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ABSTRACT 
 
 
Food-borne diseases cause approximately 9.4 million illnesses each year in the United 

States, while globally, these diseases cause approximately 600 million cases of illness and 

~420,000 deaths. Food contact surfaces, such as food packaging materials, food processing 

equipment surfaces, utensils, etc., are often responsible for the contamination of food with 

a variety of pathogens, including bacteria. To prevent such pathogens from contaminating 

edible goods, antimicrobial coatings can be applied on food contact surfaces. However, the 

global legal framework surrounding coatings for food contact surfaces necessitates that, in 

order to reach their full potential and application at food processing facilities, these 

coatings must not only exhibit the ability to kill bacteria, but must also demonstrate 

mechanical resistance to withstand external stressors, particularly those due to typical 

equipment sanitization procedures.  In the present work, we describe our approach to 

designing, synthesizing, and characterizing an antimicrobial coating for food contact 

surfaces, based on the existing legal framework governing these materials, having both 

antimicrobial activity and mechanical durability, both of which are necessary before 

antimicrobial materials will earn wide-spread acceptance and adoption by the food 

processing industry.  We focus on photocatalytic antimicrobial coatings, specifically, 

titanium dioxide coatings, fabricated using the sol-gel method. We explore the 

relationships among porosity, pore architecture, photocatalytic activity, antimicrobial 

behavior, and mechanical durability (primarily hardness and elastic modulus) of titanium 

dioxide coatings.  During this exploration, we first optimized the photocatalytic activity of 

the coatings. Then, we optimized the mechanical durability of the coatings via a sequential 

response surface methodology to identify synthesis parameters that would lead to coatings 
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with the highest photocatalytic activity and balanced values of hardness and elastic 

modulus.  Once these conditions were identified and validated, the resulting optimized 

coatings were fully characterized and tested against food-borne bacteria Escherichia coli 

O157:H7. The results show that it is possible to achieve coatings with both sufficient 

antimicrobial activity and mechanical durability to withstand typical food processing 

operating conditions.  In the long term, the long-term impact of this work can be 

enumerated as follows: (1) Development and validation of advanced and innovative 

technologies for food processing, manufacturing, packaging and sanitation that improve 

food safety and food defense, (2) Development of effective interventions for reducing 

contaminants in foods, and (3) Development and validation of novel strategies for the 

effective control of persistent reservoirs of food-borne pathogens.
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    CHAPTER 1 

1. INTRODUCTION 

 

Among humans’ basic needs, ingestion of nutritious and innocuous food is of paramount 

importance. Many instances exist regarding the spread of illness through highly nutritious 

food contaminated with pathogens, pesticides, natural toxins, metals, and other chemical 

compounds. For example, during the first half of 2019, the following outbreaks, recalls, 

market withdrawals, and safety alerts related to food were emitted by the US Food and 

Drug Administration (FDA)1: a Salmonella outbreak originating at a pre-cut melon 

packaging facility in Indiana infected 137 people in 8 states of the USA; a recall of frozen 

blackberries due to possible health risk of Norovirus affected consumers in 12 states; and 

a recall of a coffee-based beverage was necessary because it was identified that the 

beverage’s production process may lead to the growth and production of botulinum toxin.  

To protect public health from the risks associated with contaminated food, such as 

those given above, the availability of safe food must be assured. Protecting public health, 

in general terms, can be pursued by three measures: prevention (research and methods 

development), monitoring (inspection, voluntarily destruction, and sampling), and 

enforcement (recall, seizure, injunction, and criminal prosecution). Of these general 

measures, prevention is the preferred action. In this regard, worldwide, countries have 

moved from a reactive approach (enforcement) to a preventive approach. For example, the 

Food Safety Modernization Act (FSMA) was passed in the United States in 2011, shifting 

the focus of the US food safety system from a responsive strategy to a preventive one2. 

This reform was passed to adapt to changes occurring in the global food trade systems 
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which were becoming more complex and interrelated. Australia has also responded, not 

only to ensure the safety of food imported from its closest neighbor, New Zealand, but also 

to facilitate food trade by the homologation of the food safety standards between both 

countries3. Like other preventive controls aimed to assure innocuous food in manufacturing 

processes, such as allergen assessments, supply chain assessments, and risk and safety 

assessments, sanitation controls and actions are impacted by the changes mentioned above. 

Sanitation controls include, among other actions further discussed in detail in the 

following section, the application of antimicrobial coatings (AMC) on food contact 

surfaces (FCS) to prevent cross-contamination (defined in the following section) of 

foodstuffs. An AMC is defined as a liquid mixture, solution, or suspension that is applied 

to a surface and undergoes solidification afterwards4 with the purpose of sanitizing, 

disinfecting, reducing, or mitigating microbial growth on FCS5. The coating layer is 

defined as the region where the coating’s properties can be distinguished from those of its 

substrate. AMCs specifically target one of the sources of contaminated food: harmful 

microorganisms such as bacteria and viruses, known as food-borne pathogens. Food 

improperly handled has led to approximately 48 million cases of food-borne illness and 

3,000 deaths per year in the US alone6. Food-borne pathogens can also lead to outbreaks 

large enough to potentially devastate human health, as well as the food industry7. For 

instance, an estimated $70 million loss for the producer resulted from a Salmonella 

outbreak in the U.S. in 2009 that had peanut products as the outbreak vector7.  

Coming back to AMCs as preventive measures, they can be classified by the 

working principle they rely on or by the method by which they are deposited on their 

substrates. Regarding the working principle, AMC can be assigned to one of the following 
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types: anti-adhesion, antimicrobial-loaded, contact inactivation, photocatalytic, and 

multifunctional. Graphical representations of these working principles are given in Figure 

1.1 The anti-adhesion coatings rely on the modification of the FCS’s energy by random or 

patterned coatings and also on coatings with specific roughness parameters that prevent the 

attachment of bacterial cells on the FCS; this type of coating is considered to be a passive 

approach because the coating’s surface characteristics do not change in any way once the 

coating is applied to the surface. Antimicrobial-loaded coatings contain an antimicrobial 

agent within their structure or on the coting’s surface: this agent is aimed to diffuse into 

the surrounding media and to reach the microorganisms. Antimicrobial-loaded coatings 

can be further classified into simple release and controlled release: in the former, the 

antimicrobial agent is released continuously from the coating to the surroundings until 

depletion; in the latter, the antimicrobial agent is released in response to external stimuli 

such as temperature or pH change. Contact inactivation coatings consist of specialized 

peptides attached to the FCS, forming a thin layer whose antimicrobial action comes from 

the damage the peptides exert on the cell’s walls when they come close enough to the 

peptides for them to exert the inactivation action. Photocatalytic coatings inactivate 

microorganisms via a photochemical reaction catalyzed by a semiconductor compound that 

produces reactive oxygen species (ROS); ROS generation requires the simultaneous 

presence of oxygen, UV light, water, and catalyst. Theoretically, ROS generation is endless 

if the UV light, the semiconductor, the oxygen, and the water source are present 

simultaneously. Finally, multifunctional coatings consist of a combination of generally 

two, rarely three, of the above types of coatings.  
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Figure 1.1. Schematic representation of antimicrobial coating working principles: a) anti-adhesion, b) 
antimicrobial-loaded single release, c) antimicrobial-loaded controlled release, d) contact inactivation, e) 
photocatalytic, and f) multifunctional (the schematic represents specifically the photocatalytic and anti-
adhesion combination).  

AMCs can also be classified regarding the method employed to deposit them on 

the substrate: electrodeposition, sol-gel (including dip and spin coating), thermal spraying 

(including flame, high-velocity combustion, and plasma), vapor deposition (including 

atomic layer, physical, chemical, and sputtering), and manual deposition (including 

spraying, dipping, brushing, and hand rolling). These techniques are depicted in Figure 1.2. 

The deposition method has a strong influence on the coating’s microstructure, because each 

process yields variations in grain size, crystalline phases, amount and size of pores, and 

cracks. Moreover, each deposition procedure has adjustable parameters that allow 

gradations in the final product. Surface topography and hardness of the coatings also 

depend on the deposition method. The deposition methods differ from each other in how 

the coating material is transformed into a fluid, a solution, or a suspension to make it useful 

for coating purposes. For example, electrodeposition needs the coating’s material of 

construction to be in solution to allow the solution’s ions to migrate to the surface, where 

they build the coating via a redox reaction driven by an applied voltage8. Coatings obtained 
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by electrodeposition can be fine-tuned to a large extent because the coating forms from 

dissolved particles and the reaction is controlled with a voltage (which also can be tuned 

precisely). However, the deposition of the ions cannot be directed, and the particles adhere 

to the surface with no particular order, which can result in the formation of aggregates9. A 

newer technique, vapor deposition, in general, and atomic layer deposition, in particular, 

is based on the displacement of molecules in their vapor phase of precursors10. A 

stoichiometric amount of another reactant in the vapor phase, such as water, is deposited 

(condensed) on the uncoated substrate. The gaseous precursor is then permitted to contact 

the substrate, where the precursor quickly reacts with the previously-deposited reactants. 

The reaction allows the creation of a one-molecule-thick coating on the substrate. 

Repeating the process allows the formation of uniform and thin coatings, but the coating 

process takes several hours when microns-thick coatings are needed11. Another procedure 

that employs chemical precursors, the sol-gel method, can be viewed as a liquid-state 

analog of the vapor deposition method. However, the sol-gel method does not enable to 

tune the coating thickness at molecular levels because the liquid components have to react 

first until the required microstructure in the gelled mixture has been reached. The gel is 

then placed on the substrate via dipping or spin coating. The final coating is produced by 

heating the coated substrate to high temperatures (500-1000 °C). Another method, thermal 

spraying, employs particles of the coating material of construction in a melted state to form 

coatings by impacting the particles on a target substrate12. When the melted particles reach 

the substrate’s surface, they stick and solidify there, forming a coating. Consequently, 

coatings obtained by thermal spraying tend to be lamellar9. Finally, manual deposition, 

which includes spraying, dipping, and brushing methods, is the most straightforward. 
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Spraying and dipping are very practical for the industrial application of polymeric coatings 

and are also useful options when the coating’s material of construction is not heat tolerant13.  

 

 
Figure 1.2. Schematic representation of antimicrobial coating deposition methods: a) electrodeposition, b) 
manual, c) thermal spray, and d) sol-gel. 

 
 Of the AMC working principle classifications, photocatalytic coatings have 

received most attention due to their capacity for generating antimicrobial compounds with 

no exhaustion. In addition to AMC, the photocatalytic effect has been studied regarding 

other applications14: surface disinfection, air purification, gas sensing, and water 

decontamination. Typically, AMC based on the photocatalytic working principle are made 

of metal oxides, such as tin oxide (SnO2), zinc oxide (ZnO), and titanium dioxide (TiO2). 

These materials produce reactive oxygen species (ROS) such as O• and •OH when 

irradiated with UV light in simultaneous presence of water or moisture. Further reaction 
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allows •OH to convert into hydrogen peroxide (H2O2), a compound well known for its 

antimicrobial effect. Of the metal oxides that have found photocatalytic applications, TiO2 

is the most attractive material of construction of photocatalytic AMCS because its high 

level of ROS production. Over the past ten years, research groups have investigated how 

the deposition method, coating constituents, coating morphology, and addition of dopants 

affect TiO2 coatings’ antimicrobial activity. Although these results are promising in terms 

of microbial inactivation, TiO2-based AMCs have found little industrial application 

because the mechanical resistance of the coatings remains a standing issue that must be 

addressed before the coatings can be effectively translated to real-world applications 

meeting the pertinent legal requirements which, most of the time, are disregarded.  

This dissertation seeks to explore TiO2 coatings for antimicrobial purposes intended 

to be deposited on food contact surfaces (FCS). The exploration is performed from three 

different but complementary points of view:  

1. the legal framework associated with AMCs for food contact surfaces (FCS),  

2. the optimization of AMCs’ photocatalytic activity, and  

3. the optimization of AMCs’ hardness and elastic modulus.  

To accomplish this task, this dissertation includes three research chapters whose 

interrelations are shown in Figure 1.3. The methods, the results, and the conclusions of 

each of the three chapters form the “Photocatalytic antimicrobial coating for food contact 

surfaces” research project.  

Chapter 3 reviews the mechanical properties that are legally required from AMCs 

applied to FCS, and the relationship between these two entities, within the relevant 

regulatory framework of Australia, the European Union, Mexico, and the United States. 
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The chapter also explores different coating characterization techniques that may be 

employed to assess the degree of the AMCs’ adherence to the requirements established by 

laws and regulations. Firstly, the primary drivers of food contamination during food 

processing are discussed, and cross-contamination is specifically investigated as a source 

of contamination via food-borne microorganisms.  Secondly, cross-contamination 

prevention practices based on antimicrobial agents and FCS minimum requirements are 

examined from the perspective of the legal requirements set for antimicrobial agents and 

FCS by regulators and government agencies in different geographical regions. Thirdly, an 

analysis of both antimicrobial compounds and FCS is performed to establish AMCs legal 

framework. Lastly, a list of minimum legal requirements and their corresponding 

characterization techniques is developed and contrasted with AMC potential applications 

to highlight research opportunities for those applications.  

 Chapter 4 discusses how synthetic parameters (fabrication protocol, templating 

agent to precursor ratio, aging time, spinning speed, and sintering temperature) can be used 

to optimize (maximize) the photocatalytic activity of a titanium dioxide coating (TiO2) on 

food-grade finishing stainless steel coupons. Both materials, TiO2 and stainless steel, are 

chosen for this study based on how well they comply with laws and regulations governing 

AMCs and FCS. First, the AMCs’ synthetic parameters are statistically screened using the 

AMCs’ photocatalytic activity as an experimental response (the photocatalytic activity 

correlates with antimicrobial activity92). The photocatalytic activity is assessed by means 

of a methylene blue fading test based on the international standard ISO 10678:201015. Once 

the statistically significant synthetic parameters are identified, a mathematical model 

describing the relationship between the AMC’s synthetic parameters and the AMC’s 
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photocatalytic activity is obtained by means of a second-order rotatable experimental 

design, where the photocatalytic activity is the experimental response. The mathematical 

model is then used to identify a single combination of synthetic parameters that yields a 

TiO2 AMC that could exhibit maximum photocatalytic activity within the experimental 

range explored. Finally, the TiO2 AMCs are characterized regarding some of the 

descriptors established in the legal frameworks investigated in the first publication.  

 Finally, Chapter 5 investigates how the synthetic parameters explored (fabrication 

protocol, templating agent to precursor ratio, aging time, spinning speed, and sintering 

temperature) can be varied to optimize (maximize) the hardness and elastic modulus of a 

TiO2 AMC on food-grade stainless steel coupons. The AMC mechanical properties 

(hardness and Young’s modulus) are assessed by nanoindentation. Firstly, the AMC’s 

synthetic parameters are statistically screened using at least one of the AMC mechanical 

properties. Depending on the variability of the measurements (standard deviation of 

hardness and Young’s modulus) both responses are used as the experimental responses. 

When the standard deviation of the experimental response chosen is high, the screening 

experiment analysis is not able to identify which of the factors is statistically significant 

and instead yields all the synthetic factors as not statistically significant. Therefore, the 

screening analysis automatically indicates hardness and Young’s modulus, are convenient 

to choose as experimental response for the optimization step. Secondly, once the 

statistically significant synthetic factors and the experimental response/responses are 

identified, an experiment is designed to obtain a trend between the synthetic factors and 

the experimental responses. The trend is used to determine the combination of synthetic 

factors that yields a TiO2 AMC with maximum hardness and elastic modulus. Since the 
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experimental range used to determine the mathematical model relating mechanical 

resistance and synthetic factors is the same range used for the photocatalytic activity 

optimization, all responses (photocatalytic activity, hardness, and elastic modulus) are 

statistically treated simultaneously to identify the synthetic parameters to produce an AMC 

that is optimized for both photocatalytic activity and resistance. Finally, the antimicrobial 

activity of the TiO2 AMC obtained in this way is evaluated against food-borne bacteria.  

 It is important to highlight that most of the research on photocatalytic AMCs for 

FCS has focused on the improvement of the AMC activity against microorganisms 

including addition of dopants, variation of the coating’s deposition method, coating 

composition, and coating microstructure16, similar to what we did for the second 

publication; however, little has been researched regarding the improvement of the AMC 

activity and the mechanical resistance, as well as the effect of these improvements on the 

overall AMC activity of the resulting coating, which is exactly what is discussed in   

Chapter 4. Therefore, this sets a starting point in a direction towards the AMC cross-

contamination prevention methods that can help these materials translate into industrial 

application.  
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Figure 1.3. The photocatalytic antimicrobial for food contact surfaces research project was divided into three 
sections corresponding to four chapters of this dissertation. Each section has multiple tasks whose outcomes 
converge in one single AMC that was tested against food-borne bacteria in Chapter 5.  
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CHAPTER 2 

2. THE CONTEXT OF PHOTOCATALYTIC ANTIMICROBIAL 

COATINGS IN FOOD CROSS-CONTAMINATION 

PREVENTION: A LITERATURE REVIEW 

 
The bulk of this chapter is published as Ref. 16, an article in Comprehensive Reviews in 

Food Science and Food Safety. The authors of that article are Eduardo Torres Domínguez, 

Phong Nguyen, Heather K. Hunt, and Azlin Mustapha of the University of Missouri.  

 
An AMC is defined in Chapter 1 as a fluid mixture that is applied to a surface and 

undergoes solidification afterwards with the purpose of sanitizing, reducing, or mitigating 

microbial growth on FCSs. FCSs are the outside faces that touch food and are present on 

machinery, utensils, and recipients for the production, processing, and packaging of that 

food. FCS are commonly made of stainless steel, copper, plastic, rubber, ceramic, glass, 

and wood17. Specific examples of FCS include conveyors, filler hoppers, slicers, blenders, 

cutting boards, dishes, cutlery, waxed cardboard, and food containers18. Many different 

FCS classifications may be given based on a surface’s material of construction, the facility 

at which the surface is found, food with which the surface interacts, and so forth. However, 

any of these classifications are useful to deal with the relationship arising when an AMC 

is deposited on the FCS, from the legal point of view.  

When FCS are treated with an antimicrobial agent, there are three general intended 

purposes (see Table 2.1): 
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(i)   to improve the properties of food packaging,  

(ii)  to decontaminate the surface, or  

(iii) to induce antimicrobial properties at the surface. 

 It should be noted that free-standing antimicrobial films, mostly used for food 

packaging purposes, are excluded from this review, since they cannot be considered as 

coatings due to their lack of a rigid or semi-rigid substrate. Readers interested in the 

mechanical properties of active and antimicrobial free-standing films for food packaging 

should consult other published work19-21.  

 We also note that the classification given in Table 2.1 below is only one logical 

grouping; other groupings may be found in the literature. For instance, some authors 

classified the antimicrobial packaging systems into four different groups based on how the 

antimicrobial agent is immobilized or implanted into the material, viz.:  

(i)  the antimicrobial substance is directly incorporated into the matrix of the substrate,  

(ii) the antimicrobial agent is released from an inner/outer layer and migrates across a 

secondary layer before arriving at the food matrix,  

(iii) the antimicrobial agent is released from a coating, and  

(iv) the antimicrobial substance is immobilized on top of the substrate’s surface20.  

Although more precise than the classifications presented in this document, other 

categorizations are less useful for discussing regulatory issues, particularly assessments of 

antimicrobial agent migration into food20.  We suggest that the classifications presented 

here, that sort antimicrobial agents used on FCS according to their applications, will help 

the reader frame AMCs in terms of their legal requirements.  
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 In this classification framework, a food additive is an ingredient intentionally added 

to foods to maintain or improve their safety, freshness, nutritional value, taste or 

appearance22. When an antimicrobial substance is intentionally added to a packaging 

material’s composition or onto its surface, the antimicrobial substance is expected to 

migrate, partially or completely, into the food, where the preservative effects take place. 

Since the antimicrobial agent is consumed together with the food product, the substance is 

regarded, for this specific group of circumstances, as a food additive23.  

Table 2.1 shows a classification of FCSs based on their applications and the nature, 

intentionally or unintentionally, of the antimicrobial agent in relation to the food touched 

by the surfaces when the antimicrobial agent is deposited on the FCS in the form of an 

AMC. Following this interaction, FCSs can be classified into three groups: food packaging, 

ongoing effect from the surface, and decontamination of the surface.  

In the first case, food packaging, the antimicrobial agent is expected to migrate into the 

food to exert its antimicrobial action, which is equivalent to adding the antimicrobial agent 

directly into the food. Because the presence of the antimicrobial in the food is intentional, 

the antimicrobial is a food additive. A food container whose interior wall is coated with 

silver is an example of this case. As time passes, the silver ion coming from the wall’s 

coating will slowly diffuse into the food and will eventually kill any microorganisms there.  

In the second case in the classification shown in Table 2.1, ongoing effect from the 

surface, the antimicrobial agent is expected to exert its action on the outer face of the FCS 

but nowhere else. In other words, the antimicrobial agent is not expected to migrate into 

the food matrix, but the microorganisms coming from the food (if present) will make their 

wat into the FCS and be killed there by the AMC. Because the antimicrobial agent is 
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expected to remain on the surface, any antimicrobial agent found in the edible good is 

regarded as food contamination or residue. Photocatalytic titanium dioxide coatings are 

examples of this type of application.  

In the third case of Table 2.1, decontamination of the surface, one or more antimicrobial 

agents are applied to the FCS with the purpose of killing any microorganisms present on 

it. Once the microorganisms are eliminated, the antimicrobial agent is removed from the 

surface expecting not to have any of it remaining on the FCS. Because the antimicrobial 

agent is not expected to remain on the FCS, any antimicrobial agent left behind after the 

antimicrobial treatment is considered as a surface contamination or residue. If the food 

touches such a contaminated surface, it also will be unintentionally contaminated and 

therefore, the antimicrobial agent is also considered a food contaminant or residue. 

Peracetic acid or hydrogen peroxide applied as antimicrobial agents on tabletops and 

cutlery are examples of this class. 

 
Table 2.1. The interaction between antimicrobial agents and FCS leads to a very useful classification matrix 
regarding the regulatory status of the antimicrobial agents and the FCS applications. 

