

response. This polymer is also “smart” as the reactive oxygen cascade that is triggered by 

bacteria activates the release of the antibiotic so it is only released where it is actually 

needed. In a study done over the course of seven days in mouse models, PEGS-PPS filled 

with the antibiotic tigecycline had statistical significance in lowering the infection and 

bacterial colonies in the area surrounding the implant (2.6 x 102 CFUs versus 5.9 x 104 

CFUs on the surrounding control tissue). It was particularly effective at preventing S. 

aureus which accounts for half of all infection in implants. Utilizing the antibiotic 

vancomycin also showed a decrease in colony formation. This experiment shows promise 

in developing devices that are able to slowly release antibiotic in response to an external 

trigger in order to maximize the efficacy of the antibiotic only when bacteria are actually 

present. 12 

Collagen is an important protein that makes up bone matrix. Bone matrix itself is 

comprised of two portions: the calcified, inorganic portion and the organic portion. The 

calcified part, which is gives the bone tough, strong properties, is composed mainly of 

calcium and phosphorous and is referred to as hydroxyapatite. On the other hand, there is 

the organic matrix which lends bone the ability to have some flexibility and resilience. The 

organic matrix contains collagen fibers, which are proteins that help provide structural 

support to the overall matrix. Normally, orthopedic implants are coated with a form of 

hydroxyapatite to induce binding to the calcified portion of bone and integration of the 

implant into bone tissue. However, this is an imperfect process and bone-forming cells may 

be inhibited during the integration 13. Using collagen type-I coatings may relieve this issue 
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and introduce an alternative coating type for bone implants14. 

 To understand the impact titanium has on collagen matrices, coated titanium rods 

with type-I collagen and inserted them into rat tibia for observation over the course of 28 

days. The first observation of the tissue surrounding the implant was taken at the 4-day 

mark. Here, it was found that preliminary granulation tissue was forming at the interface 

between the implant and the bone tissue as well as presence of mononuclear/phagocytic 

cells, which suggests the beginning of the bone remodeling process necessary for 

integration into the bone tissue by the implant. By the 7-day mark, there was a significant 

increase in the active osteoblasts surrounding the coated titanium rods versus the uncoated 

rods. Osteoblasts are the differentiated stem cells that lay down the preliminary matrix for 

bone tissue, and an increase in their presence indicates a higher bone formation rate near 

the implant. Finally, by 28 days, collagen-coated implants had roughly 75% of direct bone 

contact between the implant and the bone tissue, indicating integration as opposed to only 

62% in non-collagen coated implants. The type-I collagen coating was an effective tool in 

stimulating bone remodeling in titanium implants to aid in successful incorporation. These 

coatings actually stimulate bone forming cells (osteoblasts) which have been historically 

inhibited in inorganic coatings, making this a potential option to overcome this issue while 

still achieving bone remodeling and formation on titanium implants. 14 

Another key area of research in terms of changing materials properties of the 

implants using a coating is the PEGylation of biologics to use for therapeutic purposes. In 

this process, polyethylene glycol (PEG) chains are synthesized and conjugated onto a 

vesicle, usually a drug or type of protein. By doing this, the PEGylated structures are able 

to avoid the immune system, as the PEG markers “mask” the macrostructure from T cells, 

B cells, and other host immune cells. As well, the PEGylation inherently increases the size 

of the drug or protein, making it less likely to dissolve in solution and be excreted out of 

the body via the renal system. This enhances circulation time of the therapeutic and allows 

it to stay in the body for the necessary amount of time to be effective. As well, PEGylation 

can form surfaces that are non-conducive to bacterial colonization, limiting the chance of 

infection and damaging formation of biofilms.  Current research is being aimed at using 

this theory on a larger-scale, specifically on implant surfaces. 15 
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PEGylated peptides have shown a notable reduction in the ability of infection to 

spread in implants. Particularly on titanium surfaces, the spontaneous adsorption of the 

peptide onto the surface of the implant to create a non-fouling surface. Non-fouling 

surfaces repel adhesion by bacteria and other microorganisms, usually due to charge 

incompatibility, and prevent the build-up of a biofilm. As well, the PEGylation of the 

implant may make it more immunocompatibile. Overall, it has documented that 

PEGylation leads to a significant decrease in both biofilm adherence and protein adsorption 

(nonspecific), both of which are causes of infection, inflammatory response, loosening, and 

failure in implants when the surfaces of implants were PEGylated. This shows promise in 

minimizing bacterial infection and can serve as both a nano-scale therapeutic as well as a 

macro-scale coating. 15 

Polymers can be utilized to coat titanium implants in a multi-functional way. This 

means that the final product can have a variety of properties, ranging from different 

hydrophilicities, biocompatibilities, and bioactivities.  For example, a dip-coating method 

is used to adhere polyurethane composites to titanium surfaces. The composite consisted 

of varying proportions of the polyurethane coupled with graphene and !-TCP. In the final 

results obtained, it was feasible to coat a titanium implant with this polymer with adequate 

stability, and the biocompatibility of the implant relied heavily on the graphene (a form of 

carbon) and polyurethane content while the bioactivity was dependent on the concentration 

of !-TCP (a material that mimics bone matrix material and encourages adherence of the 

titanium implant). The hydrophilicity relied on all three proportions of the aforementioned 

components. This coating can manipulate the desired properties for the implant material 

and can be tailored to specific applications. 16 

 

C. Principles of Coating Processing  

 

Sol-gel coatings consist of a colloidal solution or suspension of monomers that 

exists within a liquid medium which is hydrolyzed (typically by the Pechini process) and 

polymerized via condensation to form a gel, which is a suspension of a solid within a liquid, 

completely resistant to flow. The gel itself can then be added to the desired substrate to 

create a thin film over the specimen. This gives a modified surface that is namely protective 
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and can be used to coat implants to lessen the effects of the harsh biological environment 

on the implant. A variety of methods can deposit sol-gel coatings onto medical devices, 

including dip-coating (described below) and spin coating, which involves spinning a small 

amount of the sol-gel coating (liquid form) onto a flat surface to create a uniform coating. 

This technique is vital in the modification of properties of medical devices, including 

mechanical properties, adhesion ability, and temperature-resistant coatings, often achieved 

by the thin films produced by sol-gel coatings. 17 

A common method that utilizes sol-gel in the coating of materials, including 

titanium implants and other substrates, is dip coating. Dip coating usually involves the 

material being submerged in a solution for a short period of time that allows for the 

deposition of particles onto the substrate surface and the formation of a thin layer that 

occurs when the substrate is pulled out of the solution. The five steps of dip-coating include 

immersion of the substrate into solution, allowing the substrate to remain in solution, 

deposition of the particles in the solution onto the substrate, removing the material from 

the solution at a constant speed, and eventually allowing the remaining liquid to evaporate 

off of the substrate, leaving only a thin film. Adding heat to the substrate prior to 

submersion may allow for better deposition and adherence of the particles in the solution 

to the material 18. This method has begun to be utilized in hip and knee implant materials 

in order to cover them with bioceramics that aid in adherence to bodily tissue 19. 

The ability to coat glass with salts, some of which may have bioactive or 

antimicrobial properties, was studied using an ultrasonic method.  In this experiment, glass 

microscope slides, parylene-coated glass slides or silicon wafers were submerged in a 0.04-

0.5 M solution of potassium iodine. Then, a titanium horn was placed in the solution and 

tuned to a frequency of 20 kHz for a time ranging between 15 and 90 minutes. After the 

experiment, characterization and leaching studies were performed to determine the overall 

deposition of nanoparticles onto the different substrates.  The results presented that 

potassium iodide was most uniformly distributed across the substrate if the initial solution 

was between 0.05 and 0.125 M. As well, the ideal reaction time is situated at 30 minutes. 

The leaching studies also demonstrated that particles were still adhered to the substrates 

after 24 hours, and it took over 96 hours for complete leaching to be achieved. 20 
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It is important to understand the mechanism by which the ultrasonic deposition of 

inorganic salts onto glass is achieved from a chemical perspective. When the titanium horn 

is submerged into the inorganic salt solution and ultrasonic waves are produced, ions of 

the salt will be absorbed on or near the sound bubbles. Eventually, those bubbles collapse, 

and the ions are then subjected to localized temperature and pressure conditions that are 

higher than normal. These higher pressure and temperature conditions allow for ions to 

influence each other into the formation of nanoparticles. These nanoparticles are expelled 

from the site of the bubble collapse and propelled via high speed jets that formed after the 

bubble collapse. This motion allows for deposition onto the various substrates, but with 

particular concentration on the glass substrates. 20 

Another way to generate coatings is through spray processing, whether it be through 

thermal or cold conditions. Spray processing allows for porous materials to be 

manufactured, usually in bulk for a basic starting material. This includes various metals, 

polymers or ceramics that can be molded into wires or substrate sheets prior to 

manipulation into a usable device.  One of the most important medical applications for 

spray processing are vascular stents. Stents, utilized to hold open collapsed or damaged 

valves in the cardiovascular system, are often made of a wire mesh. Since these implants 

need to illicit no immune response to avoid inflammation in the blood vessels or heart, the 

pores developed from spray processing can be filled with a type of drug or anti-

inflammatory therapeutic that can be released into the body to minimize the immune 

response. The drug could be released slowly and allow for a longer-term suppression 

created by the implant itself. 21 

 

D. Characterization of Modified Surfaces 

 

Light microscopy, also referred to as optical microscopy, is a simple yet powerful 

tool in the initial characterization of coated materials. The mechanism behind this device 

is simple, as a specimen is placed on the stage of the microscope and illuminated above by 

a light source. Above the specimen is a lazy-Susan type rotation of objective lenses, 

changing the overall magnification of the specimen when viewed from the eyepiece above. 

In order to focus, course adjustment knobs that move the stage in larger strides as well as 
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fine adjustment knobs that are used for precision focus help to make the specimen clear for 

viewing from the eyepiece. The purpose of using a light microscope is to make general 

observations on the surface of the coated material and note certain characteristics that may 

not be visible in a macroscopic setting. 22 

 Newer light microscopes can view up to the nano-gram scale, and can visualize 

microstructure, including crystal structure, on the coated sample. However, there are 

limitations to light microscopes that inhibit usage in certain applications. Since light 

microscopes rely on visible light in order to illuminate the specimen being examined, the 

specimen must emit a wavelength that is greater than half the wavelength of the illuminated 

light or an image cannot be generated. This can be overcome using an electron microscope, 

like an SEM, which is described in detail below and image significantly finer details of the 

specimen. As well, in living structures (perhaps adhered to a coating), many of the internal 

structures cannot be imaged as they appear transparent, forcing a dye to be utilized as 

contrast. This often kills the living structure, which limits the application of light 

microscopy. 23 

 One of the most prominent ways to characterize the coatings developed for 

materials is scanning electron microscopy (SEM). SEM utilizes the power of high-energy 

electrons in order to generate a beam that can “scan” over a coated material to give an 

extreme magnified image that provides insight to the surface structure/composition and 

topography of the coating on a material, up to the individual atom. Comprised of an 

electron generator (usually in the form of a wire where a current is passed through or from 

a crystal where a voltage is applied), multiple lenses to condense and direct the beam, and 

a series of detectors used to generate an image, the SEM is powerful in determining the 

underlying features of a coating. Backscattered electrons, which are generated from the 

electron source itself of the SEM, are reflected from the specimen being imaged and, while 

having low resolution, give important information on the composition of the specimen. 

Secondary electrons originate in the specimen itself and are displaced by the electron beam. 

These electrons are necessary in topographical dissection. 24 

 Finally, X-rays can also be detected by the SEM and provide details on the 

elemental composition of the sample (EDS). As electrons are displaced within the sample, 

changing energy levels of said electrons will release photons (X-rays) from the sample. An 



20 

X-ray detector will pick up these signals and generate a spectrum that contains energy level 

peaks that correspond to known elemental analysis. The experimental energy peaks can be 

correlated to known peaks for certain elements, and the specimen, particularly the coating, 

will have the elemental composition determined. SEM has its limitations, including the 

difficulty with charging, especially on a metallic implant. Non-metallic specimen requires 

a coating (typically metallic) to generate electrons, which can sometimes interfere with 

compositional/topographical insight. As well, it can be difficult to image live specimens 

(i.e. coating with bacterial adhesion) as the specimen has to be dehydrated unless an 

Environmental SEM is used, which gives low resolution that may not image bacteria 

effectively24. An example SEM image is shown in Figure 3. 

 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: SEM image of HA-coated PEEK (A/B) and uncoated PEEK (C/D)23. 

 
 Transmission electron microscopy (TEM) is another important characterization 

method pertinent to the coatings on materials. Similar to SEM, TEM relies heavily on an 

electron beam that will pass through the surface of the specimen. Starting from an electron 

gun, the TEM contains electromagnetic lenses that focus the particles into a fine beam in 

order to target a small area on the specimen. Unlike the SEM, the electrons themselves are 

not reflected from the sample being imaged but rather pass through the sample itself and 

are scattered or land on the fluorescent screen located below the TEM. This requires the 
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sample to be extremely thin and are often sliced into fine layers using ultramicrotome. The 

TEM develops an image from this, and the surface characteristics of the coated material 

are shown in high magnification at a high resolution (dependent on the wavelength of the 

electron). 25 

 Due to the passing of electrons through a sample, TEM can give different 

information about the properties of a coated material than SEM. SEM, coupled with EDS, 

is really limited to surface characterization and elemental composition of the specimen. 

TEM, however, images more internal structures, including crystallinity and morphology. 

Crystallinity is highly important to characterizing material, as this can help determine 

hardness and even potential failure points. In terms of crystallinity, TEM can observe grain 

boundaries and observe defects in these areas, another vital component to characterization. 

While limited by small amounts of surface being analyzed at one time and flat, two-

dimensional images, the detailed, high resolution of the TEM lends itself to being an 

important device in characterizing coated materials. 25 

 Raman spectroscopy is utilized for characterizing coated materials by using 

vibrations of molecules to determine the overall chemical composition of the material, as 

well as structural aspects and molecular interactions. Raman spectroscopy involves a light 

source, usually in the form of a laser, to bombard the specimen which will scatter the high-

intensity laser rays in various directions, known as Raman scattering. The Raman scattering 

is the useful information produced by this technique as it is detected at a different 

wavelength than the initial laser. If the light wavelength detected is the same as the initial 

wavelength, this information is not useful and is known as Rayleigh scattering which is 

what most of the scattered light. The minority Raman scattering is dependent on the 

chemical composition of the coated material, and a spectrum can be developed that shows 

the various wavelengths, against arbitrary intensity, that are detected. 26 

 From this spectrum, the peaks displayed correspond to a previously determined 

molecular bond vibration. This includes carbon double bonds, C-H groups, N-O groups 

and other portions of the composition of the structure, like benzene rings.  This not only 

determines the elemental identity of the specimen, but also the organization and structural 

aspects. From a Raman spectrum, phases and intrinsic stress/strain can be deduced, but 

also impurities. If the ideal elemental composition of a specimen is known prior to Raman 
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analysis, any peak that does not correspond to an expected element can be determined to 

be a contaminant or impurity, which signals a misstep in the preparation process. In 

implants, where the device is inserted into the human body, every component of the coated 

material must be documented as a possible immune response may result from an impurity 

in the composition of the coated material. 26 

 Fourier-transform infrared spectroscopy (FTIR) generates an infrared spectrum that 

gives similar information as Raman, including chemical/elemental composition of coated 

materials as well as observe the overall chemical properties.  Relying on infrared radiation, 

the radiation itself can take two avenues: it can be either absorbed by the specimen or pass 

through the specimen, which is referred to as transmitted radiation. The process involves 

an infrared radiation source, which is passed through the sample to a detector located below 

the sample compartment, where the signal is amplified and converted into a readable signal, 

usually on a computer screen. The readable signal itself maps out the various components 

of the specimen which correspond to known “fingerprint” regions of specific molecular 

linkages, and can help to determine the elemental composition and the structural positions 

of the elements within the specimen due to the vibrations of cofactors, amino acid side 

groups, and water molecules. This is particularly useful for organic coatings/polymeric 

coatings, as the FTIR spectrum developed gives information usually regarding carbon 

linkages. 27 

 Characterizing the molecular structure and elemental composition of a coated 

material can also involve nuclear magnetic resonance (NMR). The theory behind utilizing 

NMR for deciphering chemical structure/composition rests on the nuclear spin states of 

various molecules. Nuclei have a charge associated with them, and when an electric field 

is applied to the nuclei, an energy transfer can occur from a base energy level to a higher 

energy level, producing a wavelength from this energy gap. When the nuclei return to their 

base energy level/spin state, it releases energy (wavelength or radio frequency), which can 

be detected and used to develop a spectrum of the energy transitions that took place within 

the sample. If the composition of the sample is known, the chemical shifts on the spectra 

can be compared to known chemical shifts to determine a rough idea of what the 

composition of the sample is. However, it can be much more useful to determine impurities 

if the chemical composition of the sample is already known. Like Raman and FTIR, if an 
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unknown chemical shift/peak is present in the final spectra, this indicates a potential 

contaminate or impurity that may influence the properties of the coated material and require 

re-examination of the processing techniques used to create the sample28. An example NMR 

is shown in Figure 4. 

 
Figure 4: NMR peaks representative of hydroxyapatite coatings5. 

 

 Inductively coupled plasma mass spectroscopy (ICP-MS) is noted for its extreme 

precision in detecting even the most trace elements present in a sample, which is typically 

a tissue sample excised after implantation. While Raman, FTIR, and NMR can give 

chemical composition of specimens, it doesn’t necessarily involve the quantification of the 

elements present, especially not on the nano-gram level and is looking at the implant itself, 

not the biological aspect. It is important to determine the quantified elemental amounts that 

may be present in biological fluids when the coated material is placed in the body. Coatings 

contain various molecules that might induce an immune response resulting in inflammation 
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or can cause a buildup in an element that influences cellular function, disrupting overall 

homeostasis. 29 

ICP-MS usually is done post-implantation by dissolving tissue samples into liquid 

form to be analyzed. The samples are then nebulized to create a gas version, or aerosol, of 

the sample and then is transferred and interacts with argon plasma. This results in ions from 

the sample which are then placed onto a series of electrostatic lenses (ion optics). The ion 

optics will focus the ions into a beam which will penetrate the mass analyzer (the mass 

spectroscopy portion of the ICP-MS).  From this, the ions will be separated based on mass-

to-charge ratio and picked up by a detector. Compared to a developed calibration curve for 

the elements present in the sample, a numerical value can be assigned to the elements found 

in the ICP-MS sample. This determines if the implant caused the normal ranges for the 

elements found in tissue to be out of range, and the potential impacts that can have on 

homeostasis. It should be noted that it is possible to run ICP on the coated material itself 

prior to insertion in a biological specimen. This may give insight at the potential leeching 

hazards of the coated material. 29 

Thermal analysis of materials is an important portion of characterization. 