FCS application Antimicrobial 
presence in food 

Antimicrobial 
regulatory 
classification 

Example of 
antimicrobial 

Example of surfacea 

Food packaging Intentionally added Food additive Silver ion24 Paperboard cartons, 
jars, and bottles with 
antimicrobial action 

Ongoing effect from 
the surface 

Unintentionally 
added 

Food contamination 
or residue 

Titanium dioxide14 Cutting boards, 
conveyor belts, and 
other food 
processing 
equipment with 
antimicrobial action 

Decontamination of 
the surface 

Unintentionally 
added 

Food contamination 
or residue 

Peracetic acid25 Tabletops, cutlery, 
dishware, and 
cookware, 
decontaminated by 
antimicrobial 
substances 
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2.1. Cross-Contamination Prevention on Food Contact Surfaces 

For the purpose of this dissertation, cross-contamination can be defined as the 

unnoticed transfer of harmful microorganisms (other contaminants can also be considered) 

from a food contact surface to the surface and/or matrix of a food stuff during recollection, 

processing, delivering, and final consumption. When unsanitary handling procedures 

prevail during food processing, food-borne illnesses are likely to result26. Food-borne 

pathogens, bacteria and viruses included, can produce outbreaks that negatively impact 

public health and the food industry7. For example, unsanitary handle of food has yielded 

around 48 million cases of food-borne illness and 3 thousand deaths per year in the USA6. 

In another example, a producer lost around $70 million when its peanut products produced 

a Salmonella outbreak in the USA in 20097.  

 Due to their potential to cause large-scale public health and economic threats, the 

occurrence of food-borne pathogens in food is subject to intense research, especially on 

tracing cross-contamination and the mechanisms involved in the spread of food-borne 

pathogens along the food processing chain (see Figure 2.1). At broiler and slaughter plants, 

for instance, microorganisms were found on food products, such as carcasses, even before 

any secondary processing step has occurred27. Depending on the specific steps involved in 

the process, the bacterial counts on food and FCS vary, but they increase when the process 

includes evisceration28. The tools employed in food processing activities, such as knives, 

table-tops, operators’ gloves, and handlers, are important sources of cross-

contamination27,29. The contamination at processing facilities is then aggravated by the 

presence of pathogens resistant to benzylpenicillin, imipenem, and fusidic acid 30. Once the 

food leaves the processing center, it may be further contaminated in transport or in retail 
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stores, and may also come from workers’ shoes, aprons, and cutting tools 31. In some cases, 

the microbial counts from meat samples are higher at the retail shops than at the abattoir, 

suggesting that the hygienic procedures are less stringent when it comes to handling meat 

outside of industrial environments32. Finally, even though food-borne pathogens are kept 

under control at processing facilities and in retail environments, food-borne pathogens may 

arise within the consumer’s domestic purlieu because of non-hygienic handling of food at 

home33. 

 

Figure 2.1. Steps during food processing and where contamination might occur from various sources. 

 

 It can be observed from the cases given above, that FCS are at the heart of cross-

contamination, although the specific steps and the type of food-borne pathogens involved 

at each food process affect the cross-contamination process in a complex manner. For 

example, L. monocytogenes attaches differently to polyethylene FCS as time passes34. In 

another case, the proportion of different species composing the bacterial population 
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influences the degree of contamination of stainless-steel surfaces but not the finishing of 

the surfaces35. Finally, cleaning procedures help to disinfect rubber surfaces, but also 

increase the roughness of the surface, which, in turn, favor the bacterial adhesion over 

time36. 

 
2.2. Food Contact Surfaces Cross-Contamination: Prevention Practices 

 Decontamination can be understood as a group of actions exerted to partially or 

completely eliminate harmful substances from food contact surfaces by means of cleaning, 

sanitizing, and/or sterilizing such surfaces39. The harmful substances may be pathogens 

(bacteria, viruses, and parasites), pesticides, natural toxins, metals, and other chemical 

contaminants 1. There are different degrees of decontamination: cleaning, sanitization, and 

sterilization. Cleaning is the removal of visible fouling40. Sanitization, also known as 

disinfection, denotes the reduction of the number of microorganisms to a safe level. Finally, 

sterilization can be interpreted as the complete destruction of microorganisms39. The 

different approaches to the decontamination of FCS can be classified into five methods: 

thermal, mechanical, chemical, physical41, and biological25. It should be noted that this 

review focuses on the removal or inactivation of microorganisms only, although cleaning 

procedures in general may focus on the elimination of other contaminants, too. 

Cross-contamination prevention practices’ main purpose is to reduce the 

occurrence of cross-contamination in food. Since cross-contamination can come from 

different sources, different pathogens, and different FCSs, multiple prevention practices 

are applied simultaneously to prevent cross-contamination. As can be observed in Figure 

2.2 no single prevention practice can cover the entire range of decontamination levels. 

Therefore, at least two simultaneous prevention practices are applied on FCS in practice.  
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Decontamination is a set of procedures intended to remove partially or completely 

dangerous substances from FCS by means of cleaning, sanitizing, and/or sterilizing39. 

Among these dangerous substances, chemical compounds, metals, natural toxins, 

pesticides, and pathogens (bacteria, viruses, and parasites) should be mentioned1. Three 

different levels of decontamination exist with increasing degrees of decontamination: 

cleaning, sanitation, and sterilization. Cleaning removes visible debris from the FCS and 

can be divided into two types: wet cleaning and dry cleaning42. Sanitation or disinfection 

reduces the count of microorganisms to a safe level. Sterilization completely destroys all 

the microorganisms present on the FCS39. On the other hand, the different procedures to 

decontaminate FCS can be classified into five categories25,41: thermal, mechanical, 

chemical, physical, and biological. It can be noticed (see Figure 2.2) that some 

decontamination methods fall into multiple decontamination levels, such as thermal 

treatments. Chemical methods, on the contrary, cover specific portions of the 

decontamination range. 

Figure 2.2 is an overview of the decontamination methods and their correlations 

with the different levels of decontamination. More important, the figure shows the context 

in which the AMC are inserted (highlighted in red font), namely as part of the chemical 

methods achieving sanitation or disinfecting levels on the FCS. AMC are expected to 

match similar decontamination levels to those attained by ionization irradiation, steam, 

ozone, and chitosan. AMCs exert higher levels of decontamination than rinsing and 

application of detergents but fall short compared to gas plasma and autoclave sterilization. 
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Figure 2.2 There are multiple decontamination methods to cover the three levels of FCS decontamination. 
However, no single decontamination method covers the entire range of decontamination levels40,43-45. 

 
2.2.1. Prevention Practices Via Cleaning Methods 

Research on cleaning methods of FCS is focusing on the development of alternative 

methods to those that rely on water and/or hazardous disinfectants. The most common 

cleaning procedure found in industrial facilities, clean-in-place (CIP) systems 

decontaminate FCS from microorganisms using hot water and aqueous solutions of 

cleaners applied repeatedly in cyclic sequences. The water and the aqueous solutions are 

usually recovered after each cleaning cycle and reused. For example, different CIP regimes 

were used to deactivate Clostridium perfringens on stainless steel surfaces using water and 

sodium hydroxide46. However, CIP systems are not infallible. For example, it was found 

that although the surfaces looked clean after the cleaning regime using a CIP system, the 

Antimicrobial coatings 
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total cell counts from stainless steel and PVC surfaces did not reduce at a ricotta industrial 

facility47. Moreover, some substances used as cleaning agents in CIP systems foster the 

deterioration of organic surfaces such made of rubber and silicon like those found in 

milking machines36. Causing more concern, there are many edibles (cereals, dry 

seasonings, infant formulas, peanut butter, etc.) that have to be processed at low-moisture 

environments to prevent Salmonella48 and do not allow the utilization of conventional CIP 

systems which relies on water and cleaning agents.  

Consequently, alternative methods for conventional CIP systems, such as ice 

blasting, UV irradiation, and ultrasound, have been investigated on bamboo cutting boards, 

ceramic tiles, and dairy surfaces, with bacterial counts reductions comparable to those 

attained by brushing, vapor blasting, and radiation49. For instance, it is well demonstrated 

that UV light irradiation reduces Salmonella populations when present on different FCS50. 

Sometimes, alternative methods such as ultrasound is combined with conventional 

methods when dealing with bacterial biofilms attached to the FCS, and it has been found 

that this combination is more effective than using the conventional method only51. As 

another example, brushing dried egg plasters from the FCS before washing it using a CIP 

system increased the cleaning efficacy52. Still a problem remains regarding the CIP 

systems: the proper disposal of the wastewater coming from the cleaning cycles. As a 

result, enzymes friendly with the environment have been tested as substitutes for chemical 

decontamination compounds, but limited effectiveness was observed53. 
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2.2.2. Prevention Practices Via Sanitizing Methods 

A higher degree of decontamination, sanitizing or disinfecting is performed by 

mechanical, physical, chemical, thermal, and/or biological methods. A comprehensive 

review of this methods was completed since AMCs belong to this prevention practices, see 

Tables 2.2 to 2.6. In practice, mechanical and chemical methods are synergistically 

employed when for instance, rinsing (a mechanical method, see Table 2.2) is used together 

with detergents or disinfectants (part of the chemical methods, see Table 2.3). Therefore, 

both methods when used in this way can be regarded as a single one. Several variables 

affecting this method have been investigated: the addition of electrolytic solutions54, strong 

bases or acids55, and the effects of detergent concentration, water temperature, and surface 

material56. The development of less toxic sanitizing solutions and the enumeration of the 

effects of the surface and food products on the effectiveness of the mechanical-chemical 

methods are the topics of recent research. For instance, the consecutive application of 

aqueous NaOH and aqueous chlorine and rinsing of stainless-steel plates was proposed as 

an alternative decontamination process57. Chlorine gas’s effectiveness decreases as water 

contact angle increases on FCS made of Teflon®, stainless steel, silicon, rubber, and PVC. 

The average roughness affects in a lesser extend the effectiveness of the gas as 

antimicrobial agent58. 



Table 2.2. Studies on mechanical decontamination methods intended for food contact surfaces. 

Mechanical 
Surface Microbe Decontamination 

level 
Decontamination 
method 

Treatment result Variables 
tested 

Intended 
application 

Ref. 

Stainless-steel 
dishes 

E. coli O26, P. 
aeruginosa and S. 
aureus 

Cleaning and 
sanitation 

Rinsing with water and 
application of 
benzalkonium chloride 

The bactericidal 
effect disappeared 
because of food 
residues 

The effect of 
rinsing before 
the application 
sanitizer 

Food-related 
environments 

59

Wood, triclosan-
treated plastic, 
glass, and 
stainless-steel 
cutting boards 

Salmonella Enteritidis Cleaning and 
sanitation 

No treatment, rinsing, 
and application of 
sanitizers 

From 1.90-2.80 
log to undetectable 

Effectiveness 
of each 
treatment on 
different 
materials 

Food contact 
surfaces, in general 

60

Table 2.3. Studies on chemical decontamination methods intended for food contact surfaces. 

Chemical 
Surface Microbe Decontamination 

level 
Decontamination 
method 

Treatment result Variables 
tested 

Intended 
application 

Ref. 

Food service areas E. faecalis, E. coli, S. 
aureus, L. 
monocytogenes and S. 
Typhimurium  

Sanitation Hypochlorous acid 79–100% 
reduction of 
microbial growth 

Concentration 
of sanitizer 

Food contact 
surfaces 

54

Plastic and stainless-
steel coupons  

Gamma proteobacteria Sanitation Washing protocol with 
detergents 

99.9% of bacterial 
removal  

Water, 
temperature, 
and detergent 
concentration 

Fish processing 
plant 

56

Stainless steel, wood, 
and rubber conveyor 
material 

Alicyclobacillus Sanitation Chlorine dioxide and 
sodium hypochlorite 

Reductions from 0-
4.5 log CFU/ 
coupon 

Time of 
treatment and 
concentration 
of sanitizers 

Food handling 
and processing 
surfaces 

61

Stainless steel plates S. aureus and E. coli Cleaning and 
sanitation 

Cleaning in place agents 
containing NaOH, KOH, 
nitric acid, phosphoric 
acid, and sodium 
hypochlorite 

Reduction from 
107 to 106 
CFU/cm2 

Different 
cleaning agents 
and food 
additives 

Food processing 
plants 

55

23 



Chemical 
Surface Microbe Decontamination 

level 
Decontamination 
method 

Treatment result Variables 
tested 

Intended 
application 

Ref. 

Glass dishes S. typhimurium and S. 
aureus 

Cleaning and 
sanitation 

Benzalkonium chloride  The bactericidal 
effect of sanitizers 
disappeared in the 
presence of yolk 
and whole egg 

The effect of 
the presence of 
dried and 
adhered egg 
compounds on 
treatment 
efficacy 

Food-related 
environments 

52

Stainless steel and PP S. aureus Sanitation Peracetic acid and 
sodium hypochlorite 

Cell detachment 
around 3 log CFU/ 
cm2 

The efficacy of 
the sanitizers 

Food service 
surfaces 

62

Rubber and silicon 
surfaces 

S. agalactiae Cleaning and 
sanitation 

1.5% sodium hydroxide 2.5-4.5 CFU/cm2 
coupon 

The relation 
between 
adhesion and 
contact angle 

Milking 
machine surface 

36

Stainless steel coupons C. perfringens Sanitation Ethanol, iodophore, 
quaternary ammonium 
compounds, and Decon 
Spore 

0.33-2.70 log 
reductions 

Treatment 
time, 
disinfectant, 
and microbial 
species 

Food industry 
environments 

63

PE and ceramic dishes B. cereus spores, P. 
aeruginosa, S. 
aureus, and E. coli O26 

Sanitation Benzalkonium chloride  Reductions of 
around 3 and 4 log 
CFU/dish were 
obtained 

The effect 
remnants of 
food on 
efficacy of 
treatment at 
different 
concentrations 

Food industry 
environments 

42

Buna and PVC chips Cronobacter Sanitation Sodium hypochlorite Reduction of 3 log  Surface 
material, 
concentration 
of sanitizer, 
and pH 

Conveyor belt 64

PE cutting boards L. monocytogenes Sanitation Organic acids, peracetic 
acid, sodium 
hypochlorite, and 
chlorhexidine 

For all contact 
times tested, 
biofilm formation 
was avoided  

The efficacy of 
the sanitizers 
on used and 
new cutting 
boards 

Surfaces of 
cutting boards 

34

 24



Chemical 
Surface Microbe Decontamination 

level 
Decontamination 
method 

Treatment result Variables 
tested 

Intended 
application 

Ref. 

Rubber, glass, stainless 
steel, PVC, wood and 
ceramic tile disks 

Human norovirus Sanitation Ethanol, sodium 
hypochlorite, sodium 
metasilicate, and 
quaternary compounds 

Reductions of <1 
log 

Concentration 
of sanitizers 
and different 
surface 
materials 

Surfaces in 
general 

65

Stainless steel coupons E. faecalis and 
Enterococcus faecium 

Cleaning and 
sanitation 

Several detergents and 
sanitizers 

Reductions of to 
0.4 log CFU/cm2 

Detergent and 
sanitizer 
combinations 

Ricotta 
processing 
facility 

66

Stainless-steel coupons P. aeruginosa, E. 
faecalis, and 
Micrococcus luteus 

Cleaning and 
sanitation 

Alkaline electrolyzed 
water and neutral 
electrolyzed water 

Reduction of 3.20-
3.90 log CFU 

Concentration 
of sanitizers, 
time, and 
temperature 

Dairy industry 57

Silicon, Teflon, rubber, 
stainless steel, and 
PVC 

S. Typhimurium, E. coli 
O157:H7, and L. 
monocytogenes  

Sanitation Gaseous chlorine 
dioxide  

5.91-6.81 log CFU 
reduction 

Time of 
treatment and 
surface 
material 

Food contact 
surfaces 

58

Biofilms on dairy 
surfaces 

Bacillus subtilis, 
Salmonella, 
Pseudomonas, Listeria, 
and E. coli 

Sanitation Iodophor, sodium 
hypochlorite, and 
benzalkonium chloride 
effectiveness 

550-650 ppm were 
required 

Microbial 
biofilm 
eradicating 
concentration 
and minimum 
inhibitory 
concentration 

Dairy niches 67

Stainless steel, HDPE, 
Buna N, and 
polyurethane 

L. monocytogenes Sanitation Phosphoric acid, 
dodecylbenzene sulfonic 
acid, quaternary 
ammonium compounds, 
hydrogen peroxide, 
peracetic acid, octanoic 
acid, and sodium 
hypochloride 

Biofilm formation 
was lower in Buna 
than in the other 
materials 

Temperature 
and 
concentration 
of catfish 
mucus on FCS 

Fishery facility 
surfaces 

68

25 
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UV and white light irradiation and plasma treatments, which belong to physical 

sanitation methods classification listed in Table 2.4, have been subject to significant 

amount of research. For example, although a two-second pulse of UV light completely 

deactivated viruses on surfaces in aqueous suspensions, the incorporation of food simulants 

into the suspensions or on the surfaces reduced the effectiveness of the treatment69. These 

finding suggest that UV light is more suitable for sanitizing abiotic than organic surfaces, 

including food’s surfaces70. These results align with the fact that UV light exhibits low 

penetrating power into surfaces and food matrices71. Similar results in terms of sanitation 

levels can be achieved via non-thermal plasma with air72 and nitrogen73 as feed gases. In 

this context, UV light irradiation and non-thermal plasma are suitable decontamination 

methods for FCS that are heat sensitive or placed in low-humidity processing 

environments. 

Since low and medium pressure steam is readily available in most industrial 

processing plants74, thermal methods of disinfection are acceptable options (Table 2.5) 

when presence of water and high temperatures are not limiting constraints. It took less than 

a minute of 75-85 °C steam treatment to inactivate food-borne pathogens form FCS made 

of stainless steel or PVC58. 



Table 2.4. Studies on physical decontamination methods intended for food contact surfaces. 

Physical 
Surface Microbe Decontamination level Decontamination 

method 
Treatment result Variables tested Intended 

application 
Ref. 

Stainless steel 
knife 

L. monocytogenes 
and E. coli O157:H7 

Sanitation White light Total deactivation of 
6.5 log CFU/side of 
knife 

Time and type of 
meat product 

Food contact 
surfaces 

75

Stainless steel 
and PVC disks 

Murine norovirus 
(MNV-1) and hepatitis 
A virus (HAV) 

Sanitation UV light 3-5 log CFU Timing, distance of 
irradiation, and 
presence of bovine 
serum  

Drinking water or 
food-handling 
surfaces 

69

Stainless steel 
and PVC coupons 

Campylobacter jejuni 
1136 DF  

Sanitation UV light No microorganisms 
were recovered after 
treatment  

Treatment time and 
distance of 
irradiation 

Chicken contact 
surfaces 

70

Glass slides Salmonella biofilms Sanitation Cold plasma Reduction up to 2.13 
log CFU/mL 

Time of treatment 
and distance from 
plasma emitter 

Conveyor belt 72

HDPE, PE, and 
stainless-steel 
chips 

Yersinia pestis Sanitation UV light and 
freezing 

>6 log was 
eliminated at 1 J/cm2 

Power of irradiation, 
surface material, and 
effect of freezing 

Food contact 
surfaces in 
general 

76

Stainless steel, 
silicone, and PET 

S. epidermidis and E. 
coli 

Sanitation Non-thermal plasma Reduction of 2.95-
4.43 log CFU/mL 

Effectiveness of 
different sanitizers 

General surfaces 73 
Ceramic tiles, and 
materials of 
smear robots  

Micrococcus roseus R4 Cleaning and 
sanitizing 

Dry ice blasting ~90% removal of 
bacteria 

CO2 quantity, 
pressure, pellet size, 
and bacterial 
concentration  

Food production 
equipment 

49

Stainless steel 
dishes 

Saccharomyces 
cerevisiae and Debaryo
myces hansenii 

Sanitation UV light and 
sanitizers 

Reductions from 6 to 
less than 2 and 3 to 4 
log CFU/dish,  

Effects of food 
residues on the 
survival rates 

Processed food 
industries 

77

Knifes Enterobacteria-ceae, S. 
aureus, molds, and 
yeasts 

Sanitation Ultrasound, 
detergents, and 
chlorinated water 

Migration rate of 
residues; 
1.61 mg/L·min 

The method was 
compared to a 
conventional method 

Cattle slaughter 
process 

78

27 
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Biological sanitation methods (see Table 2.6) are based on prey-predator 

relationships and on differences in abilities among microbial species to compete for limited 

resources. Different degrees of decontamination on FCS can be achieved inoculating 

different phages (predator microorganisms) into populations of food-borne 

microorganisms attached to FCS79. Colonization and biofilm formation on FCS can also 

be retarded by purposely adding Pseudomonas grimontii80. A limitation related to these 

approaches is the fact that these methods rely on the existence of specific living microbial 

strains to be effective, while commonly used practices of sanitizing FCS such as chemical, 

physical, mechanical, and thermal do not discriminate between microbial species. 

Therefore, an incompatibility between the biological and the other sanitizing methods 

arises when applied together. 



Table 2.5. Studies on thermal decontamination methods intended for food contact surfaces. 

Thermal 
Surface Microbe Decontamination 

level 
Decontamination method Treatment result Variables tested Intended 

application 
Ref. 

Stainless steel and 
PVC coupons 

E. coli O157:H7, S. 
Typhimurium, and L. 
monocytogenes biofilms 

Sanitation Steam 1.78-3.0 log 
CFU/coupon reductions 

Stream 
temperature and 
treatment 
timing 

Steam 
pasteurization 

81

Peanut processing 
equipment 

Salmonella Sanitation Hot oil and 60% 
isopropanol,quaternary 
ammonium compounds 

<0.16 log CFU/cm2 Effectiveness of 
cleaning and 
sanitation 
procedure 

Peanut butter 
pilot plant 

82

Wooden boards Listeria innocua Sanitation Steam 2 log CFU reduction Different 
temperatures 

Cheese 
manufacturing 

83

Table 2.6. Studies on biological decontamination methods intended for food contact surfaces. 

Biological 
Surface Microbe Decontamina-

tion level 
Decontamina-tion 
method 

Treatment result Variables tested Intended application Ref. 