Particularly polymers, thermal analysis can describe specific properties of the coated 

material as a function of temperature. It’s important to consider temperature when 

characterizing implant materials as the body has specific environmental conditions that it 

subjects the implant to. Since materials can have very different properties depending on 

the specific temperature, a dynamic study of how temperature influences the implant must 

be done. Again, this is especially imperative in any coating that involves polymers (like 

polyurethane on a titanium implant) as polymers are highly dependent on temperature. 30 

They are three primary methods to perform thermal analysis on materials, including 

coated materials (especially if the coated material involves a polymer). These are 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and 

differential thermal analysis (DTA).  TGA is the primary way to determine how the overall 

weight of the material fluctuates when subjected to various temperatures, as evaporation 

of moisture or solvent leads to decomposition of the polymer, which helps to decipher the 

overall stability of the coating (polymer) that may be adhered onto an implant surface. 31 
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DSC/DTA are utilized to characterize thermal transition points in materials. 

Specifically referencing polymers, these materials can exist in a variety of different states, 

from glassy, brittle substances to soft, flexible materials depending on the temperature. If 

a material is coated with a polymer, it is imperative to know where this transition points 

exist to ensure that the polymer will not have an extensive property change that may 

compromise function. DSC uses a reference material to be simultaneously heated by a 

different power source to determine the difference in electrical power supplied to the 

sample and the reference material to find the various thermal transition temperatures. DTA 

uses a reference material that is heated by the same source as the sample and records the 

temperature to determine thermal transition points. Overall, graphs from DTA and DSC 

can be constructed that plot the various thermal transition states of the polymeric caoting, 

including the glass transition temperature (Tg), crystallization, melting points and 

vaporization. 31 

 
 
E.  Improving the Biocompatibility of Orthopedic and Dental Materials 
  

The risk of infection in implants is a main concern in the development of coatings, 

particularly for orthopedic usages. Up to 15% of all joint replacements result in infection, 

and the downstream effects include loosening, increased degradation of the implant and 

heightened debris in the joint cavity as well as failure. Since over 7 million joint 

replacements (knee or hip) are performed in the United States annually, the cost and 

economic impact of infection and revision surgery is notable and can be upwards of 

$31,000 for every revision required. Antimicrobial coatings are necessary, as the drug 

regimen used to combat infection post-operation is not able to sustain an aseptic joint 

replacement on its own. Fortunately, there are plenty of options, ranging from passive 

finishing surfaces to bioactive, integrative coatings. 32 

 Perhaps one of the most studied coatings for implant purposes is silver. This 

metallic element is capable of releasing dissolved cationic species that interrupt normal cell 

function (particularly membrane function) of bacteria. Utilizing silver, it was found in a 

retrospective study that the post-operative rate of infection in silver-coated large orthopedic 

implants (namely the hip) was reduced from 22.4% to 11.8% as compared to a non-silver 



26 

coated control group 33. Regardless of this positive outcome, silver coating cannot be 

routinely used in all applications. As the ions released by the metal are able to interfere 

with bacterial membranes, there is a risk that the ions will interfere with humans as well, 

as the plasma membrane on eukaryotic cells is incredibly sensitive to charged species. 

Also, it should be noted that silver coating cannot be absolute on the implant. Implants rely 

heavily on polymeric components like polyethylene to prevent friction between two metal 

portions of the implant. However, polyethylene and other polymeric aspects of implants 

cannot be coated in silver. This allows for portions of the implant to be “hot spots” for 

bacterial growth and infection, since they cannot be coated with silver. 32 

To confirm silver’s antibacterial properties, an experiment aimed to test the efficacy 

of silver coatings on titanium-aluminum-niobium (TiAlNb) alloys against strains of 

Staphylococcus. S. epidermis and S. aureus are common causative agents in infection in 

implants. These microbes can form biofilms, and this adhesive infection is an important 

factor in implant loosening and failure. Initially, an agar inhibition assay showed that there 

was anti-S. epidermis and S. aureus activity when silver coated TiAlNb was challenged 

with the staphylococci strains. However, this experiment was furthered by developing 

TiAlNb cages coated with silver which were implanted into C57BL/6 mice. These “cages” 

(used to mimic implants) were then filled with 5 x 102 to 1 x 108 CFU of either S. epidermis 

or S. aureus immediately or after two weeks to mirror a post-operative infection. 

Interestingly, the cages could prevent S. epidermis infection in 100% of the mouse models. 

However, they were not effective at preventing S. aureus from generating a post-operative 

infection. 34 

 In terms of the inability of the silver-coated implants to prevent infection by S. 

aureus, this was further explored by combining the silver-coated cages with daptomycin 

(or vancomycin) prophylaxis. By itself, the daptomycin or vancomycin prophylaxis 

treatment was unable to prevent S. aureus infection in mice. These antibiotics are common 

against bone disease, but proved ineffective in preventing S. aureus infection. However, 

when the two treatments were combined, a silver-coating and daptomycin, the infection 

rate was reduced to 0% However, it should be noted that 67% of mice treated with silver-

coating and vancomycin developed infection from S. aureus. Overall, the silver-coatings 
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prevented S. epidermis infection in mice, and when combined with an antibiotic that is a 

prophylactic agent, it could prevent the proliferation of deadly S. aureus infection. 34 

 Iodine is another important element in the coating process for antimicrobial 

purposes. In a particular study, povidone-iodine (C6H9I2NO) coated a titanium alloy 

surface that was used for a variety of implants, including spinal instrumentation, external 

fixation pins and wires, hip prosthesis components, knee prosthesis components, and 

screws. Povidone-iodine coating was predicted to reduce the overall infection rate in these 

implants as the iodine itself is able to form an adhesive layer on the titanium surface, where 

the iodine is then able to pierce the cell walls of bacteria, killing the microbes in the process. 

While the precise mechanism is not completely understood, it most likely involves a 

disruption of homeostasis in the bacteria, coupled with loss of protein synthesis regulation 

and destabilization of the membrane 35. Here, the treatment proved to be successful at 

reducing cases of infection in this non-comparative study, as only 3 of the 222 patients 

studied developed an infection in a roughly 18-month period. 32 

 Two other forms of antibacterial coatings include gentamicin poly(D, L-lactide) 

coatings and hyaluronic acid and poly(D, L-lactide) hydrogels. Gentamicin PLLA matrices 

are fully resorbable and releases gentamicin sulphate, an antibiotic used to prevent post-

operative infections. In a retroactive study, it was discovered that no implants in tibia 

reduction that included Gentamicin PLLA matrices as part of the implant had any deep 

infections. DAC hydrogels rely on the properties that reduce the ability of bacteria from 

adhering to the surface of the implant and preventing biofilm formation. Biofilms are 

aggregates of bacteria that are able to use extracellular polymeric substances (EPS) to 

remain locked into the surrounding organisms and make it difficult to break apart the 

bacterial formation. Biofilms can be particularly problematic in implants as they form a 

tough layer that is able to evade the immune system and be unresponsive to antibiotics. By 

preventing the ability of bacteria to adhere irreversibly onto the surface of an implant can 

increase chances of success of the implant and the maintenance of aseptic conditions, 

which is the purpose of DAC hydrogels. 36 

Copper is also being explored for its potential antibacterial properties as a coating 

on titanium implants. While silver is the common choice for an antibacterial coating, 

copper has lower toxicity, and is more compatible with cells than silver. As well, copper 
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can be metabolized by the body naturally which eliminates the potential of a harmful metal 

buildup. An experiment used physical vapor deposition to add a coating of TiCuN to 

previously-microstructured surfaces of titanium. After culturing the titanium rods with S. 

epidermis, a bacterium that has the ability to form antibiotic-resistant biofilm on implant 

surfaces, no bacteria were detected on these implant surfaces after 2 days of bacteria 

exposure. 37 

Initially, it appeared during this study that osteoblast formation and activation 

would be inhibited by the addition of copper coatings onto implant surfaces. However, 

after tailoring the conditions the cells (MG-63, or “osteoblast-like” cells) were exposed to 

in order to mimic in vivo conditions better, osteoblast cells thrived and lined the surface of 

the copper-coated implant. The combination of bacterial inhibition and the osteoblast 

deposition on the surface of the copper-coated implant indicates that the osteoblast cells 

have an advantage of adhering to the surface quicker than S. epidermis, which is less 

attracted to the coating, meaning that the osteoblasts will outcompete the bacterial biofilm 

formation, and being the process of remodeling, as influenced by the copper coating. 37 

Total hip arthroplasty (THA) and total knee arthroplasty (TKA) corner a huge 

market for elective surgeries in the United States with approximately one million being 

performed every year. However, over 100,000 of these implants require revision surgery 

within ten years, and the risk of infection, inflammation, loosening, and failure is ever-

present. As reviewed previously, there are a host of coatings to alleviate these potential 

issues in implants, ranging from bioactive ceramics that form a hydroxyapatite layer with 

the bone to promote osseointegration as well as antibacterial coatings, like silver. However, 

another coating that could encourage long-term success is termed Battelle’s coating, which 

aims to create a slow-release polymer coating embedded with growth factors and 

antimicrobial material to enhance success rates of THA and TKA. 38 

 Battelle’s coating includes specific surface features, created via electrospinning or 

micro-embossing, that encourages osseointegration, as does embedded surface growth 

factors that encourage bone formation and deposition. The polymeric coating will also 

release antibiotics over time that are part of the surface structure of the coating, and can 

prevent late-term infection. Prosthetic joint infection (PJI) can be latent and plague joint 

replacements months to years after the implant is inserted. The antibiotics would be 
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triggered to be released from the coating either through swelling mechanisms of the 

polymer or by time-dependent disintegration of a fully bioresorbable polymer. 38 

 The final piece to Battelle’s coating that would revolutionize joint replacements is 

the ability to release active substances from the polymeric coating that reduce scar tissue 

formation at the site of the implant. When an implant is placed into joint cavity, an 

inflammatory response often results in the formation of fibrous, or scar, tissue. This can 

impede normal healing at the implant site and cause loosening of the joint replacement, 

which can eventually lead to failure. By modifying the immune response, loosening of the 

implant can be curbed, and the failure rates may see a decrease. It is important to recognize 

that Battelle’s coating is in early stages of studies, so the exact mechanism by how the 

immune-modifying factors of the coating would operate is not clear. The coating still has 

numerous testing and regulatory processes to complete before it could be used in market, 

but this outlines the future of orthopedic coatings. 38 

Dental implants require surface modifications and coatings in order to enhance their 

integration and stability to minimize loosening and failure in oral applications. Titanium 

implants are the most common base material for dental purposes due to its strength, 

biocompatibility, resistance to corrosion, and overall ease of processing.  One of the most 

useful coatings that helps with the integration of the titanium implant into the alveolar bone 

of the jaw involves hydroxyapatite (HA). HA coating, often deposited using a spray 

processing technique (plasma), allows for a bioactive interaction between the bone and 

implant. Since titanium is a metal, the ability to naturally integrate with surrounding tissues 

is limited, and this can lead to a loose implant that is excessively mobile, potentially 

damaging surrounding tissues and causing inflammation or even necrosis. Fortunately, HA 

can be applied to the surface which mimics the composition of bones, allowing for a tight, 

integrative layer to form between the bone and the dental implant, encouraging successful 

incorporation of the titanium post. 39 

Another potential coating that can be applied to dental implants to enhance 

integrative properties include bone morphogenic proteins (BMP). BMPs are naturally 

occurring proteins that can induce osteogenesis as well as natural bone turnover and 

successfully incorporate implants into bone tissues. Recombinant versions of BMPs can be 

made in order to artificially induce bone reconstruction mechanisms. An experiment found 
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that coating implants placed in dog mandibles (and tibia) with recombinant human BMP-

2 led to the highest bone/implant contact surface area compared to a control group without 

any enhancements or modifications as well as group that only had surface roughness 

applied to increase bone integration. This indicates the possibility of BMPs being used in 

coatings to elicit an integrative response in order to lock in implants and prevent 

detrimental loosening and increase overall success rates40.  BMPs are outlined in Table 1. 

 
 

Table I. Characteristics of Bone Morphogenic Protein (BMP) Isoforms 40. 

 
Another possibility in the coating of dental implants involves bisphosphonates. 

Bisphosphonates are drugs that inhibit osteoclast activity as well as prevent bone turnover. 

Since they have a strong affinity for calcium in its crystallized form, they are able to bind 

directly to bone surface and have a unique phosphorous-carbon-phosphorous structure that 

is overall resistant to hydrolysis.  In terms of interrupting osteoclast activity, the 

hydrochloric acid that is typically produced by osteoclasts to help with resorption of the 

calcified bone matrix is inhibited, as well as the enzymes that breakdown the organic 

portion of the matrix. Bisphosphonates that are administered are taken up by the bone and 
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become an integral part of the skeletal makeup and can remain as a protective layer on the 

bone for many years as it has very slow release from the skeleton. This encourages bone 

formation and minimizes bone destruction, which helps with overall integration of the 

implant into bone tissue. 41 

There has been extensive exploration of the potential benefits of coating dental 

implants with bisphosphonates and the overall success rates of the fixtures. In this 

experiment, each patient received both a coated and an uncoated implant, anchored in either 

side of the mouth (split-mouth study).  After 180 days, the implants were examined using 

resonance frequency and found that the bisphosphonate-coated implants had better fixation 

and integration than the non-coated implants.  The experiment continued and a five-year 

follow up of the implants was investigated, measuring the resorption margins around each 

implant. Resorption and marginal bone loss is usually characterized by the breakdown of 

bone (alveolar) surrounding implants, primarily by osteoclasts. In the bisphosphonate-

coated implants, the resorption margins were 0.20 mm (median) as compared to 0.70 mm 

in the control implants. This indicates that bisphosphonate coatings decrease bone loss in 

dental implants by suppressing osteoclast activity. 42 

 

F. Conclusion 

 The coatings utilized for medical devices make a large impact in the overall success 

of the implant. It is important to note that these coatings do not necessarily alleviate all of 

the issues associated with implantation, as failure rates still hover around 10% after 10 

years post-implantation. However, the future is promising for medical device coatings. 

With innovations like Battelle’s coating and the advancement of microstructure, implant 

failure rates have avenues of improvement in the coming years. While challenges arise, 

like an aging population and more resistant to bacteria strains making it difficult to design 

effective coatings, the fundamental materials science that allows achievement through 

coatings remains that same and lays the foundation for advancement in medicine. 
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RESEARCH ABSTRACT 

The research goal is to synthesize and characterize potassium iodide (KI) coated 

borosilicate glass and apply this technology to determine the overall antibacterial and 

antiviral properties of the coated substrate. The glass itself will be coated with three 

different methods to produce the most even thin film: ultrasonic coating, dip-coating, and 

spin-coating. Afterwards, extensive characterization of both the uncoated borosilicate glass 

and coated glass will be performed. The antibacterial aspect of KI-coated glass will be 

assessed using a broth and an agar study. KI is known to be an effective growth inhibitor 

of Enterococcus faecalis, a Gram-negative bacterium which will be explored in this 

experiment.  The other strain of bacteria that will be observed is Staphylococcus aureus, 

which has been shown to be inhibited by KI in photodynamic therapy when coupled with 

a photosensitizer (titanium dioxide). The photodynamic therapy will be extended to assess 

the effectiveness against a virus using a plaque assay. The final piece of the research plan 

is to determine the cytocompatibility and stability of the coating in simulated physiological 

fluid. The coated glass slides will be incubated in cell culture coupled with a vitality assay 

to assess the toxicity of the sample. As well, the coated glass slides will be incubated in 

simulated physiological fluid to assess the changes in the surface characteristics of the 

coated glass as well as the changes in the incubation media to determine any potential toxic 

effects. The educational goal, pertaining to the proposed research, is to incorporate the 

research findings from this work into the class curriculum on Biocompatibility of Materials 

(CEMS 465). This will include describing antibacterial or antiviral coating applications of 

glass, dissolution kinetics and subsequent effects on material biocompatibility in response 

to physiological fluids, to stimulate interest in the applicability of glass based biomaterials 

to the medical field.  
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Research Proposal 
 

A. INTRODUCTION 
 
A.1. Goal. The primary goal in writing this proposal is to develop potassium iodide (KI) 

coatings for glass surfaces to be used as an antibacterial agent against Enterococcus 

faecalis and Staphylococcus aureus, as well as a novel viral application. This study aims to 

synthesize and develop stable KI coatings for borosilicate glass that inhibit growth of 

Enterococcus faecalis, Staphylococcus aureus, and a novel coronavirus (COVID-19), as 

well as produce minimal cytotoxic effects when contacting human cells. This can be 

achieved by utilizing the properties of glass that allow for the adherence of ionic coatings1, 

and requires an understanding of the fundamental chemistry of glass and the 

techniques/tools used to process, characterize, and monitor the corrosion process of glass 

coatings under physiological conditions.  Glass-based biomedical materials are already 

applied to numerous areas of medicine including orthopedics (bone void filling2, 

composites materials3, cell scaffolds4) and dental restoration (alveolar bone tissue 

augmentation5, cementation and filling applications6, 7). While this experiment focuses on 

fundamental properties of potassium iodide coatings and the challenges of adhering such a 

coating to borosilicate glass, the premise can be applied to a variety of bioglasses and 

biomedical applications.  Potassium iodide has shown significant success in eradicating E. 

faecalis after dental procedures including root canals8. Additionally, potassium iodide can 

act to potentiate response in combination with photosensitizers to kill S. aureus in 

antimicrobial photodynamic therapy9, 10. As well, a novel aspect of this experiment will be 

to conduct a single viral assay to assess the scope of KI-potentiated photodynamic.  

 The Scientific Goal of this proposal is to design and characterize a series of KI-

coated glass slides and investigate the stability concerning the dissolution of the coating 

in contact with aqueous media representative of physiological conditions and pertinent 

cytotoxicity, as well as determine the antibacterial properties against E. faecalis and S. 

aureus (in combination with a photosensitizer), and explore the potential antiviral 

properties. The glass slides will be evaluated in synthetic physiological fluids over 

statistically significant time periods to determine the presence/absence of potassium iodide 
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ion release, in addition to evaluating and establishing toxicity levels and limits. Potassium 

iodide coated compositions will be compared to control, uncoated glass slides. 

The long-term goals associated with this work are to synthesize and produce 

materials that can express extensive antibacterial properties with continuing effectiveness. 