Glass slides and 
stainless-steel 
chips 

E. coli Sanitation Myoviridae     
phages 

Viable cell concentration 
decreases from 1.2 to 
5.4 log CFU ml− 1 

Three different 
phages as a 
cocktail or on 
surfaces 

Food processing 
surfaces 

79

Bare and coated 
with diamond-
like carbon 
stainless-steel 
coupons 

E. coli Sanitation Competitive 
microbe, 
Pseudomonas 
grimontii 13A10 

The biovolume of E. coli 
was lower in presence of 
P. grimontii 13A10 

Time of growth 
and surface coating 

Food contact surfaces 80

Stainless-steel 
coupons 

S. aureus Sanitation Oregano essential 
oil 

Decrease of ≥ 2 log 
CFU/cm2 

Time of treatment 
and concentration 
of essential oil 

Surfaces of stainless 
steel 

84

Stainless steel 
and rubber 

E. coli O157:H7, L. 
monocytogenes 
and Salmonella 

Sanitation Thyme and tea tree 
oils 

Decrease of biofilm cells 
up to 3.5 log CFU/cm2 

Minimum 
concentration for 
biofilm eradication 

Food industry surfaces 85 

29 
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2.2.3. Prevention Practices Via Sterilizing Methods 

Autoclaving, gamma ray radiation, and washing with hydrogen peroxide or 

concentrate solutions of strong acids or bases are the standard practices for FCS 

sterilization71. An alternative method, plasma treatment, has been researched to replace 

those routine methods. The same level of sterilization as hydrogen peroxide washing was 

achieved using plasma from a mixture of nitrogen, oxygen, and hydrogen when applied to 

PET bottles86. Additionally, water vapor together with glow discharge plasma was reported 

as the most effective gas for sterilization purposes87. In these couple of cases, a chamber 

or reactor is needed to accomplish the sterilization level, which limits the size of the FCS 

to be treated and the type of application.  

2.2.4. Concluding Remarks 

AMCs must withstand preventive decontamination methods for FCS currently in use 

or intended to be used in the food processing industry because: 

1. It is highly risky to rely on one preventive decontamination method only,

2. Each method has a different range of action and it is wise to decontaminate the

FCS in a range as ample as economically and technically feasible, and

3. Cross-contamination can adopt different forms, and it is unrealistic to expect that

an AMC will prevent all forms of cross-contamination.

2.3. Photocatalytic Antimicrobial Coatings for Food Contact Surfaces 

The previous section discussed several decontamination methods used to prevent 

cross-contamination between and among food processing equipment. These methods 

should be used in combination increasing the level of decontamination or, at least, to make 



31 
 

sure that the minimum level of decontamination expected from each method is achieved. 

The inherent limitations of the preventive decontamination methods were also described: 

passive mode of action, depletion with time, use of hazardous compounds, excessive use 

of water, heat damage to surface and/or food, incompatibility with other decontamination 

methods, etcetera. To surpass some of these limitations, researchers have been exploring 

materials-based solutions: antimicrobial coatings (AMCs).  

The previous section also addressed the classification of AMCs based on their 

working principles: anti-adhesion, antimicrobial-loaded, contact inactivation, 

photocatalytic, and multifunctional coatings. Among these AMC types, photocatalytic 

coatings outstand because they are able to produce antimicrobial compounds with no 

depletion (at least while the conditions for such activity hold). Photocatalytic coatings have 

found different applications, including sensing elements in gas sensors88, as oxidizing 

surfaces for water decontamination89, as gas oxidizing surfaces for air purification90, and 

of course as surface microbial decontamination91. These coatings are typically made of 

metal oxide materials like titanium dioxide (TiO2), zinc oxide (ZnO), or tin oxide (SnO2), 

which purposely are irradiated with UV light in presence of water or moisture to produce 

reactive oxygen species (ROS): O● and ●OH. Ultimately, hydrogen peroxide (H2O2) is 

formed from some or all of these ROS92. From all the metal oxides commonly used for 

photocatalytic coating preparation, TiO2 is the most popular because it has shown the 

highest ROS production compared to other metal oxides under similar conditions, see 

Figure 2.392. In addition, TiO2 is listed as a generally regarded as safe (GRAS) food 

additive, complying with one the most important legal requirements in the USA regarding 

food components.  
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Figure 2.3. Average concentrations of reactive oxygen species (ROS) of different metal oxides under UV 
light irradiation. Graph and table taken from Li et al92.  

Three elements are needed to observe photocatalytic activity in TiO2 coatings: the 

TiO2 (bulk, nanoparticle / powder, or coating configuration), a water source (liquid, vapor, 

air humidity, cell walls, etc.) and UV light (type A, ranging from 400 nm to 320 nm 

wavelength). The simultaneous combination of these three components is the source of the 

ROS. The generation mechanism of these species is as follows93:  

 

The photoexcited TiO2 catalyst produces electron-hole pairs that migrate to the 

TiO2 surface; photogenerated holes in TiO2 can react with adsorbed H2O or OH● at 

the catalyst/water interface to produce the highly reactive hydroxyl radicals and the 

electrons can react with oxygen vacancies to form superoxide ions; finally, the 

various highly active oxygen species generated can oxidize organic 

compounds/cells adsorbed on the TiO2 surface, resulting in the death of the 

microorganisms. 

The principle described above is simplified schematically in Figure 2.4 for the specific case 

of a coating obtained by the sol-gel method. It is important to highlight the fact that the 

Irradiation time, hours 
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TiO2 antimicrobial activity comes from the material’s inherent semiconductor properties, 

meaning even bulk TiO2 shows photocatalytic activity. It can also be observed in Figure 

2.4 that the bacterial inactivation involves two simultaneous diffusion process, namely the 

bacterial cell and the ROS, to a spatial region in the proximity of the coating’s surface. 

Considering the flux (expressed in mass units per surface area per time) of ROS going from 

TiO2 surface to the coating’s surroundings, it can be seen that it is advantageous to increase 

the available surface area of the coating to increase the ROS rate (expressed in mass units 

per time) moving from the surface to the surroundings for their eventual encounter with 

the bacteria’s cell wall. As a result, research effort has been devoted to increase the specific 

surface area of TiO2 varying different synthetic parameters including coating’s 

composition94, deposition method95, processing conditions96, and the addition of dopants97.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4. Schematic representation of the working principle of a photocatalytic AMC prepared using the 
sol-gel method. It can be observed that the process is based on the diffusion of both, the germ 
(microorganism) and the active radical, in order for the microorganism to be inactivated98. 

 
 
2.3.1. The Sol-Gel Method 

The previous section briefly described different methods to obtain an AMC 

possessing photocatalytic action. For instance, magnetron sputtering, chemical vapor 
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deposition, thermal spraying, and binding have all been employed to fabricate TiO2 or 

metal oxide coatings99-102. From those options, the sol-gel method allows researchers to 

tailor the pore size, coating composition, doping type and concentration, and structural 

features at mild synthetic conditions (usually room temperature and atmospheric pressure).  

The sol-gel method relies on the formation of a special colloid suspension (the 

dispersed phase being around 1-1000 nm diameter), called a sol, prepared from metal 

alkoxides (molecules composed by a central metallic atom linked to linear and/or ring 

hydrocarbon chains) in a solvent, that may be a single or a multicomponent mixture of 

water, methanol, ethanol, formamide, dioxane, etcetera. The sol then undergoes hydrolysis 

and condensation reactions, condensation giving a polymeric product. For example’s sake, 

the reactions for the specific case of titanium (IV) ethoxide as a precursor, the hydrolysis’s 

reaction is: 

≡ Ti − OCH(CH)	(,) + H(O(,) /010,2314⎯⎯⎯6≡ Ti − (OH)(3) + CH)CH(OH(,) 
(2.1) 

The water condensation reaction is: 
≡ Ti − OH(3) + HO − Ti ≡(3)/010,2314⎯⎯⎯6≡ Ti − O − Ti ≡(3)+ H(O(,) 

(2.2) 
The alcohol condensation reaction is: 

≡ Ti − OCH(CH)(,) + OH − Ti ≡(3)/010,2314⎯⎯⎯6≡ Ti − O − Ti(3) ≡ +CH(CH)OH(,) 
(2.3) 

the catalyst is usually an acid (nitric, sulfuric) or a base (ammonia, ammonium 

hydroxide)103.  

The addition of catalyst changes the pH of the reaction mixture, although the 

reactions themselves also change the pH of the reacting sol. Once the sol has undergone 

certain degree of hydrolysis and condensation, the viscosity of the reaction mixture reaches 

a maximum, becoming a gel. Reaching this point depends on the precursor molecule, the 
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catalyst, the amount of water relative to the amount of precursor, the solvent, the 

occurrence of additional competing reactions (such as transesterification and re-

esterification), and the relative rates between the hydrolysis and the condensation 

reactions104.  In the presence of templating agents, compounds that give place to micellar 

structures, the hydrolysis and condensation reactions result in the generation of a porous 

gel, where the pore size and structure are directly related to size and structure of the micelle.  

Templating agents, which include surfactants, have been used to produce a variety 

of ordered nanoporous metal oxide coatings105 using the self-assembly process. This 

process consists of the formation of spatial well-ordered three-dimension structures. The 

structures are formed due to the preferred orientation of the surfactant molecules regarding 

their simultaneous hydrophobic and hydrophilic nature. Depending on the polarity of the 

solvent in which the templating agent and the hydrolysis and condensation reactions are 

maintained, the templating agent may form micelles with specific shape, size, and 

orientation. For example, when a triblock copolymer surfactant, such as P123, is placed in 

ethanol, it will form at least four different micelle types after the evaporation-induced self-

assembly process has taken place106, see Figure 2.5. The four phases are: 1) rhombohedral, 

2) 2D hexagonal, 3) gyroid or double-gyroid; and d) lamellar. As can be observed in the 

three-phase component diagram, the occurrence of each micellar structure is a function of 

the concentration, for this specific example, of water, ethanol, and templating agent 

(Pluronic P123).  

Once the micellar self-assembled structure desired is obtained, the gel is used to 

coat a substrate by means of deep or spinning coating. The coated substrate is finally 

sintered at high enough temperature to allow the evaporation of the solvents of the gel and 
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the combustion of the templating agent. When the templating agent is combusted, it leaves 

the self-assembled micellar structure behind in the coating, forming a template.  

 
 

 
Figure 2.5. P123 forms four different well-ordered nanostructured micelle patterns in presence of water and 
ethanol. The renderings were created using the software NANOCELL for the triblock copolymer P43 for 
silica thin films: a) rhombohedral, b) 2D-hexagonal, c) lamellar, and d) gyroid105.  The ternary phase diagram 
e) shows the concentration regions where P123 forms the gyroid (L1), rhombohedral (I1), 2D-hexagonal 
(H1), and lamellar (Lα) phases106. 

 
2.3.2. Influence of the Sol-Gel Synthetic Factors on Photocatalytic Activity 

The extend of hydrolysis and condensation (polymerization or gelation) reactions 

and the rate of evaporation of the solvents from the gel during the coating procedure dictate 

the microstructure forming in the coatings obtained by the sol-gel process. The hydrolysis 

and the condensation reactions are affected by the following variables104: type and 

concentration of precursor, solvent, catalyst, pH, templating agent, time of reaction, and 

temperature. On the other side, the rate of evaporation of solvents is influenced by104: 

temperature, relative humidity, solvent, degree of gelation, size of pores, coating thickness, 

pull-up speed (dip coating) or spinning speed (spinning coating), and relative condensation 
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reaction and evaporation rates. Furthermore, the coating microstructure is also affected by 

the heating rate and temperatures used for the sintering process (spatial rearranging process 

promoted by viscous and thermal diffusion)104. Controlling these variables allows tuning 

the microstructure of the coatings and their antimicrobial properties.  

 In practice, however, the variables mentioned above are hard to control individually 

and accurately, since they are interrelated between each other. Instead of trying to control 

them directly, a literature review was undertaken to identify five synthetic factors that 

could be used to control one or more of the above-mentioned fundamental variables. These 

variables, listed in Table 2.7, are the synthetic protocol, templating agent to precursor ratio, 

aging time, spinning speed, and sintering temperature.  

 
Table 2.7. The fundamental variables affecting the hydrolysis and condensation reactions and the 
evaporation solvent rate can be controlled indirectly by means of five synthetic factors.  

Synthetic factor Affected variable 
Protocol 1/Protocol 2 Catalyst, solvent, type of precursor11,107.  
Templating agent to precursor ratio 
(Ti:EO) 

Size and shape of pores105. 

Aging time Size and shape of pores, extend of 
polymerization reaction, gel 
viscosity108,109. 

Spinning speed Coating thickness, drying rate, extend of 
polymerization reaction104,110.  

Sintering temperature Pore size, coating densification111. 
 
 
 
2.3.3. Influence of the Sol-Gel Synthetic Factors on Mechanical Properties 

Following the ideas from two authoritative authors112,113, the mechanical properties 

of ceramic materials, to which classification TiO2 coatings belong, depend on grain and 

particle sizes. Based on this premise, the synthetic factors involved in the sol-gel process 

affecting the grain and particle sizes were searched and found to be104: sintering 
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temperature, sintering rate, initial gel density, seeding of crystals, and relative rates of 

sintering and crystallization.  

As an alternative approach to that described above, the effects of the deposition 

methods and the microstructure obtained of coatings made of TiO2 or similar materials on 

mechanical properties was also explored (see Table 2.8). Since each deposition method 

gives a particular microstructure, including grain and particle size, it seems that the 

outcome of the comparison of the values given in Table 2.8 agrees with the idea that the 

mechanical properties are influenced largely by the microstructure of the coating, and 

therefore, are influenced by the grain and particle sizes. These values, however, are not 

typically reported.  

 

2.4. Food-Borne Pathogens and Related Outbreaks 

The spread of microorganisms, in particular Salmonella, pathogenic Escherichia 

coli, Listeria monocytogenes, and antibiotic resistant bacteria (ARB), can be challenging 

to prevent because of their ability to contaminate many different types of food and FCS. 

Over the past decade, a number of outbreaks of these pathogens serves to illustrate the 

severity of the problem and the extent to which current industrial practices are not sufficient 

to addressing the problem.  

 



 

 
 

 
Table 2.8. Coating’s mechanical properties and their relation to the deposition method and the microstructure observed for each coating.  

Deposition 
method 

Coating Surface 
topography 

Contact 
angle 

Abrasion and 
wear 

Adhesion Hardness, 
GPa 

Microstructure Ref. 

Dipping TiO2 and 
binders 

- - 1.53-14.0 mg 2B-4B 0.14-1.08 Compact structures, with or 
without aggregates; 61-79% of 
TiO2 coverage area; thickness: 
50-107 µm 

91 

 TiO2 anatase 
and rutile 

Ra: 0.21 µm - ~1.75×10-3 
mm3/Nm 

- 7.8 Grain size: 21 nm; thickness: 
1.8 µm 

96 
Sol-gel  TiO2 anatase 

and rutile 
Ra: 0.19 µm - ~1.2×10-3 

mm3/Nm 
- 8.8 Grain size: 42 nm; thickness: 

1.8 µm 
96 

 TiO2 anatase 
and rutile 

Ra: 0.16-0.23 µm - 2.5-8.5×10-4 
mm3/Nm 

- 7.9-11.5 Thickness: 1.2-2.1 µm 111 
 TiO2 anatase 

and antibiotics 
Ra: 10.17-19.74 
nm (0.5×0.5 µm) 

< 5° - - - Thickness: ~200-700 nm; pore 
size: 4.0-7.08 nm; pore surface 
coverage: 18-42% 

107 

Thermal spraying g Al2O3-13wt% 
rutile TiO2 

Ra: 8.94 µm - 6.9×10-9 
mm3/Nm 

17.34 N 5.45 Spherical particles with 
agglomerations. TiO2 
completely melted, Al2O3 
partially melted. 

114 

 TiO2 anatase Rq: 10-39 nm 10-33° - - - Thickness: 0.9-1.6 µm; grain 
size: 30 nm 

115 
Vapor deposition TiO2 anatase 

and rutile 
- - - - - Grain size: 50-100 nm; 

thickness: ~800 nm 
116 

 TiO2 anatase - - 0.5-1.5 wear 
index 

21.2 N 3.43-6.67  Thickness: 2.50-7.50 µm; 
columnar grain 

117 

39 
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Salmonella is responsible for the highest number of food-borne infections, 

accounting for 38% of all reported infections (15.19 per 100,000 population)118. The USDA 

estimates the overall cost of treatment and lost productivity to Salmonella to be over $3.1 

billion119, making it the most common and expensive pathogen to treat. The improper 

handling of pre-cut cantaloupe during packaging and shipment in the early 1990s led to a 

multistate outbreak, resulting in more than 400 confirmed infections120. Although the exact 

circumstances of the outbreak were not determined, it was hypothesized that contaminated 

rinds from imported melons were improperly washed before cutting, and when stored at 

room temperature, Salmonella growth commenced120. Notoriously, a 2009 Salmonella 

outbreak at a Peanut Corp. of America plant in Lynchburg, VA, resulted in over 700 

illnesses, 9 deaths, $70 million in recall losses, and permanent closure of the plant7. 

Shiga toxin-producing E. coli (STEC) is responsible for 3 million annual cases of 

illness worldwide and 270 deaths, with symptoms ranging from mild intestinal discomfort, 

to end-stage renal disease, and death121. Approximately 175,000 Americans are affected 

annually by STEC, with related treatment costs estimated at $1 billion122. In a 2004 study 

of organic and conventional Minnesota produce, organic lettuce fertilized with manure that 

was composted for less than 12 months was found to have the largest prevalence of E. 

coli123. Most recently in spring, 2019, 209 cases of STEC were reported across 10 states. 

No single entity could account for all of the illnesses, but between two suppliers, more than 

160,000 pounds of ground beef were recalled124.  

L. monocytogenes outbreaks can affect all ages of a population, but infants are most 

typically affected. Using 2017 and 2018 data from a limited occurrence of listeriosis in 
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South America that affected 204 people and a USDA-ERS cost computational model, 

researchers estimated the total cost of patients requiring one month of hospitalization 

recovery to be $10.4 million, whereas cases resulting in mortality to be greater than $260 

million125. Using the same model, productivity losses were estimated in excess of $15 

million125. 

The CDC estimates that, in the US, at least 2 million people become seriously 

infected with ARB and over 23,000 die as a result118. Antibiotic resistance is one of the 

most pressing public health issues as it can affect people in all stages of life, as well as the 

veterinary and agricultural industries118. The direct health care cost of treating preventable 

antibiotic resistant infections in humans has been estimated in a 2008 study as being as 

high as $20 billion with an additional $35 billion in costs from lost productivity126. A 2013 

study127 identified and analyzed a total of 55 food-borne outbreaks involving ARB 

pathogens reported between 1973 and 2011 in the U.S. The strains involved in these 

outbreaks were resistant to at least one antibiotic. Antibiotic resistant Salmonella were most 

implicated in these outbreaks (48 out of 55). Salmonella and Campylobacter lead to an 

estimated 410,000 antibiotic resistant bacterial infections in the U.S. each year118. More 

than half (31 out of 55) of the strains involved in these outbreaks were resistant to five or 

more antibiotics127. From November 2017 to March 2019, 358 people from 42 states were 

affected by Salmonella. Whole-genome sequencing of 487 isolates predicted no antibiotic 

resistance for only 36% of the samples. The remaining contained genes for resistance or 

decreased susceptibility to antibiotics including ampicillin, streptomycin, and others128. 

Genomic research shows bacterial outbreaks are trending towards multidrug-resistance.  

An increasing trend in the occurrence of the blaTEM-1 gene, blaCMY-2 β-lactamase genes in 
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Salmonella isolates from meat and produce has been observed129. These two genes were 

also found in multidrug-resistant Salmonella isolated from clinical samples and food-

producing animals screened for β-lactamase production130.   
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CHAPTER 3 

3. ANTIMICROBIAL COATINGS FOR FOOD CONTACT 

SURFACES: LEGAL FRAMEWORK, MECHANICAL 

PROPERTIES, AND POTENTIAL APPLICATIONS 

 
The bulk of this chapter is published as Ref. 16, an article in Comprehensive Reviews in 

Food Science and Food Safety. The authors of that article are Eduardo Torres Domínguez, 

Phong Nguyen, Heather K. Hunt, and Azlin Mustapha of the University of Missouri.  

 

Food contact surfaces (FCS) are responsible for cross-contamination. To prevent cross-

contamination and disease spread, these surfaces can be treated with multiple sanitation 

approaches, including being covered with antimicrobial coatings (AMC). Although 

significant research has been undertaken on the development of more effective AMC on 

FCS, the AMCs’ hardness, its adhesion to a substrate, and any migration of the 

antimicrobial substance from the AMC into the food itself have largely been disregarded, 

to the detriment of their translation into practical application. To address this gap, this 

chapter deals with an examination of the mechanical properties of AMCs employed to coat 

FCS, and their interplay with their antimicrobial effectiveness within the regulatory 

framework for their translation into practical applications. In addition, this chapter inquiries 

into various coating characterization techniques for mechanical property assessment and 

explores the influence of the deposition method, as well as the potential applications of 

such coatings, for FCS. Overall, this chapter attempts to render readers aware of a holistic 
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approach to designing AMCs for FCS that will accommodate their implementation into 

real-world food processing applications. 

 
 
3.1. Legal Framework 

Food processing (harvesting, processing, and delivering to consumer) unavoidably 

exposes food to contact with multiple surfaces and to the risk of cross-contamination. 

Additionally, FCS may modify, to some extent, the quality characteristics of the food 

commodities. Setting the minimum or maximum limits of these quality changes is a task 

that neither the food processors nor the consumers are able to set, since both of them decide, 

the former about the food process, the latter about the final product, based on competing 

economic interests131 that are more related to market prices than to food quality or to food 

safety. As a result, a central government and/or a regulator is needed to set strict 

requirements132 relating consumers’ safety and food processing guidelines that allow the 

producer to make profits.  

A central government is able to establish statutory requirements through a congress 

or a group of peoples’ representatives. Appointed by a central government, regulators are 

then autonomous entities that are granted authority to stipulate regulatory requirements. 

Both regulatory and statutory requirements form the legal framework that oversee the use 

of AMCs in FCS. Globally, the Food and Agriculture Organization of the United Nations 

(FAO) and the World Health Organization (WHO) are recognized food safety regulators. 

These organizations produce international food standards and help to regulate food 

production, including shipment and intake, among countries133. Between countries, 

regulations and statutory laws vary greatly (see Table 3.1). 
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Table 3.1. Legal classifications of antimicrobial agents and governing bodies in various regions of the world. 