We aim to optimally design the materials properties by controlling the coating process and 

by fully describing the corrosion process when in contact with physiological fluids, in 

addition to evaluating cytotoxicity. Based on the research results, there will be development 

of new educational materials for undergraduate and graduate classes (CEMS 465 

Biocompatibility of Materials, CEMS 466 Skeletal Tissue and CEMS 368 Introduction to 

Bioengineering), demonstrations for visitors/potential students/open days, and the 

facilitation of current real-world research projects for senior thesis and independent study 

projects. These efforts will considerably help to further the medical materials research as, 

1.) Alfred University is well recognized and equipped to study the chemistry and corrosion 

of glass and ceramic materials, and 2.) the applicability of KI-coated glass slides for the 

proposed application has not been described to date. Support from the NSF and the 

successful completion of this project will provide a pathway to achieving the goal of 

integrating glass science with functional therapy that can serve to help better prevent and 

treat potential post-operative bacterial infections. Studies in the past have successfully 

employed potassium iodide to eradicate bacterial colonies both in vitro and in vivo, but 

have yet to explore its efficacy as a coating on glass surfaces. In addition, funds received 

as part of the outreach program will be used to attract high-school students from the 

underprivileged local area surrounding Alfred University to encourage participation in 

third level education. 

 

A.2. Hypothesis and Objectives To effectively assess the efficacy and therapeutic 

potential of KI-coated glass slides, 1.) A suitable coating will be developed and deposited 

onto the borosilicate glass slides and characterized extensively, in comparison to control 

slides, to determine the evenness and stability of the coating prior to physiological fluid 

contact. 2). Demonstrate the antibacterial properties of the KI-coated glass in agar diffusion 

studies using E. faecalis, create a photodynamic activation of the coated class using a 

photosensitizer to determine the potentiated properties of KI-coated glass against S. aureus, 
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and investigate the potential anti-viral efficacy of the KI coatings 3). Recreate 

physiological conditions for the glass to be investigated under to determine the stability of 

the coating as well as the overall toxicity of the potassium iodide itself to ensure its safety 

for human implantation. 

 

 We hypothesize that the KI-coated glass slides will be a potent inhibitor of E. 

faecalis and generate a non-toxic response with minimal dissolution of the coating upon 

inundation with physiological conditions.  When coupled with a photosensitizer under UV 

light, it is anticipated that KI-coated glasses will also enhance the inhibition of S. aureus 

growth without generating cytotoxic effects to basal epithelial cells, and will exhibit 

significant efficacy against a novel coronavirus (COVID-19) as well. 

 

� Obj 1: Coat borosilicate glass with potassium iodide using three different coating 

methods to obtain the most consistent coating. These methods will include ultrasonic 

coating, dip coating and spin coating. The ultrasonic coatings will utilize a titanium horn 

at 20 kHz to pulse 0.05-0.125M KI solution onto the glass slides. Dip coating will also 

utilize a 0.05-0.1255 M KI solution to apply an evenly distributed coating, which will be 

applied 10 times. The spin coating will use a solution of 0.05-0.125 M KI coupled with 

high-speed spinning to produce an evenly distributed coating. Initial glass characterization 

will be conducted to ensure consistency and quantitative analysis of the glass compositions 

(X-ray Fluorescence (XRF), Survey X-ray Photoelectron (XPS) Spectroscopy, Energy 

Dispersive X-ray Analysis (EDX)), in addition to applying advanced characterization 

techniques (High Resolution Oxygen X-ray Photoelectron Spectroscopy, Raman 

Spectroscopy, Magic Angle Spinning Nuclear Magnetic Resonance) to describe the role KI 

assumes as coating on the glass surface. 

� Obj 2: The coated borosilicate glass slides will be placed in two bacterial assays to 

determine the effectiveness of the coating against the growth of E. faecalis and S. aureus. 

The growth inhibition against E. faecalis will be examined using a standard agar diffusion 

assay. The effectiveness against S. aureus will also be monitored using agar diffusion 

testing, but will require a photosensitizer and UV light to activate the antibacterial aspect. 

The photosensitizer will be titanium dioxide nanoparticles (purchased from supplier), 
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which will have an individual bacterial assay for comparison. KI-coated glass will also 

have separate bacterial assays for S. aureus without the addition of a photosensitizer, as 

well as uncoated glass controls for both bacterial strains. The photodynamic therapy will 

also be tested against a novel coronavirus (COVID-19) using a plaque assay to assess 

effectiveness. Uncoated glass slides will be used as comparison. 

� Obj 3: Cytotoxicity evaluation of the KI-coated glass slides will be conducted using a 

RealTime-Glo� MT Cell Viability Assay which relies on a luciferase enzyme and pro-

substrate which can only be reduced into a substrate for luciferase by viable cells. The 

kinetics of this process can be monitored in real time. To study the overall stability of the 

coating, physiological fluid simulation will be replicated using sterile de-ionized water, 

simulated body fluid and simulated gastric fluid. 

 

 

A.3. Background and Motivation 

 

Implants are utilized in nearly every facet of medicine, from drug-delivery systems 

to weight-bearing hip replacements, and can greatly improve the quality of a person�s 

life. It is estimated that in the United States, millions of implants are inserted every year 

into patients, with an emphasis on dental implants that contribute significantly to this quota. 

Glass itself plays a major part in these implants, including bone void fillings, cementation, 

fillers, and composite materials, among others. However, nearly 10% of these implants will 

fail within the recipient�s lifetime, and are skewed to failing within the first 5 years11. In 

order to combat this, a variety of coatings have been developed for medical devices in order 

to increase their biocompatibility12, bioactivity13, osseointegration14, and overall success 

rates15. This involves the manipulation of mechanical properties or chemical properties of 

the implant, including the hardness16, bioactivity13, and other integrative properties via 

coating. Coating with potassium iodide looks to minimize the failures caused by infections 

associated with implants, especially in dental or even orthopedic applications. The majority 

of all implant failures are due to infection, whether chronic or acute, and are caused by a 

variety of bacteria, including E. faecalis and S. aureus17. 
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E. faecalis is a well-known bacterium that plagues hospitals globally. In the 

gastrointestinal tract, it is part of the normal fauna of the digestive system, and can even 

inhabitant the mouth and vaginal canals without any negative side effects.  However, if it 

manifests to the blood stream, urinary tract, or into the site of a surgical opening, it can 

cause a host of life-threatening issues, like sepsis or meningitis18. One of the most common 

reactions to E. faecalis are urinary tract infections, with nearly 110,000 caused by this 

bacterium every year19, and many begin during hospital stays. While not necessarily life-

threatening, UTIs are uncomfortable and can diminish the quality of a patient’s life. On the 

more serious end of the spectrum, sepsis caused by Enterococci bacteria are deadly in over 

one-quarter of the patients who contract it20, making it a leading cause of post-operational 

mortality. 

E. faecalis is able to reside on multiple different materials that people come into 

contact with, like toilet seats and telephones, and poor hygienic practices allow for the 

bacterium to spread, especially to those with compromised immune systems which is 

common in hospital settings. Hospitals also run the risk of having contaminated catheters 

and port devices that are inserted directly into the urinary or circulatory systems and cause 

wide-spread infections18. The bacteria can also reside on implants prior to surgery or on 

surgical tools if not sterilized properly, resulting in acute infections. Another large concern 

is the problem that many strains of E. faecalis no longer respond to antibiotics and can be 

increasingly deadly to those who contract infections. While other strains of Entercocci pose 

a greater threat, E. faecalis still has antibiotic resistant strains20. Currently, Ampicillin is 

the best option for this gram-positive pathogen but overall, the best defense is prevention, 

such as washing hands and sterilizing all surgical instruments prior to incision18.  

One of the main purposes of this experiment is to determine if KI-coated materials 

(borosilicate glass slides) are effective in inhibiting the growth of E. faecalis. This 

bacterium is prevalent in hospital settings and can cause sepsis and a host of other life-

threatening infections. E. faecalis can proliferate on numerous surfaces, including windows 

and cell phone and computer monitors that are made of glass and glass composites18. If 

these materials in hospitals can be coated with potassium iodide as a protective layer, this 

can potentially limit the spread of the deadly bacterium, and ultimately, prevent the 

infection of patients, staff, and anyone else within the hospital setting. Additionally, if this 
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experiment finds that KI coatings can successfully adhere to simple borosilicate glass and 

produce the desired therapeutic effects, this would open the door to the evaluation of 

coatings within glass-containing medical devices, such as bone void-fillers, to determine 

the potential efficacy against bacteria which lead to acute and chronic infections after 

implantation. 

Potassium iodide is an interesting molecular compound that has been highly 

utilized in medicine. A non-radioactive salt, it is normally used to prevent the transfer of 

radioactive iodide to healthy thyroid cells thus effectively protecting thyroid cells during 

radiation exposure and is also an effective hyperthyroidism treatment21.  However, KI also 

has a unique link to E. faecalis that has been explored for dental applications. In a study, 

5-mm disks extracted from cow teeth were challenged with E. faecalis. The disks were 

then treated with 10% Ca(OH)2, Betadine, or KI, either with or without surfactant. The 

experiment showed that the KI was the only treatment to sufficiently eliminate the E. 

faecalis within a 15-minute time frame (note that the surfactant had no influence on the 

antimicrobial abilities of KI). This study supports the idea that KI may have the ability to 

proactively kill E. faecalis in patients prior to extensive infection22.  
Interestingly, potassium iodide is not the normal treatment for post-root canal 

sterilization of dentin. Rather, calcium hydroxide is used to kill any potential E. faecalis 

that may be in the oral cavity23. However, strains of this bacterium have evolved resistance 

to calcium hydroxide, posing a potential threat to root canals and other oral surgeries. In a 

study conducted by Siren et al. (2004), it was found that adding potassium iodide (and 

chlorhexidine) could eliminate the resistant strains of E. faecalis without any toxic effects 

to normal dental tissue. The ability to eradicate resistant strains of E. faecalis is a promising 

aspect of potassium iodide as more strains of bacterium become resistant to typical 

treatments24. 