FCS application Antimicrobial 
legal 
classification 

Australian 
authority 

EU authority  Mexican 
authority  

US authority  

Food packaging Food additive Territories and 
state 
authorities, 
Food Standards 
Australia New 
Zealand 

European Food 
Safety 
Authority 

Cofepris Food and Drug 
Administration 

Ongoing effect 
from the surface 

Food 
contamination or 
residue 

Territories and 
state 
authorities, 
Department of 
Agriculture and 
Water 
Resources, 
Food Standards 
Australia New 
Zealand 

European Food 
Safety 
Authority 

Cofepris Environmental 
Protection 
Agency 

Decontamination of 
the surface 

Food 
contamination or 
residue 

Territories and 
state 
authorities, 
Australian 
Pesticides and 
Veterinary 
Medicines 
Authority, Food 
Standards 
Australia New 
Zealand 

European Food 
Safety 
Authority 

Secretaría de 
Salud 

Environmental 
Protection 
Agency 

 

Any set of food safety requirements can be classified into two types: statutory or 

regulatory. In practice, countries and regions have a combination of both types of 

requirements to assure food safety. Statutory requirements are established by a central 

government through a congress or a group of people’s representatives (legislature). 

Regulatory requirements, on the other hand, are set by a regulator (an autonomous entity 

that is granted authority by a central government to stipulate regulations). Mandatory as 

they should be in order to have legal implications, both regulatory and statutory 

requirements form the legal framework that oversees the measures to accomplish food 

safety. This legal framework establishes requirements related to the use of AMCs on FCS. 

The Food and Agriculture Organization of the United Nations (FAO) and the World Health 
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Organization (WHO) are recognized as international food safety regulators. These 

organizations produce international food standards and aid to regulate food production, 

including trade, among countries134. At the country level, regulations and statutory 

requirements differ greatly. For example, in Australia, AMCs for FCS requirements are 

state specific, while in Mexico and the USA the rules and laws are established by different 

but complimentary institutions mostly at the federal level (see Table 3.2), although specific 

requirements can be set at the state level in the case of the USA. Moving specifically 

towards the AMCs for FCS frameworks by country, the antimicrobial agent of any existing 

or novel AMC expected to be in contact with food must be listed in at least one of the 

following:  

 
• Australia: ANZFS Code, Chapter 1, part 1.3, Standard 1.3.1; Schedule 15 and 

Schedule 20. 

• EU: Regulation (EU) No. 1130/2011, Regulation (EC) No. 10/2011, and 

Regulation (EC) No. 450/2009.  

• Mexico: Codex Alimentarius.  

• USA: Code of Federal Regulations, Title 21, part 182, and Chapter 9, Subchapter 

IV, section 346a.  

Similarly, the AMC, as an integral component of the FCS, must comply with at least one 

of the following, depending on which jurisdiction the FCS is beholden to:  

• Australia: ANZFS Code, Chapter 3, Part 3.2, Standard 3.2.3  

• EU: Regulation (EC) No. 1935/2004 and Regulation (EC) No. 450/2009.  

• Mexico: Mexican Official Standard, NOM-251-SSA1-2009. 

• USA: Code of Federal Regulations, title 21, subchapter B, part 110.  
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The main goal of the requirements mentioned above, irrespective of the country or 

their statutory or regulatory nature, is to guarantee safe food for consumers through 

prevention, monitoring, and enforcement. Successful commercial adoption of AMCs for 

FCS firstly needs the correct identification of the regulatory framework for a given 

scenario. This identification could allow researchers to design proper AMCs that, from the 

earlier steps of their design, meet such requirements, thus making the translation from the 

laboratory to the industrial level straighter forward.  

In general, FCS are restricted in four different ways: statutory requirements, 

regulatory requirements, risk assessment, and good manufacturing practices135. Risk 

assessment and good manufacturing practices are not mandatory requirements but 

suggested. As mentioned previously, since antimicrobial agents adhered to FCS in the form 

of AMCs may eventually diffuse from the coatings’ surface to the food matrix and become 

a constituent of if (as a contaminant or as an additive), the antimicrobial agent must be 

subjected to statutory and regulatory requirements. Consequently, from a legal framework 

point of view, the antimicrobial agent must be regarded as a food component23. The other 

two types of requirements, risk assessment and good manufacturing practices, can be 

regarded as self-regulations since they are defined by governmental institutions, 

organizations, and committees whose technical expertise in manufacturing practices and 

processes give them voice and authority in those specific fields within the industry. 

Examples of such self-regulations are “Good practices for equipment surfaces”18 and 

“Good practices for equipment design for food processing plants”48. 
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Table 3.2 and Table 3.3 are overviews of the legal requirements expected for FCS 

and antimicrobial substances, respectively. These rules and laws are general, but specific 

enough to allow their practical application and to prevent voids in which measures are and 

are not allowed regarding FCS and AMCs. As can be observed in Table 3.2, many of the 

mechanical requirements expected to be met by FCS are qualitative such as resistant to 

chemical attack and smooth, there are some requirements, such as the European Regulation 

(EC) No. 1935/2004 and Regulation (EC) No. 450/2009 that differentiate the requirements 

depending on passive protective coatings for FCS and active coatings for FCS.  

Antimicrobial agent requirements, on the other hand, are very specific and 

quantitative, see Table 3.3. The Australia New Zealand Food Authority136 approved 

allowed antimicrobial substances for food and their dose limits. For the European Union, 

the lists with the antimicrobial agents allowed are the following:  

• Regulation (EU) No. 1130/2011, which lists approved antimicrobial substances 

and their maximum levels in food137,  

• Regulation (EC) No. 10/2011, listing polymers for coatings of cans for food 

products, and  

• Regulation (EC) No. 450/2009, which lists the requirements to consider a material 

as an intelligent component of food packaging.  

For the Mexican case, the “Rules for Innocuous Control of Products and Services” refer to 

the World Health Organization’s Codex Alimentarius133 as its official listing of allowed 

antimicrobial agents and their limits in food. For the USA case, the several lists that have 

been emitted can be classified into two main groups: food additives138 and chemical 

pesticides139. See Table 3.3 for more details. 
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Table 3.2. Legal mechanical requirements for FCS by region or country.  

Country/Region Legal requirement Mechanical requirement Comments Reference 
Australia ANZFS Code, 

Chapter 3, Part 3.2, 
Standard 3.2.3. 

Made of innocuous 
materials. Easy to clean 
and to sanitize if 
needed. Incapable of 
absorbing soil and 
water. 

Chapter 3 applies to 
Australia only, while 
the rest of the Standard 
is applicable in New 
Zealand as well. State-
level regulations also 
apply. 

136 

EU Regulation (EC) No. 
1935/2004 

Does not transfer 
components to food at 
harmful levels. Does 
not alter food quality. 

Provides the guidelines 
for harmlessness for all 
food contact surfaces. 

140 

 Regulation (EC) No. 
450/2009 

Active and intelligent 
materials exempted 
from the rule that 
prohibits releasing of 
substances into food. 

Applies to active and 
intelligent materials that 
absorb or release 
compounds to or from 
the food or the 
surroundings.  

141 

Mexico Rules for innocuous 
control of products 
and services, title 27 

Rules for food 
packaging. 

Describes the chemical 
and physical 
characteristics food 
packaging must meet. 

142 

 Mexican Official 
Standard, NOM-251-
SSA1-2009 

Must be smooth, 
washable, and crack 
free. Must resist 
effective washing and 
disinfection. 

The standard is 
mandatory across all 
Mexican territory for 
food, beverages, and 
food supplements 
production processes. 

143 

USA  Code of Federal 
Regulations, title 21, 
subchapter B, part 
110. 

Food process equipment 
manufactured to allow 
its disassembly for 
cleaning and sanitizing. 
Rough finishes are not 
allowed Accumulation 
of food, debris, and 
water must be 
prevented. Must be able 
to resist standard 
cleaning chemicals. 

The FDA establishes 
sanitation requirements 
and inspects food 
processors (all food 
excluding meat, poultry, 
and egg products). 

144 
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Table 3.3. Legal requirements for antimicrobial agents by region or country.  

Antimicrobial requirements  
Country/Region Legal requirement Scope/Content  Comments Reference  
Australia ANZFS Code, 

Chapter 1, Part 1.3, 
Standard 1.3.1; 
Schedule 15 

Substances permitted 
as food additives 

The considered 
antimicrobial substances 
for food purposes are: 
sorbic acid, benzoic acid, 
sodium, potassium, 
calcium benzoates, sulfur 
dioxide, among others. 

136 

 Australian Total Diet 
Study 

Evaluation of the 
intake or dietary 
exposure to food 
contaminants in 
Australia 

Lists chemicals, dietary 
exposure, risk 
management, and qualifiers 
(food tested). 

145 

 ANZFS Schedule 20 Maximum residue 
limits in foodstuff  

Lists the maximum residue 
limits of agricultural or 
veterinary chemical residue 
that is legally allowed in a 
food product.  

146 

EU Regulation (EC) No. 
1935/2004 

Materials allowed for 
food contact 

Indicates how to manage 
active and intelligent 
materials not inert by 
design. It also establishes 
the safety assessments used 
to manufacture FCS. 

140 

 Regulation (EC) No. 
10/2011 

Polymers and their 
articles for food 
contact purposes  

Regulates the composition 
of the polymers permitted 
as FCS material of 
construction. 

147 

 Regulation (EC) No. 
450/2009 

Active and intelligent 
materials 

This regulation does not 
apply to the food contact 
materials considered in 
Regulation (EC) No. 
1935/2004 

141 

 Regulation (EU) No. 
1130/2011 

Substances approved 
for food applications 
as additives  

The considered 
antimicrobial substances 
for food purposes are: 
sorbic acid, sulfur dioxide, 
sodium benzoate, among 
others.  

137 

 Register of 
substances under 
Regulation (EC) No. 
450/2009 

Lists more than 40 
substances with 
potential use as active 
and intelligent 
material, but the 
specific application 
has to be approved by 
the European Food 
Safety Authority. 

Activated carbon, 
bentonite, silicon dioxide, 
sodium hydroxide, talc, etc. 
No maximum levels are 
given.  

141 

Mexico Rules for innocuous 
control of products 
and services, title 23 

Food additives Lists the types of food 
additives allowed and their 
general definitions. 

142 

 Mexican Official 
Standard, NOM-127-
SSA1-1994 

Disinfection with 
chlorine, chlorine 

Applies to potable water 
quality parameters and 

148 
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Antimicrobial requirements  
Country/Region Legal requirement Scope/Content  Comments Reference  

compounds, ozone, or 
UV light are allowed.  

water purification 
processes 

 Mexican Official 
Standard, NOM-082-
SAG-FITO/SSA1-
2017 

The maximum levels 
allowed of chemical 
pesticides found in 
human food must 
comply those 
established by the 
Food and Agriculture 
Organization (FAO) 
and the World Health 
Organization (OMS). 

A guideline to establish 
maximum levels of 
chemical pesticides 
allowed for agriculture in 
the Mexican territory. 

149 

USA Code of Federal 
Regulations, Title 
21, and Part 170 

Status List for food 
additives  

Establishes the general 
principles for evaluating 
the safety of food additives. 

150 

 Code of Federal 
Regulations, Title 
21, part 182 

Lists the food 
additives generally 
recognized as safe 
(GRAS) in food. 

Applies when the substance 
is added intentionally to 
food. 

138 

 Code of Federal 
Regulations, Title 
21, part 184 

Lists the substances 
affirmed as GRAS in 
food. 

Applies when the substance 
is added intentionally to 
food. 

151 

 Code of Federal 
Regulations, Title 
40, Part 180, Subpart 
C 

A list with almost 
700 pesticide 
chemicals with 
tolerances are given. 

This regulation applies to 
antimicrobial substances on 
food contact surfaces. 

152 

 Code of Federal 
Regulations, Title 
21, part 186 

Substances affirmed 
as GRAS for use in 
food packaging 

Applies when the substance 
is added intentionally to 
food. 

153 

 US Code, Title 21, 
Chapter 9, 
Subchapter IV, 
section 346a 

Lists the maximum 
levels of pesticides in 
food and the 
substances exempted 
from this 
classification. 

Describes the cases for 
which the tolerances must 
be met and those for which 
an exemption can be 
requested. 

139 

 US Code, Title 7, 
Chapter 6, 
Subchapter II.  

An antimicrobial 
pesticide is intended 
to protect objects, 
industrial processes 
or systems, surfaces, 
etc. from 
microorganisms 

Details the requirements 
for cleaning and sanitizing 
of food contact utensils. 

5 

 
 
 
 
3.2. How Legal Requirements Can Be Translated into Technical Metrics 

From the previous section, it can be said that, if an FCS is to be covered by an 

AMC, the coating must comply with the antimicrobial agents’ regulations and must comply 

with the regulations applicable to FCS. These regulations should be kept in mind at the 

early stages of a food processing equipment’s design and when combined with proper 
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information (the mechanical forces to which the surface will be subjected, the food 

processing conditions, and equipment’s specific application) will allow scientists and 

engineers to design antimicrobial surfaces that meet regulatory requirements.  Table 3.4 is 

a list of the legal requirements showed in Table 3.2 and Table 3.3 translated into technical 

terms. This interpretation is intended to allow scientists to think of requirements, such as 

easy to clean and smooth finish, in more quantitative, measurable quantities. It is important 

to highlight that, although the limits of quantities of antimicrobial agents and additives 

present in food are clearly established in the legal requirements, the actual amount in food 

and the rate at which they diffuse into the food matrix is unknown and has to be measured 

for each specific application, since, as will be shown later, the diffusion of antimicrobial 

agents from the AMC to the food matrix is a multivariable process.  

 
Table 3.4. Suggestions for the refinement of the legal terms into mechanical property designations and the 
techniques that can be applied to quantify them. 

Regulatory requirement Translation into mechanical 
property 

Characterization techniques 

Easy to clean Hydrophobicity, porosity Contact angle analysis, microscopy, 
and adsorption test Unable to absorb water or dirt 

Smooth finishing Roughness Profilometry 
Withstand cleaning Abrasion, adhesion, hardness, 

fracture toughness, stress 
Crosscut test, curvature test, 
indentation testing, pencil hardness, 
scratch test, scotch tape test, rubbing 
test, sand test, and Taber test 

Migration into food (as contaminant 
or as additive) 

Adhesion, migration Crosscut test, extractability test, 
indentation testing, scratch test, and 
scotch tape test 

 
 
3.3. Mechanical Properties of Antimicrobial Coatings 

 The translated regulatory requirements can be further divided into mechanical 

properties based on the characterization method that can be employed to assess them, as 

shown in Table 3.5. Each mechanical property can be characterized by different techniques 

and equipment. Each equipment works based on different characterized parameter. For 
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some cases, there are standard methods that establish precise guidelines to perform the 

assessment of some of these mechanical properties.   

 
Table 3.5. Listing of mechanical properties and their corresponding characterization techniques, equipment, 
characterized parameters, and standard methods (when available). 

Listing of mechanical properties 
Mechanical 
property 

Characterization 
technique 

Equipment Characterized 
parameter 

Standard/Approved 
method 

Abrasion Rubbing test Cotton fabric or 
hard eraser  

Resistance against 
abrasion 

DIN norm 58196-5 

 Sand test Sand cradle/sand 
slide 

Haze and light 
scattering  

ASTM D F735-17, 
DIN 52348:1985-02 

 Taber test Spinning wheels 
with abrasives 

Haze of the coating ISO 3537:2015 

 Tribological testing Test rig Friction force and 
surface damage 

- 

 Air blast Air blast abrasive Resistance to 
abrasion  

ASTM D 658-91 

Adhesion Adhesion test Tensiometer rig Surface energy - 
 Adhesion test Dynamic load cell Force needed to 

tear off the coating 
DIN EN ISO 4624 

Adhesion Crosscut test Pressure-sensitive 
tape and cutting 
tool 

Surface energy ASTM D 3359-09, BS 
3900-E6:2007, ISO 
2409:2007, and (JIS) 
K5400 

 Indentation testing Nanoindenter Interfacial cracking - 
Fracture toughness Indentation testing Nanoindenter Critical load of 

cracking 
- 

Hardness and elastic 
properties 

Indentation testing Nanoindenter Local plastic 
deformation 

- 

 Pencil hardness Calibrated pencils Local plastic 
deformation 

ASTM norm D 3363-
05 and JISK 5400 
norm 

 Scratch test Indenter Local plastic 
deformation 

ASTM G 171-03 

Hydrophobicity Contact angle  Goniometer  Surface energy - 
Migration Extractability test Extraction cell Mass transfer rate CD 82/711/EEC, CD 

85/572/EEC, and FDA 
Guidance for industry 
2007 

Porosity Nitrogen adsorption  Gas sorption 
system 

 - 

 Scanning electron 
microscopy 

Scanning electron 
microscope 

Distribution and 
energy of scattered 
electrons 

- 

Surface roughness Total integrated 
scattering 

Helium laser 
scatter  

Light scattering ASTM F1048-87 1999a 

 Stylus profiling Stylus profilometer Vertical deflection 
of stylus 

ISO 4288:1996 

 Scanning electron 
microscopy 

Scanning electron 
microscope  

Distribution and 
energy of scattered 
electrons 

- 

  Scanning tunneling 
microscope 

  

Stress Indentation testing Indenter Local plastic 
deformation 

- 
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Listing of mechanical properties 
Mechanical 
property 

Characterization 
technique 

Equipment Characterized 
parameter 

Standard/Approved 
method 

 Curvature test  Tensile and 
compressive 
stresses 

- 

Thickness  Ellipsometry and 
scanning electron 
microscopy 

Ellipsometry and 
scanning electron 
microscope 

Refractive indexes 
and direct 
measurement from 
the generated 
image 

- 

a Withdrawn in 2003.  

In order to be a successful industrial preventive method, AMCs must adhere firmly 

to their substrate. They also must be durable and high abrasion resistant to maximize 

coatings’ lifetime. Mechanical properties such as fracture toughness and hardness are 

directly related to coating’s performance over time and in presence of mechanical stresses. 

A descriptor of the coatings’ affinity for water, hydrophobicity is frequently reported, 

although it is not completely established whether cell adhesion and hydrophobicity of the 

FCS are related. Regarding performance, the micro and nano structures of the coating not 

only affect the coatings’ antimicrobial activity, but also the diffusion of the antimicrobial 

agents from the coatings to the food. The deposition method, the chemical composition, 

and the defects of the coatings largely influence the coatings’ microstructure.  

The type of data needed, the availability of alternative methods to measure the same 

property, and the size of the response obtained from the characterization equipment are the 

parameters considered to choose a characterization equipment. Scientific data require more 

precise (and more expensive) instrumentation, while industrial and on-field data are 

obtained by less exact equipment for which high repeatability is more important. A good 

approach to studying coatings is starting with standardized, easy, or inexpensive methods 

to screen the main features of the AMC, and then proceeding further to obtain more 

accurate scientific data with more sophisticate and sensitive equipment. Following this 
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order, it is easier to assure the coating already meets the requirements for the intended 

application154. 

 The same mechanical property can be assessed by different means, which, in turn, 

also influences the selection of the characterization equipment. Most of the time, the data 

obtained from one type of equipment do not exclude data generated by another type of 

equipment, but rather they complement each other. Porosity, for example, can be expressed 

as covered areal surface or as coating total volume. For the first case, microscopic 

observations are needed101, for the second, adsorption of gases techniques are used155. 

Porosity of AMCs, in fact, is better described with a combination of data regarding average 

pore size, pore surface coverage, both of which are measured by scanning electron 

microscopy (SEM), and pore volume percentage from H2O/D2O adsorption tests107. 

 The third factor to consider when choosing a characterization method is the size of 

the response obtained from the characterization equipment. For example, in two different 

studies on adhesion of TiO2 coatings with different compositions, 0% detached area was 

detected when measured by adhesion by tape156, but when nanoindentation was used to 

measure adhesion, up to 30% of the coating detached156. These differences in the adhesion 

values detected may come from the differences in the sensitivity of the characterization 

methods, adhesion by tape the least sensitive and nanoindentation the most sensitive of the 

two methods.  

 
3.3.1. Adhesion 

The force needed to separate two surfaces attached together is known as adhesion 

force. Following this, adhesion characterization techniques are based on the idea that, under 

specific circumstances, the force required to separate those surfaces can be measured. 
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Adhesion is expressed as energy per surface area, force, or in arbitrary scales such as that 

used in the crosscut test. Adhesion measurements can be approached in two different ways: 

macroscopic and microscopic. The crosscut test and the Taber test belong to the first, while 

nanoindentation to the second approach. Macroscopic techniques are inexpensive, simple, 

and are useful for screening purposes and industrial quality tests. On the other hand, 

microscopic techniques provide quantitatively more scientific information154. 

 In the crosscut test, several cuts forming a grid made on the coating’s surface using 

a knife are covered with a transparent adhesive tape. A rubber eraser is used to evenly 

adhere the tape on the grid. Then, the tape is removed firmly. The coating is inspected, and 

the amount of coating removed from and around the cut grid is compared to a graphical 

scale given in the standard ASTM D 3359-09. From this comparison, the adhesion of the 

coating is estimated and reported accordingly. Following this standard, the adhesion of 

AMC prepared from TiO2 nanoparticles and binders was assessed and determined to be 

from 2B to 4B102.  

Nanoindentation and nanoscratching, classified as microscopic techniques, use a 

nanoindenter (an apparatus capable of exert and record forces applied by means of a tip 

placed on the material to be evaluated) very similar to those employed in the Vickers and 

Brinell hardness tests. The main difference between these indenters and the nanoindenter 

is that in the former the assessment is performed in the bulk material, while in 

nanoindentation, the measurements are accomplished in the surface of the material only, at 

nanoscale depths157. Nanoindentation characterizes the coating based on plastic 

deformations exerted by means of a tip of well-defined geometry158. The tip moves down 

vertically and indents the coating. For the nanoscratch test, the same tip moves across the 
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surface scratching the coating’s material at constant speed and load. Recording the forces 

and analyzing the indents and scratches allow the calculation of adhesion coefficients154.  

 
3.3.2. Abrasion 

Abrasion is the movement of a solid bulk or particle tangentially to another’s solid 

surface (the AMC’s surface in this case) under a certain force. Abrasion causes wear, which 

is the progressive destruction of the coating coming from the movement of the two surfaces 

involved in the abrasion process. The combination of these two processes, abrasive wear, 

is the loss of material from the worn coating159. The abrasive material may take multiple 

forms, depending on the specific nature of the coating to be tested: a flow of air carrying 

solid powders, a spinning wheel’s surface, sand, or a cotton fabric. Once the tested coating 

has undergone abrasion, its effects are quantified assessing the coating’s mass loss, volume 

loss, light reflection loss, or light transmission loss154. The most frequently method to 

evaluate abrasive wear of coatings158, the Taber test, consists of abrading the coating using 

a spinning wheel that applies a fixed load on the coating. The wheel’s surface abrasive 

material is well known and is standardized. The abrasive material continuously abrades the 

fixed coating a certain number of cycles while the abrasive wheel spins around a fixed 

vertical axis. Then, after the abrasive cycles are completed, the coating’s surface is 

observed under the microscope to quantify the wear attained. 

 The number of studies regarding wear of AMC for FCS is scarce, despite the 

significance of this property in the implementation of AMC in commercial applications. 

Hung and Yemmiredy assessed wear of AMC intended for use on FCS. TiO2 nanoparticles 

coatings were applied on stainless steel coupons using different organic binders. The 

coatings were used multiple times to run antimicrobial tests. The coatings were rinsed after 
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each test. After 1, 3, 5, and 10 cycles of antimicrobial testing and rinsing, the mechanical 

and antimicrobial parameters were measured. The loss of antimicrobial activity was as high 

as 73% depending on the binder used and was attributed to the coating’s wear and loss of 

photocatalyst exposed area102. In a second experiment reported in the same publication, 

wear was quantified from AMC prepared in a similar way as those of the first experiment, 

but this time the wear experiment consisted of sponges and brushes wearing the AMC by 

means of a reciprocating device which applied a constant load on the sponges and brushes 

when contacting the coatings. The amount of wear varied with the type of binder used to 

formulate the coating. Later, the same researchers, explored the effect of use-and-wash 

cycles of HDPE cutting boards covered by TiO2 nanoparticles.  

The cutting boards’ surfaces shown similar or decreased antimicrobial activity 

compared to the initial activity after repeated used depending on the parameters employed 

to place the TiO2 nanoparticles on the cutting boards91.  These results show that the 

reduction of antimicrobial activity of AMC on FCS due to wear is a true issue not receiving 

enough research emphasis yet.  

Unfortunately, these types of results, although useful, are difficult to compare not 

only because the albescence of similar studies, but also because the made-in-house 

assessments methods used. This points at the necessity of the application of standard 

methods for assessing abrasive wear such as ISO 11640:1993 (leather, color fastness to 

cycles of to-and-fro rubbing), which is intended to evaluate the abrasion resistance of 

AMCs on leather using Escherichia coli and Staphylococcus aureus as testing 

microorganisms.  
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Results of research studies on wear and abrasion from medical applications mitigate 

the lack of research on those mechanical properties for AMC for FCS. Atomic force 

microscopy has been proposed to assess wear of coatings made of polymers and intended 

for medical applications160.  The wear caused by the tip of atomic force microscopes can 

be quantified by measuring the size of the worn areas using imaging techniques161-163.   

In addition to the material of construction used to fabricate the AMC, the synthetic 

conditions, such as sintering temperature in the case of sol-gel coatings, affect the abrasive 

wear observed.  The lowest wear rate within the experimental range studied was obtained 

when the sintering temperature of TiO2 coatings was set at 900 °C164. Addition of tungsten 

oxide (WO3) to TiO2 coatings by electrophoresis increased the wear compared to pure TiO2 

coatings, but the opposite effect was found when scratch tests was used to measure wear, 

namely, that the wear decreased as the amount of WO3 in the coating’s formulation 

increased165.  Pure titanium surfaces coated with Al2O3 and 13% TiO2 using plasma spray 

as deposition method, showed a 1.7 times reduction in wear rate compared to uncoated 

titanium samples114. A similar behavior was observed when pure titanium was coated with 

TiO2 by sol-gel and ionic methods: a Taber-like test showed that the wear ratio diminished 

by almost 50% with respect to the uncoated surface96. 

 
3.3.3. Hardness, fracture toughness, and related properties 

Nanoindentation techniques are conveniently suited for studying fracture 

toughness, hardness, adhesion, and plastic deformation determination157. The 

nanoindenter’s tip is used to indent or to scratch, depending on the specific property to be 

measured, the shallowest layer of the coating, usually no deeper than 0.10 of the total 

coating’s thickness. The main precaution to be taken during nanoindentation testing is to 
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avoid the tip to interact with the coating’s substrate. Figure 3.1 elaborates on the 

nanoindentation technique and the data that can be obtained.  Details on the 

nanoindentation technique can be found in the ASM Handbook157. 

 

 
Figure 3.1. All nanoindentation process stages can be represented by means of a load versus depth graph. 
The initial, the maximum load, and the physical dimensions required for hardness determination are shown 
in the figure for the specific case of conic indenter. 

 
Creep tests and stress relaxation assess plastic deformation. Stress relaxation is 

measured by determining the change in load when the coating is pressed by the indenter’s 

tip at a constant rate for a specific period of time. In the creep test, on the other hand, the 

penetration rate is recorded while the nanoindenter’s tip load is kept constant. Graphical 

representations of plastic depth as a function of time at different constant loads are useful 

to interpret these properties. Beam-bending methods are useful to determine Young’s 

modulus, E. The nanoindenter can be used to bend a micro cantilever beam coated with the 

coating to be tested. One of the beam’s end is fixed while the deflection, d, of the free end 

is recorded when forced downwards by the indenter’s tip. The Young’s modulus of the 

coating is then determined by comparing the Young’s modulus of a bare cantilever beam 

and that of the coated beam.  

Hardness and its related properties have been investigated when changing the AMC 

deposition method. Spray gun polytetrafluoroethylene (PTFE) coatings have significantly 
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high elastic modulus, E, but low hardness values, H166. The hardness of spin coated/dip 

coated coatings vary from 5 to 9 GPa96,167,168. Table 3.6 is a listing of the results of various 

coating materials, deposition methods, microstructures and their corresponding hardness, 

Young’s modulus, and effective elastic modulus. 

 

Table 3.6. Hardness and elastic properties of selected coatings with potential application as antimicrobial 
coatingsa. 

Coating Deposition method Structure 
description 

Hardness, 
GPa 

Young’s 
modulus, 
GPa 

Effective 
elastic 
modulus, 
GPa 

Reference 

ZrO2 Dip coating sol gel Non-porous  5.0 220 - 167 
ZrO2-SiO2 Dip coating sol-gel Non-porous  4.9 85 - 167 
SiO2 Dip coating sol-gel Non-porous 4.8 70 - 167 
SiO2 Spin coating sol-gel Mesoporous 

disordered 
structure 

- - 3.2 168 

SiO2 Spin coating sol-gel Mesoporous 
hexagonal 
structure 

- - 3.5 168 

TiO2 Electrophoretic 
deposition 

21 nm average 
particle size 

1.03 108  165 
TiO2 Dip coating sol-gel Anatase and 

rutile, dense 
coating with 
grain size ~20-
40 nm 

7.8-8.8 - - 96 

TiO2 doped with 
Fe or Cu/F 

Chemical vapor 
deposition 

Dense rutile 8.9-12.3 ~150-
180 

- 169 
PTFE/Pyrrolidone-
1 

Spray gun Polymer from 
free radical 
polymerization 

0.06 - 10 166 

PTFE/Pyrrolidone-
2 

Spray gun Polymer from 
free radical 
polymerization 

0.05 - 3.6 166 

PTFE/MoS2 Spray gun Polymer from 
free radical 
polymerization 

0.05 - 3.5 166 

a When possible, TiO2 was chosen as the AMC’s material of construction to facilitate comparisons. 
 

3.3.4. Hydrophobicity 

When a drop of water is placed on an AMC, the drop boundary and the coating’s 

surface form an angle θ. The coating can be described qualitatively based on such an 

angle as hydrophobic or hydrophilic, depending on whether the coating shows repulsion 

or affinity for water, respectively, see Figure 3.2. 
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Figure 3.2. Contact angle is related to the capability of a solid surface to be wet by a liquid: A) complete 
wetting, B) bad wetting, and C) good wetting. D) Shows the basic nomenclature and concepts used in contact 
angle analysis.  

 

Once contact angle was proposed as a FCS descriptor170 and the influence of 

temperature on this descriptor for food contact applications were examined171, many 

research publications have reported a variety of results explaining the influence of this 

parameter on the attachment of microorganisms on FCS. Specifically, the contact angle 

and the surface free energy cannot be correlated with the attachment (or detachment) of 

bacteria on FCS. Several studies have found no correlation between surface’s 

hydrophobicity and bacterial attachment: L. monocytogenes and Salmonella on stainless 

steel and polymers172; L. monocytogenes on polypropylene, glass, rocks, and stainless 

steel173; and L. monocytogenes and Salmonella enteritidis on two different types of 

stainless steel174. Moreover, it has been found that cell attachment to textured surfaces 

occurs regardless the surface’s hydrophobicity175. The same was found for spores of B. 

cereus and Bacillus subtilis176. On the contrary, there are results showing that E. coli176 and 

Staphylococcus epidermis177 adhere more easily on hydrophobic surfaces. In summary, the 
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contact angle is not a good parameter to infer whether a surface prevents bacteria adhesion. 

Surface topography is preferred to describe the easy to clean parameter and to establish 

relationships between surface characteristics and microorganism attachment to FCS. 

 
3.3.5. Microstructure 

Microstructure is the term under which several different properties are covered: 

porosity, dimension and shape of grain, phase composition, surface roughness, coating’s 

thickness, and coating’s irregularities. Other coatings’ properties such as hydrophobicity 

and hardness are influenced by microstructure, in addition to chemical composition and the 

existence of impurities154. 

Since microstructure is a set of characteristics rather than a single parameter, its 

characterization relies on gas adsorption, assessment using a fine stylus, and observation 

under the microscope, as well as using X-rays. For example, barium titanate (BaTiO3) 

coatings’ microstructure was assessed using contact profilometry for coating thickness, 

scanning electron microscopy and surface profilometry for crack formation, and bending-

substrate techniques for internal stress178. In another publication101, pore size and shape, 

crystal phase, and spatial orientation of structures were investigated by optical microscopy, 

X-ray diffraction, and transmission electron microscopy (TEM), respectively for TiO2 

coatings deposited on stainless steel using plasma spray deposition.  

Thickness of antimicrobial TiO2 coatings on smooth substrates can be estimated by 

ellipsometry179 and was proposed as a method to assess the cleanliness of FCSs180. The 

microstructure of different FCSs also influences the cleanliness achieved when washing 

procedures were compared. FCSs were impregnated with milk and washed using different 
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procedures, then the refractive indexes measured by ellipsometry were compared and used 

as a quantitative indicator of cleanliness. 

Considerable research has been devoted to increase AMCs’ specific surface area 

trough porous structures, although porous FCS are restricted by FCS regulations136,143,144. 

Porous volume of AMC made of semiconductor materials has been quantified and a 

positive correlation have been found between the coatings’ specific surface area and their 

antibacterial activity181. 

 
3.3.6. Migration 

 Migration refers to the mass transport of the antimicrobial substance from the AMC 

structure into the food and/or to the head space inside a closed container by means of 

molecular, convective, or a combination of both types of transport under storage 

conditions. The rate of migration is affected by the environmental conditions at which the 

coating-food system is kept, the nature of the food, the coating’s mechanical and chemical 

properties, and its antimicrobial characteristics182. To measure rates of migration, food 

simulants are placed in contact with the coating to be evaluated under conditions of 

temperature and elapsed time that resemble or exceed those to be expected during the actual 

use of the coating. The concentration of the components of the coatings that migrate into 

the food simulants are usually determined by chromatography.  

 A typical migration test consists of three steps:  

(i)   preparation of the food sample and surface sample,  

(ii)  contacting the actual foodstuff or a simulant and the material to be tested at 

specified test conditions and for specified durations, and  
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(iii) assessment of the amount of mass transferred from the FCS to the food or the 

simulant food using approved analytical techniques.  

 EU directives 82/572/EEC and 82/711/EEC mandate that reference samples are 

exclusively plastic, food simulants vary (typically, distilled water, dilute acetic acid, 

ethanol, and rectified olive oil or some combination thereof), typical testing temperatures 

are from 5 to 121 °C, testing times range from 30 minutes to 10 days, and analytical 

methods to determine contaminant concentration in the food product are not specified. In 

contrast, the guidelines in the U.S. specify the test equipment as a migration cell with the 

reference sample being a plaque with known properties183. Food samples vary (10 to 50% 

ethanol and food oil), with the testing temperature being set at the most severe conditions 

expected and the testing time being the longest time period expected in real applications. 

The analytical method to be used to determine contaminant concentration is also 

unspecified, but the accuracy, precision, and selectivity must be provided.  

 Several case studies show the application of these guidelines to both general food 

contaminants and antimicrobial substances considered as food contaminants. Fiselier, 

Rutschmann, McCombie, and Grob (2009) studied the migration of di(2-ethylhexyl) 

maleate from cardboard boxes into various food products, including rice, frozen fish, and 

biscuits, among others184. The established legal limit of the contaminant is 50 µg/kg of 

food; however, gas chromatography revealed that the contaminant concentration was as 

high as 50 µg/kg of food. Other examples of general contaminant migration into food are 

available, including an extensive study of the migration of plasticizers from lid gaskets into 

411 different food products, characterized with liquid and gas chromatography185, and a 

study of melamine and formaldehyde from plastic kitchenware into a dilute acetic acid 
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solution, characterized with liquid chromatography186. These results are summarized in 

Table 3.8. Several studies of the migration of antimicrobial substances into food exist, like 

studies of the migration of essential oils187, ethyl lauryl arginate188 and silver189 from 

various substrate materials of construction, including cassava starch, polyethylene, and 

polylactic acid, respectively (see Table 3.9).  

 Regulatory agencies demand toxicology data from antimicrobial agents used on 

FCS, depending on the substance and its classification. Regardless of whether the 

antimicrobial agent is considered as an additive or food contaminant, the regulatory 

agencies, tolerance levels, monitoring, enforcement, and the characterization methods 

suggested and approved vary greatly by region, as explained in section 3 (Legal Framework 

Pertaining to Food Contact Surfaces). Regardless of those variations, all legal frameworks 

require knowledge of a food component’s toxicity, which in general terms, can be classified 

as acute, subacute, or chronic190. Additionally, these three toxicity approaches can be 

performed in three modes: in vitro (microorganisms, cells, and biological molecules), in 

vivo (whole, living organisms), and in silico (computer simulation)190. From these, in vivo 

testing (i.e., feeding studies in laboratory animals), are generally required by regulatory 

agencies191-193. However, in vivo testing is time consuming; therefore, in vitro tests, in 

general, and cytotoxicity tests, in particular, are used as prerequisite tests before specific 

toxicological studies and in vivo testing are carried out194. Cytotoxicity is a measure of the 

ability of a substance to cause damage to cells due to its toxic properties. Cytotoxicity 

bioassays can be subdivided into the following types, with regard to the specific cellular 

damage resulting from the toxic effect: exclusion/inclusion dye, extracellular release of 
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intracellular marker, cell proliferation, RNA synthesis inhibition, and inhibition of boar 

spermatozoan motility195. 

For the specific case of coatings, any of the cytotoxicity bioassays mentioned above 

are performed with the extracts obtained from the migration tests section 4.1.7 (Migration). 

Since there are innumerable antimicrobial agents that can migrate from the AMCs to the 

food matrices, it is impossible to list cytotoxicity bioassays for each antimicrobial agent. It 

should be mentioned that a previous work specifically addressed the migration of chemical 

components from FCS coatings and corresponding cytotoxicity bioassays, although the 

coatings were not intended for antimicrobial purposes. In that study, evaluated the 

migration of multiple agents from can coatings with different bioassays, including those 

related to cytotoxicity, mutagenicity, and aquatic toxicity. Strong variations in the 

cytotoxicity effects were detected depending on the cell type tested.  

 In summary, the guidelines provided in Table 3.7 are useful, albeit vague. A survey 

of migration tests suggests that experiments should be modeled as closely to real 

applications as possible, with food simulants and surfaces giving an adequate 

representation of mass transfer of contaminants into real food products. Similarly, the 

testing temperature and time should be representative of the temperatures and time that the 

actual food product will be exposed to the contaminant. Popular analytical methods to 

quantify contaminant concentration include liquid and gas chromatography; however, 

other suitable methods are UV-vis spectroscopy, mass spectrometry, and voltammetry, as 

demonstrated by the case studies listed in Table 3.8 and Table 3.9.  
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Table 3.7. Overview and comparison of migration tests within the European Union and the United States 
of America.  

Migration test 
rules 

Test 
equipment 

Test sample Food sample Test 
temperature 

Testing time Extractant 
analytical 
method 

82/572/EEC 
and 
82/711/EEC 

Not specified Exclusively 
made of 
plastic 

Depending 
on the 
intended food 
application. 
Distilled 
water, 3% 
(w/v) acetic 
acid, 15% 
ethanol, 
rectified olive 
oil 

Depending on 
the intended 
application: 
from 5 °C to 
121 °C 

Depending 
on the 
intended 
application: 
from 30 
minutes to 10 
days 

Not specified 

Guidance for 
industry: 
preparation of 
premarket 
submissions 
for food 
contact 
surfaces 

Migration 
cell 

A plaque of 
known 
formulation, 
thickness, 
surface area, 
and 
polymeric 
properties (if 
applicable) 

Food 
simulants 
should be 
used 
depending of 
the intended 
food 
application. 
10%-50% 
ethanol and 
food oil 

The most 
severe 
condition 
expected, or 
depending on 
the intended 
application: 
from 20 °C to 
40 °C 

The longest 
period 
expected or 
10 days 

Not 
specified, but 
should be 
described its 
accuracy, 
precision, 
and 
selectivity 

 

Table 3.8. Selection of results from migration tests of plastic-additives regarded as food contamination.  
Contaminant  Legal limit Migration 

observed 
Detection 
method in 
extracting 
medium  

Food Surface Reference 

Di(2-
ethylhexyl) 
maleate 

50 µg/kg of 
food 

Up to 1500 
µg/kg 

Gas 
chromatography 

Rice, 
starch, 
barley, 
noodles, 
spaghetti, 
pizza, 
frozen 
fish, 
biscuits, 
among 
others.  

Cardboard 
boxes 
without 
functional 
barrier  

184 

Mainly 
epoxidized 
soybean oil 
(ESBO) and 
other 19 
different 
plasticizers  

The sum of all 
migrated 
plasticizers < 
60 mg/kg of 
food 

Up to 1314 
mg/kg 

Liquid and gas 
chromatography  

411 
different 
food 
products 

Gasket of 
lids 

185 

Melamine 
and 
formaldehyde 

Melamine: 2.5 
mg/kg; 
formaldehyde: 
15 mg/kg of 
food 

Melamine: not 
detected-13.5 
mg/kg 
Formaldehyde: 
0.165-150 
mg/kg 

Liquid 
chromatography 

Food 
simulant: 
acetic acid 
3% (w/v) 

Melamine 
plastic 
kitchenware 

186 
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Table 3.9. Selection of results obtained from migration investigations of antimicrobial substances considered 
as food additives.  

Additive Migration 
observed 

Detection method 
in extracting 
medium  

Food Surface Reference 

Cinnamon and 
clove essential 
oils  

0.88-1.19 mg/g UV-vis 
spectroscopy  

Distilled 
water 

Cassava starch 187 

Ethyl lauryl 
arginate 

0.93-1.62 µg/g Liquid 
chromatography  

Simulants: 
ethanol 10% 
and 95% v/v, 
and chicken 

Polyethylene  188 

Silver 1.66-31.46 ng/cm2 Mass spectrometry  Simulants: 
1.66-31.46 
ng/cm2 

Food 
containers 

189 

Silver <0.1-28 ng/cm2  Voltammetry  Pure and 
acidified 
water (pH 
2.5) 

Poly (lactic 
acid) 

196 

 
 
3.3.7. Surface roughness 

 

Figure 3.3. Graphical representation of the characterization techniques used to assess mechanical parameters 
comprised under the general term profilometry. 
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 Stainless steel is the most commonly used material of construction for food 

processing equipment197. The arithmetic roughness of stainless steel surfaces varies widely 

based on the method employed to finish the surface157. To assess roughness, the mechanical 

stylus (profilometer) is the instrument most widely used for industrial purposes, while 

microscopic techniques, such as SEM and Scanning Tunneling Microscopy (STM), are 

much more common in research laboratories. Light scattering is another technique that is 

frequently used in both production and research environments. Figure 3.3 shows a more 

detailed graphical list of the equipment that are used to perform surface topography, 

commonly known as profilometry, measurements.  

 Intuitively, the AMC average roughness is, in part, dependent on the average 

roughness of the surface upon which it is deposited. However, it is expected that the coating 

would smooth the FCS after its application since that is one of the requirements stated by 

FCS regulations. Smooth and rough are relative concepts, but 0.1 nm to 100 µm are 

frequently used in practice. Amplitude in the z-direction (height variation) and spatial 

frequency in x-, and y-directions are the main features to consider when measuring surface 

roughness. Hence, to compare roughness values measured with different equipment, the 

ranges of spatial frequencies in x and y must be the same, since roughness is a relative 

measurement. When that is not the case, roughness data are presented in terms of a power-

spectral-density function (PSD) and their values can be compared even if the data come 

from different methods, equipment, or if different spatial frequencies were used. The cut-

off, viz., the low-frequency limit of the measurement, must be clearly stated as well. The 

spatial frequency that is used as a reference to assign roughness values is called the special 

frequency footprint. The roughness is expressed in proportion to the footprint or by means 
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of the PSD. When the spatial frequency footprint is fixed by means of the scan area or cut-

off length, the surface topography can be expressed as an average roughness Ra. The reader 

should refer to ISO 4287:1997 for detailed descriptions of terms and definitions of texture 

descriptors198.  

 It has been argued that roughness (Ra) alone is not enough to establish coherent 

relations between bacterial detachment and surface topography. Instead, other authors 

suggest the use of reduced valley depths and reduced peak heights as better descriptors. 

Previously, it has been suggested that the minimum topographical parameters that must be 

reported for microbiological adhesion to surfaces are the root mean square (RMS) 

roughness, the summit density, and the developed area ratio199. The discussion of the 

importance of choosing sufficient roughness parameters to describe a coating may come 

from attempts to explain intuitively contradictory results. It has been found that both S. 

aureus and Pseudomonas aeruginosa ATCC 9025 were retained in higher amounts on 

extremely polished commercial purity titanium surfaces than on less smooth surfaces made 

of the same material200. In 2005, a study found that the size of pits intentionally placed on 

titanium coatings and the cells’ size influence bacteria retention on titanium coatings201. 