Antibiotic-resistance is a relatively new threat that has arisen, and it has been 

suggested that this may be due to the over prescription and misuse of antibiotics and other 

anti-bacterial drugs. Normally, an antibiotic, such as penicillin, is prescribed to treat a 

variety of bacterial infections. However, penicillin may not be able to kill every cell of 

bacteria in an infection, as some bacteria may possess a genetic mutation which provides 

them immunity to the antibiotic. A single cell that survives a course of antibiotics can then 
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reproduce and create millions of resistant bacteria, or even donate the resistance portion of 

their genome through a plasmid, which is a circular form of DNA that can exit the bacterial 

donor cells and lodge itself into a recipient cell.  Antibiotic-resistant bacteria can also be 

exacerbated by the common practice of patients using antibiotics only during the period 

when they are symptomatic rather than adhering to the fully prescribed treatment schedule, 

which can again lead to incomplete bacterial elimination. In these cases, the last surviving 

bacteria are likely the most formidable, and now have space for spontaneous mutation 

which can lead to the development of antibiotic-resistance 25-27. As noted above, potassium 

iodide may provide relief as an alternative to commonly-prescribed antibiotics. This is 

supported by noting that using a photodynamic therapy with KI can have increased 

potentiation effects that result in an increased inhibition of multi-drug resistant strains of 

bacteria, particularly E. coli. However, the results were highly dependent on the 

photosensitizer used, with cationic photosensitizers exhibiting the best overall results when 

coupled with KI28.  

In terms of the other portion of this experiment, the eradication of Staphylococcus 

aureus will also be examined as it is another highly antibiotic-resistant bacteria. S. aureus 

is a common form of bacteria that resides with the normal flora of the body without any 

particular harmful effects (usually within the nasal passageway). However, S. aureus can 

colonize in regions of the body where it is not normally found, leading to serious, and 

potentially fatal, infections29. Common issues associated with this bacterium are sepsis, 

which occurs when the S. aureus leaches into the bloodstream30, pneumonia, which often 

results in mechanical ventilation to supply oxygen to the body31, endocarditis, which leads 

to the infection and swelling of the valves associated with the heart (bicuspid, tricuspid and 

the semilunar valves)32, as well as osteomyelitis, which is a bone infection caused by the 

colonization of the bacteria within bone tissue33. During operations, there is a risk 

associated with S. aureus anytime an implant is inserted within the body. S. aureus can 

colonize in the body if the surgical environment is not sterile resulting in a high risk of 

infection and potential fatalities, especially in patients who are already 

immunocompromised or suffering from another ailment. While it is currently standard 

protocol to follow-up implantation of any sort of medical device with a variety of 
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antibiotics to mitigate potential Staph-related infections, 15% of infections after surgery 

are due to S. aureus34. 

In order to inhibit the growth of aggressive strains of S. aureus and other bacterial 

strains, potassium iodide has been shown to potentiate photosensitizers in anti-bacterial 

photodynamic responses. Utilizing the theory described below that is currently used for 

cancer treatment, photosensitizers (molecules which can produce a chemical change in 

other molecules and generate reactive oxygen species (ROS) in response to activation by 

UV light) such as eosin and titanium dioxide (TiO2) can be enhanced with the addition of 

the inorganic salt KI. In an experiment, the addition of KI to the photosensitizer (TiO2) led 

to the increased efficacy against a variety of Gram-positive, Gram-negative, and fungal 

strains10.   

Reactive oxygen species, which are one of the products generated by 

photosensitizers such as TiO2, target the genome of organic species such as bacteria, which 

contain necessary reproductive and growth information to keep the cell alive. Free radical 

species are typically oxygen molecules that do not contain the proper number of electrons 

and can lead to the mutation of various bases that are both a structural and informational 

component of DNA. The free radical will oxidize the bases and cause a transformation in 

the identity of the base. In the case of guanine (a pyrimidine base), interacting with a free 

radical causes oxidation which leads to a conversion of guanine into a transition molecule 

known as 8-oxoguanine. DNA structure is dependent on bases pairing with their 

complementary base in order to form a proper DNA structure. Guanine usually pairs with 

cytosine in DNA in a proper helical model. However, 8-oxoguanine cannot base pair with 

cytosine, and instead pairs with adenine, a non-complementary base. Upon replication of 

the DNA for a subsequent daughter cell of bacteria, the DNA replication mechanisms 

cannot recognize the 8-oxoguanine and adenine as a valid pair, so 8-oxoguanine gets 

replaced with thymine, the correct base to pair with adenine, changing the entire base pair 

from the original DNA. This can have harmful effects in the daughter cell if it is coding for 

an important amino acid in a protein structure35, 36. 

When UV light (type A) interacts with TiO2 nanoparticles, the aforementioned ROS 

are generated. However, it was found that applying 100 mM of potassium iodide greatly 

increased the potentiated elimination of bacterial strains, up to 6 logarithms.  This is due to 
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the discovery that UV light produces reactive iodide intermediates when in the presence of 

UV-light activated TiO2 nanoparticles10, and this phenomenon has been proven effective 

against S. aureus. In a study, the addition of KI in activated antimicrobial photodynamic 

therapy led to significantly inhibited growth of S. aureus and Salmonella Typhimurium 

when coupled with eosin or Rose Bengal photosensitizers9. While this prior study was 

primarily conducted to evaluate efficacy against potential food contaminants, the same 

concept of activating iodide particles to eliminate organic matter can be applied in 

preventing infection within the human body. It is possible that this therapy of KI and a 

photosensitizer can be expanded to include anti-viral efficacy, although results have not 

been documented on this yet. 

 

A.4. Current Technologies and Opportunities.  

 

The ability to coat glass with KI was studied using an ultrasonic method.  In this 

experiment, glass microscope slides, parylene-coated glass slides, or silicon wafers, were 

submerged in a 0.04-0.5 M solution of potassium iodide. Then, a titanium horn was placed 

in the solution and tuned to a frequency of 20 kHz for a time ranging between 15 and 90 

minutes. After the experiment, characterization and leaching studies were performed to 

determine the overall deposition of nanoparticles onto the different substrates.  The results 

presented that potassium iodide was most uniformly distributed across the substrate if the 

initial solution was between 0.05 and 0.125 M. As well, the ideal reaction time was found 

to be situated at 30 minutes. Extensive characterization was performed on the coated glass 

including XPS as shown in in Fig.1, and leaching studies demonstrated that particles were 

still adhered to the substrates after 24 hours, and it took over 96 hours to dissolve the KI 

coating1. 

 It is important to understand the mechanism by which the ultrasonic deposition of 

inorganic salts onto glass is achieved from a chemical perspective. As described by Kiel et 

al. (2012), when the titanium horn is submerged into the inorganic salt solution and 

ultrasonic waves are produced, ions of the salt will be absorbed on or near the sound 

bubbles. Eventually, those bubbles collapse, and the ions are then subjected to localized 

temperature and pressure conditions that are higher than normal. These higher pressure and 
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temperature conditions allow for ions to influence each other into the formation of 

nanoparticles. These nanoparticles are expelled from the site of the bubble collapse and 

propelled via high speed jets formed after the bubble collapse. This motion allows for 

deposition onto the various substrates, including glass substrates1. A schematic of this 

process is shown in Figure 1. 

 

 
 

Figure 1: Schematic of ultrasonic deposition of salt (KI) onto a glass substrate1. 
 

 Dip coating usually involves the material being submerged in a solution for a short 

period of time, allowing for the deposition of particles onto the substrate surface and the 

formation of a thin layer which occurs when the substrate is pulled out of the solution. The 

five steps of dip-coating include 1). immersion of the substrate into solution, 2.) allowing 

the substrate to remain in solution, 3.) deposition of the particles in the solution onto the 

substrate, 4.) removing the material from the solution at a constant speed, and 5.) eventually 

allowing the remaining liquid to evaporate off of the substrate, leaving only a thin film. 

Adding heat to the substrate prior to submersion may allow for better deposition and 

adherence of the particles in the solution to the material. While this method may not 

produce an even coating every time, uniformity in removing the substrate from solution 

aids in producing an even thin film on the substrate37-39. A schematic of this method is 

presented in Figure 2. 

Spin coating involves spinning a small amount of a liquid solution (usually from 

sol-gel source) onto a flat surface to create a uniform coating. This technique is vital in the 

modification of properties of medical devices, including mechanical properties, adhesion 
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ability, and temperature-resistant coatings, often achieved by the thin films produced by 

sol-gel coatings. Spin coating is a cost-effective, relatively quick way to produce a thin 

film on a desired substrate40, 41. When the solvent is applied to the substrate, the spinning 

produces an even thin film while simultaneously removing an excess liquid, which is 

typically volatile and evaporates off the surface 42.  A schematic of this method is shown 

in Figure 2. 

 
 
 
 
 
 
 
 

Figure 2: A schematic describing dip and spin coating43. 
 