Subsequent papers on purposely textured coatings report inhibition of biofilm formation 

on textured films202, that bacteria adhere selectively depending on the topographical pattern 

encountered on the coatings175, that microbial retention is affected by the surface chemistry 

and features of different metal surfaces203, and that the initial cell adhesion process starts 

at the surface’s peaks204. These investigations suggest that patterned textures can alter 

bacterial adhesion on coatings by reducing the area of contact between surfaces and cell 

walls, but those treatments alone are not enough to completely prevent bacterial deposition. 
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The results of various investigations on the effect of surface topography on the adhesion of 

bacteria to surfaces (some of which are also mentioned above) are shown in Table 3.10. It 

can be observed that the surface roughness and the bacterial genus exert influence on the 

cells’ attachment. However, cell attachment also seems to be dependent on more than 

surface roughness and bacterial genus alone.  

Table 3.10. Comparison of results obtained in different studies relating surface roughness and bacterial 
attachment.  

Reference: Gudmundsdóttir et al.205 
Ra

a, µm Rz
b, µm Rpk

c, µm Microorganism Attachment, 
log/sample 

0.7-8 5.4-6.5 - L. monocytogenes and 
Serratia liquefaciens 

~1.8 

0.16-0.22 1.3-1.9 - L. monocytogenes and 
S. liquefaciens 

~2.2 

0.16-0.22 1.3-1.9 - L. monocytogenes and 
S. liquefaciens 

~2.2 

Reference: Truong et al. 200 
Ra, nm Rq

d, nm Rpk, nm Microorganism Attachment, x104 
cells/mm2 

222 223 - P. aeruginosa 0.37 
83 84 - P. aeruginosa 0.06 
222 223 - S. aureus  31 
83 84 - S. aureus 15 
Reference: Schlisselberg et al. 206 
Ra, nm Rz, nm Rpk, nm Microorganism Initial attachment, 

cells/cm2 
106 1907 115 S. Typhimurium ~110 
30 301 41 S. Typhimurium ~110 
13 145 21 S. Typhimurium ~35 
4 67 8 S. Typhimurium ~35 
Reference: Ludecke et al. 204 
Ra, nm Rq, nm Rpk, nm Microorganism Surface coverage, 

% 
1.6 2.0 - E. coli ~40 

1.8 2.3 - E. coli ~35 
2.4 3.0 - E. coli ~30 
4.8 6.1 - E. coli ~18 
1.6 2.0 - S. aureus  ~55 
1.8 2.3 - S. aureus ~18 
2.4 3.0 - S. aureus ~29 
4.8 6.1 - S. aureus ~32 

a Ra: average roughness  b Rz: peak-to-peak height  
c Rpk: reduced summit height  d Rq: square mean roughness 

  

To supplement the results reported in Table 3.10, a comparison of the materials and 

methods reported is shown in Table 3.11. The detachment procedure is the most important 
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parameter listed in Table 3.11, since detachment/attachment values are the final outcomes 

reported in the listed investigations. A closer look at the methods of determination of 

adherent bacterial cells on the studied surfaces reveals that the values reported are not 

comparable, as every research group uses profoundly different methods to evaluate 

detachment values even if the reported values have the same units. For instance, results 

obtained by directly observing the attached bacteria on sample surfaces, after rinsing them 

with water for 30 minutes following the bacterial inoculation201,203, are not comparable to 

those results from direct observation of adhered bacteria after rinsing with water for 11 

hours following the initial inoculation200,204, nor those results for which the inoculation 

time is not reported206, as bacterial population is a time-dependent quantity. Therefore, 

comparisons between numerical values reported for attachment results from roughness 

studies should be done with caution and with special attention given to the details of 

specific experiments. 
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Table 3.11. Overview of investigations where the surface topography has been modified to observe the effect 
on the adherence of microorganisms. 

Coating/ 
Surface 

Surface 
treatment 

Treatment 
method 

Topography 
characterization 
method 

Microorganism Detachment 
determination 

Reference 

Titanium 
on silicon 

Regularly 
spaced pits 
and 
features 

Magnetron 
sputtering  

Atomic force 
microscopy 

S. aureus, P. 
aeruginosa, 
and Candida 
albicans 

Directly 
observing the 
surface after 
rinsing with 
water after 30 
min of 
inoculation 

201 

Stainless 
steel 

Untreated, 
polished, 
and glass 
beaded  

- Stylus 
profilometer  

Mixed culture 
of L. 
monocytogenes 
and Gram-
negative 
bacteria 

Swabbing and 
plating after 
120 hours of 
contact time 

35 

Pure 
titanium  

Polished 
and 
unpolished 

Equal 
channel 
angular 
pressing 

X-ray 
photoelectron 
spectroscopy, 
atomic force 
microscopy, and 
optical 
profilometry 

S. aureus CIP 
65.8 and P. 
aeruginosa 
ATCC 9025 

Counted 
directly from 
the surface 
after rinsing 
with water 
after 11 hours 

200 

Stainless 
steel 

Polished 
and 
unpolished 

Bright-
Alum, 
electro 
polishing, 
and sand 
polishing 

Atomic force 
microscopy 

S. 
Typhimurium 

Counted 
directly on the 
coupon after 
sensing with 
saline 
solution 

206 

Polydimet
hylsiloxan
e on 
silicon 

Geometrica
l patterns 

Soft 
lithography 

Atomic force 
microscopy  

S. epidermidis, 
E. coli, and B. 
subtilis 

Directly 
observing the 
surface after 
dipping the 
coatings twice 
in phosphate 
buffered 
saline 
solution after 
30 minutes of 
inoculation 

175 

Gold, 
titanium, 
molybden
um, silver, 
and iron 
on silicon 

Different 
coatings 
material 
yielded 
different 
topography 

Magnetron 
sputtering  

Light scattering 
and atomic force 
microscopy 

L. 
monocytogenes
, E. coli, and S. 
aureus 

Directly 
observing the 
surfaces after 
rinsing with 
water after 30 
minutes of 
inoculation 

203 

Titanium 
on glass 

Variation 
of 
deposition 
rate and 
coating 
thickness 

Physical 
vapor 
deposition 

Atomic force 
microscopy  

E. coli and S. 
aureus  

Microscopy 
observations 
after 1, 3, 5, 
7, 9, and 11 
hours  

204 
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3.4. Potential applications of antimicrobial coatings for food contact surfaces 

AMCs as a preventive method of bacterial proliferation on FCS can be classified 

into five categories based on their working principles: anti-adhesion, antimicrobial-loaded, 

contact inactivation, photocatalytic, and multifunctional, see Table 3.12207. The working 

principle by which each AMC exerts its antimicrobial activity directs it towards specific 

potential applications. It does not mean that a single working principle cannot work for 

multiple applications, but some working principles seem to work better under certain 

circumstances than others. Some specific examples of potential applications are discussed 

here, although many more have been mentioned in the previous sections.  

 



 

 
 
 
Table 3.12. Some publications on antimicrobial coatings with potential applications for food contact surfaces. 

Selected publications 
Working principle Mechanism of action Limitations Working agent Substrate/Type of application Microorganism tested Ref. 
Anti-adhesion Passive repellence by 

changing surface energy  
Stability of the surface 
property 

Polyethylene glycol PET/Ongoing effect from the 
surface 

S. epidermidis, S. 
aureus, and P. 
aeruginosa 

208 

   Carboxybetaine 
polymer 

Glass/Ongoing effect from the 
surface 

P. aeruginosa and P. 
putida 

209 
   Surface topography 

modification 
Silicon/Ongoing effect from the 
surface 

S. aureus, P. 
aeruginosa, and C. 
albicans 

201 

Antimicrobial-
loaded 

Simple release. The 
antimicrobial agent 
charged into coating’s 
matrix transfers 
continuously until 
depletion  

Indiscriminate 
leaching of the 
antimicrobial 
substance. Depletion 
of the antimicrobial 
agent. Emergence of 
new resistant 
microorganisms 

Low molecular 
weight antibiotics  

Stainless steel/Ongoing effect 
from the surface 

S. aureus and P. 
aeruginosa 

107 

   Silver metal Glass/Ongoing effect from the 
surface 

E. coli, L. 
monocytogenes, C. 
perfringens, and B. 
anthracis 

210 

   Nisin, allyl 
isothiocyanate, and 
zinc oxide 

Glass/Packaging  Salmonella enterica 211 

 Controlled release. The 
antimicrobial agent 
charged into the 
coating’s matrix 
transfers in response to 
stimuli until depletion. 

The optimal amount of 
release depends on 
multiple factors. 
Depletion of the 
antimicrobial agent. 
Emergence of new 
resistant 
microorganisms 
 

HHC-36 
(KRWWKWWRR-
NH2) peptide 

Titanium/Ongoing effect from 
surface 

S. aureus and P. 
aeruginosa 

212 
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Selected publications 
Working principle Mechanism of action Limitations Working agent Substrate/Type of application Microorganism tested Ref. 
 Controlled releasee 

(continued). 
 Ponericin G1 

peptide 
Silicon/Ongoing effect from the 
surface 

\S. aureus 
 

213 
   Olygo (ethylene 

glycol) methacrylate  
Silicon/Ongoing effect from the 
surface 

L. ivanovii and E. coli 214 
Contact 
inactivation 

Cell disruption by 
contact with active 
agent 

The coating’s action is 
mass-transfer limited, 
to the layer which the 
antimicrobial agent 
reaches. 

Quaternary 
ammonium 
polymers 

Glass/Ongoing effect from the 
surface  

E. coli 215 

   Magainin I peptide Silicon/Ongoing effect from the 
surface 

L. ivanovii and B. cereus 216 
Photocatalytic Continuous generation 

of reactive oxygen 
species to damage the 
cell’s wall 

Poor action under 
natural light. UV light 
is required to enhance 
the photocatalytic 
effect.  

Titanium dioxide  Stainless steel/Ongoing effect 
from the surface 

Acinetobacter sp., lactic 
acid bacteria, and 
enterobacteria 

99 

   Zinc dioxide  Glass/Ongoing effect from the 
surface 

S. aureus and E. coli 
ATCC 25922 

217 

Multi-functional A combination of two or 
more mechanisms of 
action 

Optimization is not 
straightforward  

Silver metal and 
topography 
modification  

Silicon/Ongoing effect from the 
surface 

L. monocytogenes, E. 
coli, and S. aureus 

203 

   Chitosan and ZnO PE/Packaging  S. enterica, E. coli, and 
S. aureus 

218 
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3.4.1. Anti-adhesion 

The anti-adhesion working principle relies on the modification of the FCS to make 

it microorganism repellent. Modifications include the application of polyethylene 

glycol208, of carboxybetaine polymer209, or purposely texturing the coating’s surface201. 

Although it is unclear yet if hydrophobicity of surfaces prevents bacterial attachment, the 

studies listed in Table 3.12 show favorable results for S. epidermis, S. aureus, and 

Pseudomonas when a polymer coats the FCS. These results contrast to those reviewed in 

section 3.24 Hydrophobicity (which did not find a correlation between surface’s 

hydrophobicity and cell attachment) where the surfaces investigated were textured but 

bare, suggesting that an appropriate coating can prevent, at least partially, bacterial 

attachment. Anti-adhesion needs the coating to remain grafted to the FCS. No migration 

from the coating to the food matrix is expected, therefore, the AMC’s material of 

construction legal status is of “the ongoing effect type” or, in other words, its migration 

into the food matrix is considered as food contamination, see Table 2.1. In order to avoid 

the risk of coating’s migration into the food commodity, repellent properties can be induced 

modifying the surface topography only (with no coating), although legal requirements 

order smooth and nonabsorbent surfaces (see Table 3.2). 

 
3.4.2. Antimicrobial-Loaded 

The antimicrobial-loaded working principle consists of the release (diffusion) of 

preloaded antimicrobial agents from the matrix/surface of the coating to the food matrix. 

The antimicrobial agent must diffuse into the food and/or the environment to effectively 

works. The antimicrobial diffuses indiscriminately, as in the case of simple release, or in 
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pulses in response to a stimulus, as in the controlled release mechanism of action. The 

advantage of the controlled over the simple release is the economization of the 

antimicrobial agent: in the former case it depletes slower as time passes than in the former 

case. Atefyekta et al. developed a single release coating made of highly porous TiO2 

coating on stainless steel. Gentimicin, vancomycin, and daptomycin were embedded in the 

pores intended to prevent post-surgery infections when the coating is applied on medical 

devices made of titanium107. As an example of the controlled release case, a polypeptide 

coating deposited on titanium and intended for medical applications responded releasing 

the polypeptide as a response to the concentration of blood components212. Regarding the 

legal considerations, the TiO2, the antibiotics, and the peptide found in the couple of 

coatings described above, are considered, for this working principle, as food additives and 

their migration into the food must be evaluated and compared to the legal limits listed in 

Table 3.3.  

 
3.4.3. Contact Inactivation 

The contact inactivation working principle depends on the attachment to the FCS 

of certain long chain molecules (polymers) capable of damaging the microorganisms when 

they approach enough to be touched by the polymers. As an example of the application of 

such coatings, which are often described as polymeric brushes, E. coli cell walls were 

disrupted by a molecular brush. The damage was attributed to the amount of surface 

charges rather than the length of the polymeric chains used to fabricate the coating215. Other 

polymeric brushes impregnated with magainin I successfully prevented biofouling and 

exhibited antimicrobial activity against Listeria ivanovii and Bacillus cereus. Contact 

inactivation coatings’ components belong to the “ongoing effect from the surface” 
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classification and must be listed in the references given in Table 3.3 in order to meet legal 

requirements. 

 
3.4.4. Photocatalytic 

The photocatalytic working principle counts on the generation of reaction oxygen 

species92, which destroy the microorganism’s wall. The photocatalytic working principle 

seeks to surpass the depletion of the active substance) exhibited by the antimicrobial-

loaded coatings) by means of a chemical reaction catalyzed by semiconductor materials. 

In addition to the semiconductor, UV light and water must be present simultaneously to 

give place to oxygen species including H2O2. TiO2 is the principal photocatalytic material 

due to its highest rate production of reactive oxygen species, although zinc dioxide (ZnO), 

magnesium oxide (MgO), and copper oxide (CuO) also have photocatalytic antimicrobial 

action, but in a lesser degree. TiO2 photocatalytic coatings have reached industrial 

application research stages. For example, TiO2 coating samples were placed in a brewing 

facility to observe the effects of the usual cleaning procedures applied at that facility on the 

coatings: rinsing, washing and brushing. Although the coatings resisted, their antimicrobial 

efficacy could not be demonstrated against the naturally occurring bacterial populations at 

the brewing facility99. For photocatalytic applications, the material of construction must be 

approved for substances exerting “ongoing effects from the surface”, see Table 3.3. 

 
3.4.5. Multifunctional 

Individual working principles can be combined into a single coating to 

synergistically add the effect of one principle to another. For example, a silver coating with 

modified topography reduced cell attachment while inactivating L. monocytogenes, E. coli, 
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and S. aureus by releasing silver ions203. In another example, positive results were obtained 

from a ZnO photocatalytic coating loaded with chitosan when tested against Salmonella 

enterica, E. coli, and S. aureus218. Unfortunately, multifunctional AMC are more complex 

to fabricate. In practice, it is easier to synergistically combine two different preventive 

methods (UV light irradiation, washing with detergents, etc.) rather than trying to bring 

together more than one working principle into a single AMC. 

 
3.5. Concluding Remarks  

Although several representative publications were briefly discussed above, only 

one study was identified in which AMCs were tested under actual degradation conditions 

arising from the decontamination methods (namely rinsing, washing with chemical agents, 

and brushing) that are routinely used on FCS at a brewing facility. However, the 

researchers concluded that the presence of the AMC did not significantly affect microbial 

populations occurring in situ99.  This finding suggests that, although the antimicrobial 

activity of many AMCs have already been demonstrated successfully at the laboratory 

level, the AMCs are far away from demonstrating effectiveness in actual food processing 

applications. For reaching this level of development, the investigated coatings must comply 

with the legal requirements in the first place; in other words, it is not enough to solely 

design for antimicrobial behavior; AMCs must be designed, at the beginning, with the 

relevant laws and regulations regarding use in mind. 
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CHAPTER 4 

4. OPTIMIZATION OF ANTIMICROBIAL COATING’S 

PHOTOCATALYTIC ACTIVITY 

 
The bulk of this chapter is published as Ref. 219, an article in Materials Chemistry and 

Physics. The authors of that article are Eduardo Torres Domínguez, Phong Nguyen, 

Heather K. Hunt, Azlin Mustapha, Mathew Maschmann of the University of Missouri and 

Annika Hylen of Saint Louis University. 

 
4.1. Introduction 
 

Photocatalytic coatings have been touted as some of the most promising antimicrobial 

coatings (AMCs), due to their nontargeted disinfection action over different 

microorganisms14. They are typically formed from metal oxide materials, such as titanium 

dioxide (TiO2), zinc oxide (ZnO), and tin oxide (SnO2), which produce various reactive 

oxygen species (O• and •OH) when irradiated with ultraviolet (UV) light in the presence 

of water or moisture. Of these materials, TiO2 is the flagship component of photocatalytic 

AMCs due to its ability to generate a high rate of ROS production92 and due to its ability 

to generate hydrogen peroxide (H2O2) from •OH in the presence of water and UV light 

(H2O2 also has a known antimicrobial effect)68,71,220.  Although published results are 

promising in terms of microbial inactivation221, TiO2-based AMCs have found little 

industrial application because the durability (or mechanical robustness) of the coatings 

remains a standing issue that must be addressed before the coatings can be effectively 

translated to real-world applications16.  
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As a broad concept, durability is related to the AMCs’ ability to withstand damage. 

Damage of the integrity of the AMCs due to normal use (wear/scratching) can negatively 

affect the coatings’ antimicrobial activity, or in extreme cases, cause the detachment of 

coatings from substrates and the termination of the antimicrobial activity altogether91,222. 

Moreover, if the coating delaminates from the surface, it can contaminate the food product. 

Depending on the specific application within the food production process, the coatings may 

be exposed to rinsing, brushing, ice pigging, hot water, steam, detergents, and hydrogen 

peroxide, among other stressors. The application of these stressors may deteriorate coatings 

by increasing surface roughness, scratching, cracking, and/or detachment from the 

substrate. To avoid this, the AMCs must be designed not only to demonstrate antimicrobial 

activity, but also to meet performance metrics regarding utility, such as various measures 

of durability, as governed by stringent regulatory standards applied worldwide136,140,143,144.  

The mechanical stability of antimicrobial coatings may be assessed through the 

measurement of various mechanical properties, including abrasion, adhesion, hardness, 

hydrophobicity, surface roughness, and antimicrobial agent migration16. Many of these 

properties are significantly influenced by the composition, microstructure, synthetic 

parameters, and the coating or deposition method used to produce the coatings9,13,114,115,223. 

These properties can be assessed by techniques such as nanoindentation, pencil hardness 

testing, tape testing, rotating abrader testing, and profilometry154, respectively. When used 

in conjunction with standard materials characterization techniques, such as X-ray 

diffraction, spectroscopy, and electron microscopy, researchers can gain a holistic 

understanding of the nature of the coatings and how various synthetic parameters impact 
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the resultant compositional, structural, and mechanical properties, in addition to the 

materials’ antimicrobial activity. 

In this work, we first explore how to design sol-gel based, TiO2 coatings that 

simultaneously demonstrate optimized photocatalytic activity and adequate mechanical 

robustness (defined by hardness elastic modulus, and wear).  In particular, we explore the 

impact of areal porosity (i.e., the coating’s surface area) on the photocatalytic activity and 

mechanical resistance.  Then, we present the design, synthesis, deposition, and evaluation 

of a photocatalytically-optimized nanostructured, porous, TiO2 coating.  Throughout this 

study, we use a standard method for the determination of photocatalytic activity as a way 

to compare our coatings with existing literature for similar coatings, when available. Lastly, 

we explore the mechanical properties of the resulting photocatalytically-optimized 

coatings in order to determine their durability. 

4.1.1. Response Surface Methodology: The Experimental Optimization Process 

Response surface methodology is a set of statistical techniques used for optimizing 

process experimentally. The process is optimized based on the performance of single or 

multiple qualities or measures called responses. The response of the process are functions 

of factors (also known as independent variables), which are subject to the control of the 

experimenter. The relationship between the response and the factors can be represented 

graphically as a surface, when two factors are tested, which has led to the term response 

surface methodology224. The response surface methodology is composed of five sequential 

steps: a) identification of the significant factors (independent variables) by a screening 

experiments, b) identification of the region where the optimum is located using the method 

of the steepest ascent/descent, c) determination of a mathematical model to approximate 
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the response as a function of the factors screened in the first step of the methodology, d) 

analysis of the mathematical model to determine the optimum conditions of the process for 

achieving maximum or minimum response values, and e) confirmatory experiment, to 

make sure the optimal conditions determined are attainable experimentally. The details of 

each of the steps of the methodology are given below. The strategy in dealing with multiple 

responses is given in Chapter 5.  

a) Screening experiment. The goal of this step is to identify the factors that are the 

actual sources of the changes observed in the response when the factors are varied 

simultaneously. Additionally, the experiment also achieves the reduction or 

minimization of total number of trials; the responses from simultaneous variation 

of all factors; and the selection of a strategy to obtain solutions after each sequence 

of experiments (Lazic, 2004). The screening experiment starts choosing proper 

experimental response and factors. The variation levels (+/-) for each factor are 

selected based on experience or bibliographic research on similar processes. 

Factors should be controllable, of high measurement precision, singular, 

concordant, and noncorrelated linear-wise. After the factors are identified, an active 

screening experiment by the method of random balance is used. This method uses 

a design matrix constructed by random mixing of rows of regular variation levels 

(+/-) of two-factors experiments (also known as 2k design). For example, the design 

matrix for a single-response process with two factors X1 and X2 is: 
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Run 
No. 

Factors Response 
(to be determined 
experimentally) 

X1 X2 X3 X4 X5 

1 - + - + -  
2 - + - - +  
3 - - + + -  
4 - - + - +  
5 + + + + +  
6 + + + - -  
7 + - - + +  
8 + - - - -  

 

Design matrices for different number of factors and a single response are given by 

Lazic225. Then, experimental tests are run using the maximum (+) and minimum (-

) value levels chosen for each factor combined as stated in the design matrix. The 

response of each run is recorded and then analyzed using analysis of variance 

procedures. The moment to stop screening of factors depends on the Fisher criterion 

which is a comparison of the value of the variance of all design points and the 

variance of the system reproducibility as determined by outcomes of replicated 

experiment design points-runs225.  

b) Location of the optimum region. The purpose of this step is to identify a region 

where the experimental response is improved. This step starts assuming that a first-

order model is a reasonable approximation of the system in the initial experimental 

region. The first-order model is fitted using a two-factorial experiment. A steepest 

ascent (or a steepest descent) path is computed so one may expect the maximum 

increase or decrease in response per distance moved in the design space. 

Experimental runs along the path are conducted until a decrease (for the ascent) or 

increase (for the descent) in the response is observed. The point in the path at which 
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the maximum (or minimum) response is observed is chosen to be the center of the 

optimum region or used to conduct a second experiment using a another first-order 

design to check for curvature of the response surface. For example, the set of 

experimental points of the design matrix shown in a) can be fitted to a linear model 

y=b0 + b1x1 + b2x2 + … +b5x5 + ε. Then, each factor is increased/decreased 

depending on the sign of its corresponding coefficient bk and whether we are 

looking for an ascent or a descent. The factors are changed proportionally as to 

affect them in the same magnitude. The experimental response is measured and for 

each set of increases. The response of the process increases/decreases if the factors 

changed are on the path of steepest ascent or steepest descent, respectively.  

c) Trend determination. The purpose of this step is to approximate the true response-

factors relation by means of an empirical trend. In some cases, the model used for 

section b) is enough to find the optimum. However, if that is not the case, a second 

order model has to be built from experimental points. Depending on the number of 

significant factors identified in a), a second-order rotatable design with 13, 20, 31, 

or 52 experimental points is used. See Lazic for more details225. The experimental 

points are used to scan the experimental space to generate enough points to find a 

second-order mathematical expression fitting those experimental points. For the 

specific case of two factors, the second-order model has the form ! = #$ +

∑ #'(')
'*+ + ∑ #''('

,)
'*+ + ∑ #'-('(-)

'.- + /. This empirical model can be 

determined experimentally following the combinations stated in the matrix:  
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Run 
No. 

Factors 
X1 X2 

1 + + 
2 - + 
3 + - 
4 - - 
5 -1.414 0 
6 +1.414 0 
7 0 -1.414 
8 0 +1.414 
9 0 0 
10 0 0 
11 0 0 
12 0 0 
13 0 0 

 

Where (+/-) are called the core experimental points, (+1.414/-1.414) are called the 

star-like experimental points, and (0,0) are known as the central or null 

experimental points. The central point is chosen based on the results obtained in 

step b) (steepest ascend/descent experiments). The central point is assumed to be 

close to the actual optimum. The core and the star-like experimental points are 

located around the point (the central point) where the optimum is suspected to be. 

For the specific case shown above, the 13 points are run experimentally, and their 

responses are measured and recorded. The central points (0,0) are repeated five 

times. The standard deviation for the entire experimental design (13 points) is 

determined by means of these five repetitions.  

d) Determination of the optimum conditions. The objective of this step is to determine 

single values for the factors to yield the optimal response (maximum or minimum). 

The trend found in the previous step is checked for fit first. If the model is adequate 

(no lack of fit), it is analyzed by means of its partial derivatives equated to zero. 

The experimental point at which the slope of the line, plane, or hyperplane 
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(depending on the number of factors used) tangent to the response surface is equal 

to zero, is considered the maximum or the minimum of the response surface. For 

example, a fitted second-order model with two factors x1 and x2 has a 

maximum/minimum estimated response at the solution of these two equations: 

0! 0(+⁄ = 0 and 0! 0(,⁄ = 0.  

e) Confirmatory experiment. This is the final stage of the experimentation. Data is 

collected to confirm that the identified optimum obtained in the previous phases 

can be achieved setting the independent variables at the values determined by the 

methodology.  

 
 
4.2. Materials and Methods 
 
4.2.1. Design of Experiments 

The synthetic factors listed in section 2.3.2 (influence of the sol-gel synthetic 

factors on the photocatalytic activity) were statistically screened by means of a set of 

experiments. This screening made the data analysis simpler and in addition rendered the 

trend determination and optimization experiment more robust, since the number of 

synthetic factors was reduced based on their influence beyond the experimental random 

error. The trend determination allowed the identification of single values of temperature 

and aging time that were used to fabricate a coating giving maximum photocatalytic 

activity within the experimental range. 
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4.2.2. Screening of Factors Experiment 

In this study, a full two-factorial design of experiment with five factors (Table 4.1) 

was used. A categorical factor, Factor 1, corresponded to the two different sol-gel 

protocols. Factor 2, which refers to the spinning velocity used in the spin-coater (600 or 

6,000 rpm), influenced the coating thickness and the coating’s drying rate.  Factor 3 

examined the influence of the sintering temperature at two levels, 400 and 600 °C, which 

influenced the density and the microstructure of the coatings. Factor 4 explored the impact 

of the molar ratio of the titanium precursor to the templating agent at two levels: 0.5 and 

1.2; these ratios are known to promote two different micellar structures of the templating 

agent, which leaded to different pore networks. Lastly, Factor 5 showed the influence of 

the aging time (1 h or 240 h) on the stiffness of the gel. The eight combinations of synthetic 

parameters were chosen from those given by Lazic225. The eight runs were triplicated. The 

response of the experiment, photocatalytic activity (mol/L∙min), was measured by a fading 

test (ISO 10678: 2010). This standard test was chosen as the most convenient way to 

compare photocatalytic activity among AMCs (more details given below).  

 
Table 4.1. Screening of synthetic factors experiment having fading speed as an experimental response. 

Run Number Synthetic factors Response 
Protocol Ti:EO1 t aging, h rpm T sintering, °C Fading speed, ×10-9 

M/min 
1 1 1.2 1 6000 400 3.5±0.10 
2 1 1.2 1 2000 600 2.2±0.18 
3 1 0.5 240 6000 400 4.0±0.06 
4 1 0.5 240 2000 600 2.7±0.08 
5 2 1.2 240 6000 600 3.3±0.08 
6 2 1.2 240 2000 400 4.9±0.14 
7 2 0.5 1 6000 600 2.4±0.09 
8 2 0.5 1 2000 400 4.2±0.23 

1 The ratio of the number of titanium atoms in solution to the number of ethylene oxide groups in solution was chosen 
because the surfactant/water/ethanol phase diagrams are built based on this relationship 106,226,227. 
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4.2.3. Quadratic mathematical experiment 

After the statistical analysis of the data (Minitab 18, Minitab, USA) from the 

screening of factors experiment, only two synthetic factors were found to be statistically 

significant: aging time and sintering temperature. The other three factors were kept 

constant or fixed: the second protocol, 1.2 titanium to ethylene oxide ratio, and 4000 rpm 

for spinning velocity (see Table 4.2).  The experiment shown in Table 4.2 was used to 

experimentally scan the experimental area formed by the sintering temperature and the 

aging time. The data collected through the scanning gave enough elements to form a 

second-order polynomial equation. The center point was located by setting aging time and 

sintering temperature at their midpoints regarding the lower (140 hours and 360 °C) and 

upper level values (340 hours and 640 °C). This design used the center points (five for this 

experiment) to check the variability of the entire experiment (namely the standard 

deviation), the significance of the mathematical coefficients, and the lack of fit of the 

obtained mathematical model225. Like in the screening of synthetic factors, the fading speed 

was assessed and assigned as the experiment response (See Table 4.2). 

 
Table 4.2. Quadratic mathematical model. 

Trial Synthetic factors Response 
t aging, hours T sintering, °C Fading speed ± 0.109, ×10-9 

M/min 
1 312 600 2.96 
2 158 600 3.30 
3 312 400 2.96 
4 158 400 2.98 
5 140 500 3.82 
6 340 500 2.96 
7 240 360 2.60 
8 240 640 2.86 
9 240 500 4.42 
10 240 500 4.43 
11 240 500 4.18 
12 240 500 4.37 
13 240 500 4.39 
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4.2.4. Coating Fabrication for the Screening of Factors Experiment 

The coatings were prepared by sol-gel processing using titanium (IV) ethoxide as a 

precursor following two different protocols. 

In Protocol 1, 1 g of titanium (IV) ethoxide (Sigma-Aldrich, St. Louis, MO) was 

mixed with 0.8 g HCl. Separately, Pluronic P123 (the templating agent, ~5800 molecular 

weight, Sigma-Aldrich, USA) was dissolved in 4.25 g of ethanol (≥99.5%, Decon 

Laboratories, USA). After 72 h, both solutions were mixed together. The as-prepared sol-

gel then were left to age according to Table 4.1 to form a gel.  In Protocol 2, 1 g of titanium 

(IV) ethoxide was mixed with 6.4 g of deionized water until a white powder was formed. 

The powder was filtered through a Whatman 4 filter paper and mixed with 15 g of 

deionized water. Then, 5.3 g of hydrogen peroxide (H2O2) solution (30% wt/wt in water, 

Sigma-Aldrich) was added to the water-powder suspension. The mixture was kept at 5 °C 

for 4 days. The sol-gel was placed at room temperature on the 5th day and then left to age 

according to Table 4.1. In both protocols, the resulting TiO2 gels were deposited by spin-

coating using a spin-coater (WS-400BZ-6NPP/Lite, Laurell Technologies, North Wales, 

USA) and setting the spinning speeds according to Table 4.1. Finally, to convert the 

amorphous coating obtained in the previous step into a crystalline coating, the coatings 

were sintered under ambient conditions in a Lindberg Blue M (Lindberg Blue M, Thermo 

Scientific, USA) tube furnace.  The samples will be heated following sequential steps at 

different temperatures, starting at room temperature, escalating first to 150 °C, then slowly 

up to the temperatures established in Table 4.1, and finally returning to ambient 

temperature.  

 



93 
 

4.2.5. Coating Fabrication for the Mathematical Model Determination 

Experiments 

The coatings used for the optimization (quadratic mathematical model) 

experiments were exactly the same as those described in the coating fabrication for 

screening of synthetic factors (section 4.2.2). However, as mentioned in the design of 

experiment section (section 4.2.3), only aging time and sintering temperature were varied 

during the optimization experiments. The other synthetic factors were kept fixed.  See 

Table 4.2.  

4.2.6. Coating Fabrication for Nanoindentation Testing 

Once the optimal synthetic parameters were known, an additional batch of 

photocatalytically-optimized coatings was prepared exactly in the same way as those for 

the screening of factors experiments (section 4.2.2) but using a much more polished 

substrate. Clean, 1.8 cm×1.8 cm square substrates (stainless-steel AISI 304, finishing No. 

8 mirror-like, 0.203 mm thick, Ulbrich, USA) were spin-coated to obtain coatings whose 

surface was less affected by the substrate’s topography and therefore made them more 

useful for nanoindentation testing purposes. 

 
4.2.7. Photocatalytic Assessment 

The photocatalytic activity of the coatings was tested following the international 

standard ISO 10678:2010. The ISO test method assesses the rate of catalytic bleaching of 

a synthetic dye (methylene blue, MB) in an aqueous solution in the presence of UV light 

and the TiO2 coatings. The greater the photocatalytic activity of the coating, the higher the 

antimicrobial activity92. The coating sample was submerged in a glass container (coating 

facing up) in 10-5 M MB (aq) and irradiated with UV light of 365 nm wavelength. The MB 
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solution with the coating sample was agitated every 20 min. The fading of the MB solution 

was tracked using a UV-Vis spectrophotometer (Varian Cary 50 Bio, Agilent, USA) in 

absorbance mode. The absorbance was measured every 60 min after the irradiation began. 

Figure 4.1 is a schematic representation of the test setup. The resulting absorbance after 

180 minutes of irradiation was converted into fading speed (M/min) using Equation (4.1): 

456789	;<==6	[? @78⁄ ] =
B+C$
180

F8
B$
B+C$

 

 (4.1) 

 
where C180 is the concentration (molar) of MB (determined by UV visible 

spectrophotometry and the application of the Beer-Lambert Law) at time 180 min and C0 

is the initial concentration (10-5 ± 0.1 M) of methylene blue (aq) at the beginning of the 

fading experiment. Equation (4.1) was used for this experiment and is valid at 180 minutes 

only. The term “fading speed” is not equivalent to the rate of reaction. The reaction (i.e. 

the disappearance of MB) is considered a first order reaction, for which case the rate law 

is Equation (4.2):  

−
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           (4.2) 
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1
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(4.2b) 

where C is the concentration (molar) of MB at any time t (minutes), C0 is the concentration 

(molar) at time t=0, and k is the constant rate (minutes-1). 
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Figure 4.1. Schematic of the main elements to test photocatalytic activity. The samples are removed from 
inside the beaker and returned to it after measuring the absorbance with a spectrophotometer (not shown) in 
absorbance mode. 

 

The photocatalytic activity expresses the rate at which hydrogen peroxide (coming 

from O●) and ●OH (the reactive oxygen species) are produced. The amount of ROS 

generated by several semiconductors (including TiO2) is directly related to the antibacterial 

activity using Escherichia coli as a target microorganism. Li et al. found that this relation 

is linear92: 

O = −0.00138X 
(4.2) 

 
where Y is the survival rate (log(Nt/N0), X is the average concentration of total ROS in 

micromolar units, Nt is the number of viable colonies in contact with the semiconductor for 

2 h with no UV light irradiation, and N0 is the number of viable colonies after 2 h of UV 

irradiation in presence of different semiconductors. Equation (4.2) states that the higher the 

ROS concentration, the lower the survival rate of the cells.  This equation was determined 

on the presumption that the antimicrobial effect of semiconductor materials is due to 

oxidative stress, which may be bacterium specific. 
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4.2.8. Characterization of the Coatings 

Once the optimal synthetic factors were determined, a photocatalytically-optimized 

coating was fabricated. This coating was fully characterized using characterization 

techniques. The structures of the AMCs were elucidated using X-ray diffraction (XRD) 

(Ultima IV, Rigaku, Japan) using a Cu K-α source, 0.1518 nm wavelength, 40 kV, 5-80° 

2S, stepsize-0.02, at 2° /min using TiO2 powder obtained under exactly the same conditions 

as those used to fabricate the optimized coating. The powder was obtained from the gel 

that was used to spin-coat the substrates. The gel was dried and sintered using the same 

heating ramp employed to sinter the optimized coatings. Powder instead of the actual 

coating was used because the low thickness of the coating and the high roughness of the 

substrate produced erratic results during the X-ray diffraction measurements.  

Topographical information about the coatings, namely surface continuity, coating 

quality, pore size, pore direction, and coating thickness were obtained by Scanning 

Electron Microscopy (SEM). The microscope (FEI Quanta 600, ThermoFisher Scientific, 

USA) was operated at 30 keV potential, smallest aperture, and spot size 3 nm. Since TiO2 

is a semiconductor material, no additional coating for SEM was needed to prevent 

charging.  

The complete removal of Pluronic P123 from the coating was verified via Energy 

Dispersive Spectroscopy (EDS) (Quanta 200 with Xflash6, Bruker, USA).  

The areal porosity of the coatings was estimated via areal image analysis of the SEM 

micrographs. The micrographs of the top of the coatings were analyzed using ImageJ 

software (Public domain, National Institute of Health, USA) with -144 brightness and 

0.117 threshold values. Each micrograph was imaged with the same horizontal field width 
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(HFW 1.71 micrometers) to maintain consistency in the data analysis. We assumed that on 

the surface level, the areal porosity observed corresponds to cylindrically shaped, vertical 

pores, and that the total area of the top circular daces of those cylinders is directly 

proportional to the total volume of pores (Vvoids) along the lateral surface (Vcoating). 

Equation (4.3) was used to estimate the areal porosity: 

T =
∑UVW'XY

UZW[\']^_Y	\W\[`
∗ 100% =

∑cJ=5X[d)
cJ=5\W\[`

∗ 100% 

(4.3) 
where Areadark corresponds to the area of each pore observed on the SEM image and 

Areatotal corresponds to the total area of the top view image analyzed. 

The roughness of the coatings’ surfaces was evaluated using two methods: (1) an 

atomic force microscope (Innova, Bruker, USA) using a silicon probe (ACTA 50, 

AppNano, USA) in tapping mode, 2.0 µm of scan range, at 1.0 Hz scan speed, and an (2) 

optical profilometer (Wyko NT 9100, Veeco Instruments, USA) using high definition 

vertical scanning interferometry for samples that exhibited high roughness.  

After coating the substrate, the hydrophobicity of the coatings was evaluated using a 

standard goniometer (200-F4, Ramé-Hart, USA). 

Bulk hardness was assessed by means of pencil hardness test. The test consists of 

making straight lines on the coating using pencils of decreasing hardness. This operation 

is performed using a special pencil holder of mass 500 g. The mass holds a pencil at a 45° 

angle to the surface of the substrate and is scooted across the substrate against the grain of 

the film. The coating is examined under magnification 40x to determine whether the film 

has been scratched. The result of the test comes when a pencil lead that is not able to scratch 

the coating is found. The hardness is then expressed in terms of a scale that ranges from 
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6B (the softest), 5B, 4B, etc. to 6H (the hardest), 5H, etc. The scale has intermediate values 

designated as HB and F, which gives a total of 14 hardness values. This method is based 

on the standard ASTM D 3363-05228. 

 
4.2.9. Mechanical Characterization of the Coatings 

Elastic modulus and hardness of the optimized AMCs were tested by nanoindentation 

(G200, Agilent, USA) with a Berkovich diamond tip (Micro Star Technologies, USA). 

Each test consisted of a series of 10 loading and unloading steps and a maximum load of 

196 mN. The modulus and hardness were evaluated at each unloading step using the 

standard Oliver-Pharr method229. Each coating surface was sampled in 25 locations. 

 
4.3. Results and Discussion  

4.3.1. Screening of Factors Experiment 

The photocatalytic activity of the coatings fabricated for the eight runs of the 

screening experiment was assessed and averaged for the three replications of each run. The 

average fading speeds are listed in Table 4.1. The experimental responses (fading speeds) 

and the experimental levels of the eight runs, also listed in Table 4.1, were analyzed using 

a computer program (Minitab 18, Minitab, USA). It resulted that aging time and sintering 

temperature were the only factors that significantly affected the values of fading speed 

obtained, with a 95% level of confidence. The three factors and their combinations also 

affected the fading speeds, but their contributions were not statistically significant, 

according to the analysis.  

The outcomes of the screening of factors experiments can be better visualized in a 

graphical form, as in Figure 4.2. This figure is a plot of the methylene blue concentration 
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as a function of time. The higher the fading speed observed, the steeper the curve obtained. 

It can be observed from the plot that the screening of factors experiments gave a good clue 

about the combination of parameters to obtain a coating with the highest fading speed 

within the experimental range, namely Run 6.  

 

 
Figure 4.2. Overall fading test comparison from the screening of factors experiments’ coatings. The coatings 
obtained from the eight combination of fabrication parameters were tested for photocatalytic activity at 
regular periods. C is the methylene blue concentration at time t, C0 is the initial concentration of methylene 
blue at time t=0. Error bars are standard deviations from a set of 3 measurements.  

The screening of factors experiments also gave good insight into the macro and 

microstructures that can be achieved within the experimental range tested. Figure 4.3 

compares the macro and microstructure of three out of eight coatings from the screening 

experiment. The micrographs show that the coatings’ structures range from completely 

cracked to high quality coatings, and from completely sintered to highly porous coatings.  
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Figure 4.3. Macrostructure and microstructure by SEM of TiO2 coatings from three different runs. The macro 
and microstructure of the coatings is influenced by all the synthetic factors but especially by the sintering 
temperature. 

The relation between the porosity observed in the SEM images and the fading speed 

measured for each of the eight coatings was explored. For this purpose, a plot of fading 

speed as function of porosity was prepared (Figure 4.4).  It was found that porosity was 

linearly correlated to fading speed. The highest values of fading speed corresponded to the 

highest values of areal porosity, belonging to Run 6 and Run 8. The opposite trend was 

observed for coatings with no pore microstructure, for which some of the lowest fading 
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speeds were recorded, corresponding to Run 5 and Run 7. Although important, porosity 

was not indispensable for achieving photocatalytic activity, since even nonporous coatings 

exhibit fading action, just not as much as porous coatings, which agrees with previous 

studies230. 

Regarding the pencil hardness, Run 1 and Run 2 had structures plagued with cracks, 

so their pencil hardness could not be determined, exposing the negative effects of 

irregularities of the coatings on the pencil hardness assessment and the limitations of the 

technique. In the pencil hardness test, the pencil’s tip that did not damage the coating is 

identified, which implied that the coatings were supposed to be continuous and uniform. 

Since these characteristics were not attained by the Run 1 and 2 coatings, their values could 

not be assessed. On the other hand, it seems that the type of protocol influenced the 

hardness of the rest of the coatings. 

 
Figure 4.4. Fading speed is positively correlated to nanoscale porosity, which, in turn, is influenced by the 
sintering temperature. Error bars are standard deviations from a set of 5 measurements.  
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4.3.2. Mathematical Model Experiment and Photocatalytic Activity Optimization 

After aging time and sintering temperature were screened as significant factors, 

they were used to run a second round of experiments, this time to determine a mathematical 

model, which in turn, was used to find a coating with optimized photocatalytic activity. 

The experiment used to find the mathematical model and the corresponding photocatalytic 

activities are shown in Table 4.2. The fading speed results together with the values of the 

experimental levels were analyzed using statistical software. The mathematical model, its 

parameters, its absence of lack of fit, and its R2 value are summarized in Table 4.3. The 

mathematical model is expressed using Equation (4.4). All these parameters indicated that 

the mathematical model is adequate.  

Fading	speed	[M min⁄ ] = 4.548E − 9 − 0.329E − 9(tvwxyw) − 1.021E − 9ztvwxyw{
,
− 1.701(T~xy�ÄÅxyw),       

(4.4) 

From the graphical representation of the mathematical model, it can be observed 

that a certain combination of sintering temperature and aging time gives an optimum 

(maximum) fading speed, this combination was found to be 223 hours of aging time, 507 

°C of sintering temperature, and an expected fading speed of 4.6×10-9 M/min.  
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Table 4.3. The second-order rotatable design of experiments yielded a quadratic mathematical model whose 
main parameters are summarized in this table. 