Photodynamic therapy is a common treatment that has been currently employed to 

kill cancer cells utilizing the power of a photosensitizer. In this specific type of therapy, a 

drug that is able to kill cancer cells is injected into a tumor. Once it arrives in the tumor, 

specific forms of light can be used to activate the drug, like UV, as the drug is dormant 

prior to light sensitization. Once activated, the drug destroys tumor cells and elicits a strong 

response against the tumor itself. The drug can also be packaged with modulators and 

mediators to kill the cancer cells44-46. Energy-converting nanoparticles, often referred to as 

ceramic phosphors, can harness externally applied light, like an X-ray, and transform into 

a usable form, like UV light, that can destroy the cancer cells due to high DNA damage 

rates. UV light cannot be applied directly to the body, as it has both low penetrating power 

and can damage external skin cells. However, using phosphor nanoparticles that are coated 

in cancer cell membrane to target a specific tumor can lead to site-activated therapy upon 

X-ray irradiation47. This can also be coupled with specific chemotherapy drugs that are 

only activated upon UV light absorption48. This current technology can be employed to 

potassium iodide and titanium dioxide which elicit the same response against bacteria. The 

same theory may also apply to viruses, although there are no conclusive results utilizing 

KI49-51. A diagram shown in Figure 3 outlines this therapy.  
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Figure 3: A schematic describing photodynamic therapy52. 
 

 
A.5. Previous Results. To date I have not received any prior NSF support. 

 

A.6. Workplan and Timeline. The study plan presented below explores the methods used 

to synthesize and characterize the KI-coated glass slides, and to determine the antibacterial 

properties against E. faecalis and S. aureus (with and without a photosensitizer), and 

antiviral properties. I then plan to examine the cytocompatibility/toxicity of the materials 

at each time period with cell culture studies (fibroblast, MSC) to determine the composition 

that is biocompatible, and establish KI-coated glass cytotoxicity limits.  

 
 

B. RESEARCH PLAN 

B.1. Synthesize KI-coated Glass and Characterize the Final Substrates. 

B.1.1. Rationale. Potassium iodide had success being deposited onto borosilicate glass 

using ultrasonic pulsing1, but has yet to be demonstrated using other coating techniques, 

such as dip coating or spin coating. The same principles should apply, and potassium iodide 

should be deposited onto the surface of the glass as thin film if a 0.05-0.125 M KI solution 

is used1. 

B.1.2. Approach. 

i. Ultrasound Coating- A solution of 0.05-0.125 M KI will be developed using ethanol 

alcohol (or deionized water) and the proportional amount of KI salt which will be dissolved 

using a magnetic stir-bar set on medium speed for 30 minutes. Then, a single borosilicate 
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glass slide (n=1) (Fisherbrand™ Cover Glasses) will be submerged in the solution. A 

titanium horn will contact the solution and pulse at 20 kHz for 30 minutes1. Treated samples 

will be compared to untreated controls. This process will be repeated 10 times. 

ii. Spin Coating – KI coatings will be produced by dissolving KI into a solution of ethanol 

alcohol (or deionized water) to produce between 0.05-0.125 M solution. A borosilicate 

glass slide (n=1) will be added to the dissolved KI solution and left to spin for a further 3 

hours. After spinning, the KI-coated glass will be dried in an oven overnight. Treated 

samples will be compared to untreated controls. This process will be repeated 10 times. 

iii. Dip coating- KI coatings will be produced by dissolving KI into a solution of ethanol 

alcohol (or deionized water) to produce between 0.05-0.125 M solution. A borosilicate 

glass slide (n=1) will be added to the dissolved KI solution and dipped 10 times using a 

uniform dip mechanism. After dipping, the KI-coated glass will be dried in an oven 

overnight. Treated samples will be compared to untreated controls. This process will be 

repeated 10 times. 

Glass Characterization and Coated Surface Characterization:  

i. Structural Analysis- X-ray Diffraction (XRD), Differential Thermal Analysis (DTA) and 

Scanning Electron Microscopy (SEM). 

ii. Composition Quantification- X-ray Fluorescence (XRF), Survey X-ray Photoelectron 

(XPS) Spectroscopy, Energy Dispersive X-ray Analysis (EDX). 

iii. Glass Structure- High Resolution Oxygen X-ray Photoelectron Spectroscopy (XPS), 

Raman Spectroscopy, Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR). 

 

 

B.2. Bacterial and Viral Assays to Determine Effectiveness of Coatings. 

B.2.1. Rationale. Developing these coatings is only purposeful if the coatings have 

antibacterial or antiviral properties. This includes bacteria that causes the most damage due 

to infection after operations, E. faecalis and S. aureus20, 29. Mitigating these effects can be 

substantial in the efforts to improve post-operational patient success rates for implants as 
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well as combat antibiotic resistance25-27. A viral assay is also necessary to determine the 

scope of the KI-coated glass therapy. 

 

B.2.2. Approach. Solid KI-coated glass samples (n=3) will be used for the agar diffusion 

method. This test will be conducted according to standardized methods previously used by 

the PI. Bacteria cultures will be grown aerobically for 24 hours in at 37oC, each in their 

own specialized agar and broth. S. aureus samples will include both KI-coated glass and 1 

mM titanium dioxide nanoparticles, as well as individual bacterial assays for both 

conditions. This requires 325-nm UVA light for activation. Uncoated controls will be 

included for reference. 

i. Agar Diffusion: Coated samples (n=3) will be placed on the agar surface after being 

swabbed with a 1/50 dilution of each bacterium. Samples will be stored for 24 hours in an 

incubator at 37oC prior to recording their inhibitory effect.  

A plaque assay will also be used to assess the effectiveness of KI-coated glass and a 

photosensitizer against a novel coronavirus (COVID-19).  

ii. Plaque Assay: Control cells will be inoculated with the virus and incubated for 24 hours. 

Stain will be added to the cells. After incubation, agar will cover a mixture of the viral-

infected cells and non-infected cells to form a gel. The KI-coated plates and titanium 

dioxide will be added to the agar plate and activated with UV light. After incubation again 

for 24 hours, the spread of the virus will be determined by calculating the spread of the 

viral progeny by measuring plaque size. This will be compared to separate KI-coated glass 

slides and titanium dioxide, as well as uncoated controls. 

 

B.3. Cytotoxicity Testing and Stability Testing of the KI-coated Glass. 

B.3.1. Rationale. The coated glass will eventually be inserted to the human body for usage 

in order to be maximize effectiveness in preventing potential infections13. The KI-coated 

glass must also be able to withstand the harsh biological conditions in order to be effective 

and cannot dissolve immediately upon contact with physiological fluids. 
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B.3.2. Approach. 

i. Physiological fluid simulation- KI- coated glass samples (n=3) will be incubated in three 

representative synthetic physiological media (5ml each) for 1, 10, 100, 1000 hours. 1.) 

Sterile de-Ionized water, (DI, pH 7.0), 2.) Simulated Body Fluid (SBF, pH 7.4), 3.) 

Simulated Gastric Fluid, (SGF, pH 1.2) and incubated at 37oC. Changes will be monitored, 

recorded and presented on a logarithmic timeline. To assess changes in the materials 

surface topography and chemistry:  

  Laser Light Profilometry (LLP) � Employed to assess topographical (Ra) changes 

which can be recorded on a logarithmic scale which will indicate weather a linear 

relationship exists between surface erosion and time in response to known material 

surface and solution characteristics (SBF, SGF, DI). � 

  Scanning Electron Microscopy (SEM/EDX) - Image changes in surface topography 

for each composition at each time period for evidence of corrosion, surface erosion 

and pitting (SBF, SGF, DI). � 

  Energy Dispersive X-Ray (EDS) - EDS will be employed to investigate the 

composition of any crystals or precipitants evident by SEM (SBF, SGF). � 

 

To assess materials changes while incubated in pyhsiological media:  

� 

  Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) � 

Employed to monitor changes in � K+/I- (mg/L) levels in each relevant incubation 

media (DI) and at each time interval (1, 10, 100, 1000 hours). Control, untreated 

solutions of incubation media will be analyzed prior to determining the 

composition of the experimental sample sets (DI). (Aliquots of these samples will 

be stored and used for broth culture based antibacterial testing B.2.2). � 

  Record pH: The solution pH will be also recorded for each incubation media (DI, 

SBF, SGF) at each time interval (1, 10, 100, 1000 hours). � 

ii. Cytotoxicity testing - This will be performed using RealTime-Glo™ MT Cell Viability 



52 

Assay in which viable basal epithelial cells convert pro-substrate into substrate in which 

the enzyme luciferase can bind to and use. KI-coated glass (n=3) will be placed in the cell 

culture along with the pro-substrate and luciferase. The signal and kinetics will then be 

measured in real time to determine the viability of the cells during the assay. 

C. SUMMARY OF RESEARCH PLAN AND EXPERIMENTAL OBJECTIVES. 

  To summarize the proposed research plan, KI-coated glass will be synthesized 

using ultrasonic, spin coating, and dip coating methods. The resulting coated borosilicate 

glass slides will be characterized respectively. Antibacterial effectiveness will be tested 

against E. faecalis and S. aureus (in combination with a photosensitizers) to determine the 

impact KI-coated glass has on bacterial growth inhibition as well as viral inhibition. A 

single novel viral assay will also be performed. Finally, the KI-coated glass will be 

subjected to both physiological conditions and cell cultures to determine the stability and 

cytotoxicity of the coating. 

Scientific Goals: Elucidate the applicability of KI-coated glass for destruction of E. 

faecalis and S. aureus bacterial colonies, as well as a novel viral application. 

 

Educational Goals: To fully design and describe antibacterial coating of glasses and the 

processes related to these materials. I aim to incorporate these findings in future teaching 

to undergraduate/graduate students, in addition to facilitating projects for senior thesis 

students and outreach activities.  

 

D. POTENTIAL PITFALLS AND SOLUTIONS. 

The workplan described above is presented and discussed in an ideal chronological 

order; however, there are a number of challenges that I anticipate we may encounter. I have 

included the potential pitfalls and solutions section to address some of these issues.  

  Inability of coating to adhere to the glass surface: It is possible that the coating 

will not adhere well to the surface of the glass and be easily wiped off, or there will 

be no deposition that stays at all. This may be mitigated by surface modifications 

of the glass substrate or heating the coated glass just below 681�C (KI melting 
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point). 

  Uneven coating produced by the various methods: Ultrasonic methods typically 

produce fairly uneven coatings, so using smaller glass samples can help to even the 

coating. This should also apply to the dip and spin coating methods. 

  Borosilicate glass may not be representative of what is used in implants: 

Borosilicate glass may not be the type of glass inserted into the body for specific 

implant applications.  The same experimental procedure can be applied to a variety 

of glasses to determine their effectiveness. 

  UVA light may not reach deep tissues: UV light required to activate the titanium 

dioxide/potassium iodide composite cannot reach far beyond the skin. Ceramic 

phosphors that absorb deep-penetrating X-rays and convert the radiation to UV 

light can be inserted with the sample. 

 

Table 1. Project schedule including milestones and projected time for completion of each task. 

 

 

 

 

 

Cytocombatibility Assay

Physiological Fluid Assay

Bacterial Assays 

Coating Characterization

Coating Synthesis

Jan-21															Mar-21																	Jun-21																	Sep-21																	Nov-21																	

AU

AU

AU

AU

AU
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E. EDUCATION PLAN & BROADER IMPACT EFFORTS. 

Alfred University lies in the Southern Tier of Western New York State and is 

located in Allegany County which is one of the two poorest counties in the state with a 

population of only 50,000 people. At least 20% of the children and youth in our region live 

below the poverty level and more than one in twenty children receive some kind of public 

assistance. A significant number of school-age children receive help for alcohol or other 

substance abuse; one third of teenage girls become pregnant; more than a quarter of youth 

drop-out of high school before graduation, and only one third of graduating seniors 

continue on to attend college. Almost half of the households in the region are single parent 

households and substandard physical conditions at home are commonplace. Our schools 

do their best to provide opportunities for these students, but they are often severely limited 

by the budget constraints inherent to small districts with limited tax bases. It has also 

traditionally been difficult for rural areas in predominantly urban states (such as New York) 

to secure funding for enrichment programs, including those to expand the capabilities for 

learning and doing science, technology and mathematics (STEM) based studies. Alfred 

University’s external outreach efforts will focus around incorporating and disseminating 

research results obtained from this work, including senior AU students in all aspects of the 

experimental work and through encouraging local minorities (WiSE) and local high school 

students to consider STEM fields as career options through pursuing higher-level 

education.  

 

E.1 Environment, Broad Dissemination of Research Findings and Career Preparation.  

The Biomaterials Laboratory at Alfred University is extensively equipped for 

materials synthesis, characterization, material solubility analysis, cell culture and 

microbiology testing. The student/s funded by this award (if successful) will have unlimited 

access to all user facilities. The majority of students attending Alfred University are from 

the local area (UnderGr-75%, Grad-81%). As a result, the ethnicity of the student 

population is largely Caucasian (74%) with lower African-American (5%) and Hispanic 

(2%) populations. Currently, I oversee and manage the Biomaterials Laboratory which 

houses all undergraduate senior thesis biomaterials projects, graduate biomaterials student 

projects and undergraduate laboratory classes. To continue to progress the career 
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development of students at Alfred University, hopefully with support from the NSF, I aim 

to train undergraduate and graduate students on the importance of Surface Science-

Biodegradation and Glass Chemistry based on the research findings as part of this 

proposal. I aim to integrate the proposed work by hiring undergraduate students to assist 

the graduate students to complete each of the Objectives outlined as part of this work. 

These subject areas can be expanded and applied to industrial applications such as solar 

cell corrosion, fuel cell technology and biomedical/industrially applied glass. Students will 

be exposed to the integrated Subject and Responsibility approach regarding the importance 

of: 

i. Glass coating and characterization (Obj. 1).  

ii. Evaluation of antibacterial and antiviral properties of glass coatings (Obj. 2).  

iii. Determination of physiological fluid stability and cytocompatibility (Obj. 3).  

Specifically, the research findings will be incorporated into educational materials and 

demonstrations that will be incorporated into upper level undergraduate and graduate 

courses that focus/include subjects relating to the corrosion of biomaterials 

(Biocompatibility CEMS 465, Introduction to Bioengineering CEMS 368). Through 

interactive questions in the class, course assignments (one problem set/student/week) and 

a course evaluation system (one written evaluation/student/quarter), I will receive feedback 

on these courses and will modify them as necessary to achieve student learning goals.  

 

E.2  Efforts to Promote Integration of Glass Science to the Local Community. 

An existing concern around Alleghany County and western NY universities is 

related to the integration of minorities and students from the local communities that do not 

see third level education as a possible career option. Alfred University has taken a number 

of steps to improve their outreach efforts by: 

  Successfully implementing funded efforts for middle school education enhancement 

� the Children and Youth Learning Initiative (CYLI). 

  Constructed the Inamori Discovery Center (funded by a $5M grant from the Inamori 

Foundation as part of the Inamori Museum) that partners STEM/Education faculty, pre-

service educators, and STEM students for outreach efforts. This center is located in the 

Inamori School of Engineering at Alfred University. 
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Both CYLI support and the Discovery Center Facilities are readily accessible and available 

for outreach activities. The PI has established a connection with local high schools in 

Alleghany County, 1.) Belfast Central High-School and Bolivar-Richburg High-school, 

both schools are located in a rural area of New York State approximately 1-hour drive from 

Alfred University. This connection was established through the Children Youth Learning 

Initiative (CYLI) which aims to reach out to rural, relatively poorer communities, to bring 

high school students to a local University to encourage them to consider higher education 

to further their career opportunities. This outreach project involved the participation of 

Alfred University’s CYLI director Mrs. Elizabeth Vistz and the Assistant Dean of the 

Inamori School of Engineering, Mrs. Emilie Carney and the PI. This outreach program is 

designed to encourage the participation of high school students in current Science and 

Engineering (STEM) subjects, and as such, the PI designed experiments to be conducted 

in the Biomaterials Laboratory to facilitate four, 2-hour visits to accommodate 20 high 

school students per visit.             

The PI aims to further this collaboration by applying, (as part of this proposals 

budget), for financial aid to increase the number of schools (in adjacent counties) that can 

participate in this program, and to purchase supplies, pay for travel, food and additional 

costs to stimulate interest in science and engineering (STEM subjects) among the high 

school students. An additional program that I would like to further develop is the Women 

in Science and Engineering (WiSE) program at Alfred University. This program is aimed 

to encourage women to actively participate in all disciplines of engineering sciences. This 

program hosts and invites female students and parents to visit Alfred University to partake 

in demonstrations and activities that highlight the potential for engineering as a career 

choice. With respect to the Biomaterials Engineering Laboratory, students and parents can 

partake in demonstrations relating to medical materials processing, glass corrosion studies 

in addition to observing the growth of living organisms and learning about the techniques 

employed to determine the suitability of novel materials for medical applications. 

Specifically, the demonstrations in the PI’s laboratory would like to be expanded to include 

a more hands on approach. This effort aims to encourage the participation of female student 
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in biomaterials engineering and highlights the different subject areas available to students 

pursuing this career option.  

 

E.3 Student Design Innovation Award – Scholarships for Summer Programs.   

To encourage participation and to inspire thoughts relating to design and intuition, I would 

like to seek funds to further support and encourage novel thinking and participation among 

the students that visit Alfred University from local highschool students and through the 

WiSE program. I would like to seek further funds to award prizes to be shared between 

student participants and the host highschool / institution for their most promising and 

hardworking students. This competition will entail novel thinking of current problems 

relating to healthcare that can be evaluated at Alfred University. The subject for this 

competition will to “design an anitbacterial material that can be used to reduce the spread 

of superbugs in hospitals” such as Methicillin Resistant S. aureus, (MRSA). 

Highschool  Students: I will have the highschool teacher from each participating school 

to nominate a team of 3 students to form a team. This team will, prior to their AU visit, 

design a novel antimicrobial material that will be synthesized and tested (S. aureus) at 

Alfred Unviversity during their 2 days visit. Designs will be reviewed by the PI and 

graduate and the graduate student funded by this award. Each highschool team will test 

their idea, write and report of their results and data and after all the reports have been 

collected and evaluated the best efforts will be awarded $3,685 to be split between the 

students and the highschool in yerar 2 and in year 3. The funds will be dessiminated as 

follows. 

  Students Funds � Scholarships for three studens ($895/student ~ $2685 total) to 

attend the STEM Summer Programs at Alfred University. These summer programs 

include a range of subject areas for students which includes Astronomy Camp, 

Computer Engineering Camp, Robotics Engineering Camp, Chemistry Camp and 

Metals and Polymers Science Camp. http://www.alfred.edu/summer/calendar.cfm.  

 

  Teacher Funds � Funds awarded ($1,000) to the teacher will be used to purchase 

equipment for teaching in the classroom at their respective highschool. 
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This will help to stimulate interest and activity among students in the highschool prior to 

coming to Alfred University, in subject areas that are currently important in the medical 

field. Feedback on students career progression will be collated through the CYLI program 

and through teacher/PI meetings each year. 
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