Coded coefficients (dimensionless) Optimization results 
Term Coefficient P-value taging, hours 223 

Constant 4.548 0.000 Tsintering, °C 507 
A, aging time -0.329 0.001 Maximum fading speed, M/min 4.39×10-9 
B, sintering 
temperature  

0.121 0.102 Graphical representation 

AA -1.021 0.000 

The shape and position of the optimum conditions to reach 
the maximum fading speed can be better visualized by 
means of this surface plot of fading speed as a function of 
aging time (taging) and sintering temperature (Tsintering). 

BB -1.701 0.000 
AB -0.151 0.241 

Fit 
R2 97% - 
Lack of fit - 0.242 

Mathematical model with significant coded 
coefficients only 

 
 
 
Fading	speed = 4.548E − 0.329E(Hvwxyw) −

1.021ztvwxyw{
,
− 1.701(Ç~xy�ÄÅxyw),       

 
 
 
4.3.3. Coating’s Characterization 

Once the synthetic factors maximizing the photocatalytic activity were determined, 

they were used to fabricate a set of coatings whose properties were determined and listed 

in Table 4.4. Additional micrographs from the coatings were taken (Figure 4.6). XRD 

analysis was performed on TiO2 powder, which was obtained following the same procedure 

used to fabricate the optimized coating. The analysis confirmed that the TiO2 resulting 

phase was anatase231. Contact angles were measured under two different conditions: UV 

light and no UV light. For the former case, water contact angle was found to be 78°; for 

the latter, 61°. These values are consistent with a previous publication on TiO2 coatings221. 

Regarding the coating’s surface topography, the optimized coating showed peaks and pores 

of irregular shapes and sizes corresponding to an average roughness (Ra) of 30 nm. 

Composition analysis showed complete removal of P123 from the matrix of the AMC after 



104 
 

the sintering process at 507 °C. the only two elements forming the coating were titanium 

and oxygen. Finally, it can be observed that the actual photocatalytic activity measured by 

the fading test (4.31×10-9 M/min) matched the photocatalytic activity predicted by the 

mathematical model (4.39×10-9), confirming that the mathematical model was adequate.  

 
Table 4.4. Properties of the photocatalytic-optimized coatings on stainless steel 2B finishing. 

Property Value 
Crystal structure Anatase 
Nanostructure orientation Rhombohedral105 
Pencil hardness 2B 
Photocatalytic activity, M/min 4.31 ± 0.6931×10-9 
Photocatalytic efficiency, % 6.4 ± 1×10-3 

Porosity 50 ± 3% 
Pore size, nm 76 ± 15 
Average roughness, Ra, nm 30 ± 6 
Thickness, nm 647 ± 52 
Water contact angle natural light, degree 60.6 ± 1.2 
Water contact angle with UV light, degree 78.0 ± 6.0 

 
 

The micrographs of the photocatalytically-optimized coating showed it as a 

continuous, even, porous, and good quality coating. No macroscopic or microscopic cracks 

were observed (see Figure 4.6). The grain size appeared to be around 5 µm. The porous 

nanostructure resembled that obtained from the coatings of Run 6 and Run 8 of the 

screening of factors experiment, but in the present case the structure seemed coarser. Since 

the spin coater used to produce the coatings in the present work was provided with a simple 

dosing system to dispense the gel, the coating’s thickness varied across the substrate. The 

thicker zones were located around the center, while the thinner portions were found in the 

intermediate region between the center and the perimeter of the substrate. This thickness 

behavior is typical for spin-coated materials when an automatic gel dosing system is not 

employed11. The thickness of the coating in the intermediate region was around 690 nm. It 

is important to notice that the surface macroscopic features observed in the micrograph in 
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Figure 4.6A) are due to the substrate’s surface, namely 2B finishing stainless steel. It can 

be observed that the coating adapted its shape to the striations, crevices, and defects from 

the stainless steel substrate.   

The complete removal of surfactant, solvents (water and ethanol), and catalyst 

(hydrochloric acid) after the sintering step was verified by energy-dispersive X-ray 

spectroscopy (see Figure 4.5). Titanium and oxygen were detected at low energies, close 

to the coating’s surface, while the intensities of the peaks for iron, chromium, nickel, and 

manganese (the stainless steel main components) increased at medium-level energies, 

targeting the stainless steel substrate. 

 
Figure 4.5. Optimized coating’s energy-dispersive X-ray spectra. Observe the presence of the main 
components of the coating (titanium and oxygen) and the substrate (stainless steel). 
 
 
4.3.4. Coating’s Mechanical Characterization 

Table 4.5 lists the three mechanical properties that were assessed via nanoindentation 

on the photocatalytically-optimized coating. The nanoindentation tests and wear 

assessment were evaluated on photocatalytic-optimized coatings deposited on stainless 

steel with mirror-like finishing. The surface roughness of TiO2 coatings deposited on 

stainless steel substrates with 2B finish created erratic mechanical measurements because 

of inconsistent contact area between the indenter tip and the rough substrate. The hardness 
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for the photocatalytically-optimized coating here presented was 2.6 GPa, which is 

comparable to 1.0 GPa for a TiO2 anatase coating by electrophoretic deposition165, and 7.9 

GPa for a nonporous TiO2 anatase coating obtained by sol-gel process at 500 °C of sintering 

temperature164. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Photocatalytically-optimized coating’s topographic features. A) Macrostructure of the coating, 
B) Grain of the coating, C) Nano-scale structure of the coating. D) Coating thickness: ~690 nm. 

 

The Young’s modulus for the photocatalytically-optimized coating reported in this 

work is 175 GPa. The TiO2 coating by electrophoretic deposition165 had a Young’s 

modulus of 108 GPa, while the sol-gel coating sintered at 500 °C showed a Young’s 

modulus of 176 GPa111. Although the photocatalytically-optimized coating is softer than 

A) B) 

C) D) 
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the nonporous sol-gel coating sintered at 500 °C, their Young’s moduli are almost the same, 

meaning that the critical strain of the coating reported here is smaller than the nonporous 

TiO2 coating.  

The photocatalytically-optimized coating exhibited irregular surface (30 nm average 

roughness, Ra) and conical pores. A typical pore, shown in Figure 4.7, is approximately 

100 nm diameter, resembling the pore size determined from SEM micrographs (76±15 

nm). There is general agreement that surface roughness influences the ability of bacteria to 

adhere surfaces. However, whether certain values of roughness and surface’s patterns 

promote or prevent bacterial adhesion is matter of controversy. For example, Lüdecke and 

coworkers argue that on the nanometer scale, adhesion is reduced with increasing 

nanoroughness (~ ~6 nm), but the opposite effect is observed with microroughness (>1 

µm)45. On the other hand, Whitehead and coworkers indicate that attachment is 

microorganism-specific and not related to the surfaces’ average roughness46. The 

roughness of the coating presented in this paper belong to the nanoroughness scale, and 

therefore, may prevent bacterial adhesion.  

 
Figure 4.7. Photocatalytically-optimized coating’s surface profile by AFM. Observe that in addition to 
pores, the AMC also exhibits peaks of different heights. 
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Figure 4.8 presents the wear resistance for two repetitions of the photocatalytically-

optimized coating obtained via nanoindentation. A sapphire spherical tip was conducted 

uniform wear cycles across the coating with a wear path of 100 µm, a constant load of 50 

mN, and a velocity of 50 µm/s. These conditions allowed the indenter’s tip to penetrate 

into the coating after the first cycle. When the first wear cycle was completed, an average 

plastic deformation of 10 nm was observed. The local minima in wear displacement of 402 

nm was observed at the 15th cycle. The cyclic behavior of the wear displacement may be 

interpreted as an artifact originating from the accumulation of the coating material on the 

tip surface or within the wear path itself: after several wear cycles, the coating’s material 

accumulated into the tip and then, some of this material was removed after subsequent 

cycles, starting the accumulation process again. This cyclic accumulation process could 

explain the positive (upwards) and the negative (downwards) displacements observed in 

Figure 4.8 as well as the increasing size of the error bars.  

 

Figure 4.8. Nano-wear experiment on photocatalytically-optimized catalyst. The cyclic behavior observed 
could be explained do to TiO2 accumulation on the tip used to perform the scratch across the photocatalyst’s 
surface. Error bars are standard deviations from a set of 25 measurements.  
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Figure 4.9 reveals some details to help understand what is occurring during the wear 

cycles. Along its path, the wear scratch crosses several substrate’s striae; these striae come 

from the process from which the stainless steel was fabricated. As the nanoindenter’s tip is 

dragged over the coating’s surface, which has adapted its topography to the substrate, the 

wear of the coating and then the wear of the underlying substrate at greater wear cycles are 

observed. If there is loose debris in the wear path, then that could account for the large 

error bars. The loose debris could reorient after each path, while producing a general trend 

of substrate wear underneath the debris. In addition to the striae of the substrate, the 

coating’s irregularities also influence the erratic behavior of the indenter’s tip. For 

example, it can be observed that the scratch lost its regular shape when cutting a fissure 

perpendicularly. The fissure caused the TiO2 to enter the scratch. The presence of loose 

material and its subsequent accumulation at the interior of the scratch could be the reason 

of the continuous increasing in size of the error bars depicted in Figure 4.8.  

 

Figure 4.9.  SEM images showing details from the scratches performed via nanoindentation using a spherical 
diamond tip. Observe the irregularities along the scratch path and the accumulation of worn material at the 
interior of the scratch. 
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For cleaning in place systems (CIP), little mechanical stress is generated on the FCS 

since rinsing with hot water and detergents are the main features of such systems. 

Therefore, AMCs with low wear values are good enough. The same is not true for FCS 

sanitized via ice pigging or ice blasting, in which high shear stress is produced between the 

FCS and the blasting particles, and therefore, AMCs with low wear values are not 

convenient. The exact wear quantitative parameters needed for CIP systems and ice pigging 

are pending issues that need to be researched. 

 
Table 4.5. Photocatalytically-optimized coating’s mechanical properties using 2B finishing stainless steel as 
substrate. 

Property  Value 
Hardness at 200 mN 2.57 ± 0.19 GPa 
Wear at 15 cycles 400 nm 
Young’s modulus at 200 mN 175 ± 10 GPa  

 
 
4.3.5. Comparison of the Photocatalytic Activity with Values Reported in the 

Literature 

Table 4.6 compares between photocatalytic activities values of a couple of previously 

reported TiO2 coatings and our photocatalytically-optimized coating. The coatings were 

tested under similar conditions. The first comparator, a coating developed by Sangpour and 

coworkers232, greatly increased the photodecomposition of methylene blue from 0.072 

ppm/hour to 0.576 ppm doping TiO2 coatings with Au and Cu nanoparticles. The second 

comparator, a coating developed by Lilja and coworkers230 using vapor deposition showed 

2.82×10-9 M/min of fading speed for the synthetic dye Rhodamine B.  
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Table 4.6. Comparison between photocatalytic activities previously reported for similar experiments and the 
photocatalytic activity obtained in this work.  

Photo catalyst Light source Compound target  Photocatalytic activity 
M/min ppm/hour 

TiO2 anatase 6 Watts, 365 nm Methylene blue 4.31×10-9 0.083 
Cu loaded TiO2 
anatase 

 

6 Watts, 254 nm Methylene blue - 0.58 

TiO2 mainly anatase 
with minor amounts 
of rutile 

6.7 mWatt/cm2, 
365 nm 

Rhodamine B 2.82×10-9 a  - 

a Calculated at time t=180 minutes based on the information published: B(H) = B$=É)\, where C0=5 micromolar, 
k=5.63E-4 min-1. 

 
 
4.3.6. Local Optimum 

The screening of factors experiment suggests that the photocatalytic activity of the 

coating from Run 8 is a local optimum located around the fabrication parameters Protocol 

2, Ti:EO 0.5 ratio, 1 hour aging, 2000 rpm spinning speed, and 400 °C sintering 

temperature. This possibility was explored, and an additional batch of coatings was 

fabricated around the local optimum. The fading speed for these coatings was 3.79×10-9 ± 

0.265 M/min, being lower than the fading speed for the screening of synthetic factors 

experiment, namely, 4.48×10-9 ± 0.233 M/min, suggesting that the synthetic factors for this 

local optimum are located far from the global optimum. 

 
4.4. Concluding Remarks 

TiO2’s photocatalytic activity is directly related to its antimicrobial activity. 

Therefore, research can be directed to optimize the antimicrobial activity of coatings by 

means of maximization of the photocatalytic activity, measured as fading speed or 

photocatalytic efficiency.  
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It was found that the coating’s microstructure is directly related to the coating’s 

photocatalytic activity. It was demonstrated that the sintering temperature and the aging 

time significantly influence the final microstructure exhibited by the coatings. 

Nine days aging time and 507 °C sintering temperature yielded a coating with the 

highest photocatalytic activity within the experimental range evaluated. This combination 

of conditions was found by varying only the statistically significant synthetic parameters, 

aging time and sintering temperature, and developing a second order mathematical model 

from experimental measurements.  

Finally, a photocatalytic activity local optimum was located that, regarding its 

shorter aging time, stands as a promising candidate regarding industrial applications for 

which time-saving fabrication solutions are highly valuable. 
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CHAPTER 5 

5. PHOTOCATALYTICALLY AND MECHANICALLY 

OPTIMIZED ANTIMICROBIAL COATING FOR FOOD 

CONTACT SURFACES 

 
The bulk of this chapter is intended to be submitted for publication to the Journal of 

Materials Science & Technology. The authors of that manuscript are Eduardo Torres 

Domínguez, Miki Hodel, Heather K. Hunt, Azlin Mustapha, and Matt Maschmann of the 

University of Missouri. 

 
5.1. Introduction  
 
 
5.1.1. Multiple Response Optimization  

In Chapter 4, an AMC with optimized photocatalytic action was fabricated and 

characterized. The maximization of photocatalytic activity was set as the main target of the 

investigation since this property is linearly related to the ability of the coating to kill 

bacteria, which in turn, is the coating’s main functionality. However, as was stated in 

Chapter 3, in addition to antimicrobial action, AMCs for FCSs must meet other regulatory 

specifications related to their durability and chemical stability. Therefore, the quality or 

desirability of AMCs cannot be simplified to only the goodness of a single attribute, the 

photocatalytic activity, in this case. 

Desirable AMCs should be optimized in more than one parameter, although it is 

expected that all the parameters cannot be optimized simultaneously in a single coating. 

Therefore, it is necessary to make trade-offs between different objectives. These trade-offs 
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are evaluated differently depending on the decision-maker, the specific regulatory 

restrictions that need to be met, and the FCS environment.   

There are some strategies for optimizing based on multiple objectives that provide the 

means of considering the experimenter’s priorities and restrictions. Some strategies for 

multiple response optimization are224: overlaying contour plots, constrained optimization, 

desirability functions, and Pareto front optimization. Of these strategies, overlaying 

contour plots is well-suited for the purpose of this dissertation because is a relatively 

straightforward approach to optimizing responses that are functions of a few factors 

(independent variables or process variables).  

A contour plot is a two-dimensional (sometimes three-dimensional) graphical 

representation connecting all points that have the same response value. These points form 

lines of constant response. In the overlaying contour plots approach, the surface for each 

response is determined separately. Then, the contour plots corresponding to each response 

surface are overlapped to find the region or regions representing a number of combinations 

of conditions that result in a satisfactory process, the AMC in this case. The researcher 

visually examines the contour plot to determine appropriate operating conditions and 

choose the region that best fits the needs given other practical considerations. This 

approach, although simple, has two disadvantages: when there are more than three design 

variables, overlaying contour plots becomes difficult, because the plot is a two-dimensional 

representation; and the individual contour plots need to have the same axes scale and units 

in order to be overlapped. When these requirements cannot be met, desirability functions 

optimization should be used instead224. 

 



115 
 

 

5.1.2. Nanoindentation  

AMCs must comply with several legal requirements regarding their material of 

construction, durability, innocuity, and compatibility with other cross-contamination 

preventive methods. Refer to Table 3.2 for a complete listing of mechanical requirements. 

Each legal requirement can be translated into several technical terms that can be further 

subdivided according to the experimental parameter that is measured to quantify them. For 

example, AMCs’ legal requirement that they “withstand cleaning” can be expressed in 

terms of abrasion, adhesion, hardness, and fracture toughness. These properties, in turn, 

can be measured at least with one of the following techniques: the Taber test, the crosscut 

test, the pencil hardness test, the rubbing test, and nanoindentation16.  

 From the different methods available for mechanical property determination, 

nanoindentation is very convenient when handling thin coatings. Nanoindentation is a 

method that consists of penetrating a material whose hardness and elastic modulus are 

unknown with a tip whose properties are known. The penetration (also known as 

displacement) is achieved by applying a known load on the sample via the nanoindenter’s 

tip. In nanoindentation testing, the contact area between the tested material and the 

indenter’s tip at full load is measured indirectly by measuring the depth of the penetration 

of the indenter into the specimen’s surface. In conventional indentation, handling 

penetration measured in millimeters, the contact area is measured directly from the size of 

the impression left by the indenter’s tip on the tested material233.  

 Nanoindentation is useful to calculate both the hardness and the elastic modulus of 

the AMC. For this purpose, the load-displacement response is recorded when the 
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nanoindenter’s tip is placed into contact with the flat surface of the AMC with a steadily 

increasing load. A graphic representation of this response at each load increment is shown 

in Figure 5.1. The indentation cycle starts with an initial elastic contact between the 

nanoindenter’s tip and the AMC. Then, the load is increased continuously reaching plastic 

flow, or yield, within the sample. Once the maximum load is achieved (whose value is set 

regarding the coating thickness), load is then reduced to zero, completing the indentation 

cycle. If yield has occurred, the load-displacement curve follows a different path and a 

permanent impression is left on the AMC. Sample’s hardness and elastic modulus are 

determined from the maximum dept of penetration for a particular load, together with the 

slope of the unloading curve at maximum load, respectively, see Figure 5.1 for details.  

 

Figure 5.1. The nanoindentation process stages can be represented by means of a load versus displacement 
depth graph. The initial load, the maximum load, and the physical dimensions required for hardness and 
elastic modulus determination are shown for the specific case of conic indenter. The physical meaning of the 
letters and sub-indexes are shown in the left side of the figure.  
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 Nanoindentation can be performed using different type of tips made of diamond: 

sphere, Berkovich, Vickers, Knoop, cube corner, cylinder, and cone. Each tip has specific 

geometry and application. For example, the cylinder punch is used for theoretical 

determinations but is not very useful for practical applications. The sphere tip is useful for 

scratching tests and soft materials; the Berkovich tip is used in small-scale indentation 

studies. The Knoop tip finds application in creep determinations. Each tip has its own 

projected area, conforming angles, and geometry correction factors. Importantly, standard 

nanoindenters’ tips are built with specific geometries that allow geometrically similarity 

between them. For more details on these topics refer to Fischer-Cripps’s book233. 

 In nanoindentation, the size of the contact area under full load is determined from 

the depth of penetration of the nanoindenter’s tip into the AMC. The area is calculated 

during the elastic recovery of the unloading step of the nanoindentation process. There are 

specific equations to calculate the contact area under full load for each tip type. However, 

these equations are correct for perfect tips only. Since real tips are not perfect but rather 

irregular, in practice, an experimental curve must be built for each tip. For this purpose, 

independent measurements of the tip geometry and the area of the indents left behind on a 

standard material using atomic force microscopy or scanning electron microscopy are 

performed and recorded against penetration depth (corrected also for other factors). Data 

is then fitted by regression to provide a mathematical model, known as the area function, 

relating tip’s penetration depth and actual contact area. This curve is also useful to consider 

the fact that tip’s real area approaches the tip’s ideal area as penetration depth increases.  

 Using the ideas mentioned above, the hardness H of an AMC, determined by 

nanoindentation, is defined as the mean contact load at fully developed plastic zone 
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conditions (full load) divided by the indenter’s tip contact area at full contact, as shown in 

Equation (5.1): 

Hardness = Ü =
mean	contact	load
tip	contact	area

=
T

c(ℎ)
 

(5.1) 

where P is the load in pressure units and A(h) is the value of the area function in area units 

calculated at depth h. Similarly, the elastic modulus determined by indentation is defined 

as the ratio of the change in load to change in penetration depth (the slope of the unloading 

curve measured at the tangent to the data point at maximum load) divided by the radius of 

circle of contact, as stated in Equation (5.2): 

Elastic	modulus = å =
change	in	load	

change	in	displacement
×

1
tip	contact	radius

=
6T
6ℎ

1
5

 

 

(5.2) 

where dP/dh is the derivative of the load P in pressure units with respect to penetration 

displacement (or depth) h in length units and a is the radius of circle of contact whose value 

is determined from the value of the area function calculated at depth h.  

 In addition to hardness and elastic modulus, load-displacement curves offer 

valuable insight on different material’s responses and properties. For example, overlapped 

curves for the loading and unloading steps indicate the solid is elastic; a jump in the 

unloading portion of the unloading curve indicates a pressure induced phase change, while 

a jump in the loading curve signals a pop-in event; a steep unloading curve means creep 

when the test sample is a polymer. For additional curve interpretations, refer to Fischer-

Cripps’ work233. 
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 As can be noticed, penetration depth and load are the most important parameters 

recorded during nanoindentation testing. Since load is controlled and measured directly by 

the nanoindenter while the contact area is determined indirectly by means of the penetration 

depth, considerable efforts have been posed to assure that penetration depth is accurately 

determined during nanoindentation testing under real conditions. Errors associated with 

this measurement come from offsets in depth measurements, changes in environmental 

factors, irregularities in the shape of the indenter, indentation size effects, and piling-up 

and sinking-in of the sample’s material around the tip. Additional factors affecting 

nanoindentation measurements are233: thermal drift, initial penetration depth, instrument 

compliance, indenter geometry, surface roughness, tip rounding, residual stresses, and 

specimen preparation.  

 An additional important factor has to be considered when dealing with thin AMC: 

the maximum penetration depth. Since thin coatings are assessed by nanoindentation 

keeping the coatings attached to their substrates, a difficulty arises, namely measuring 

AMCs’ hardness and elastic modulus avoiding unintentionally probing the properties of 

the substrate. To surpass this difficulty for the elastic modulus case, a series of tests with a 

conical or pyramidal tip is performed. The elastic modulus is measured at different 

penetration depths and is called effective or combined elastic modulus Eeff because it 

includes the coating and the substrate elastic moduli. A plot of effective elastic modulus as 

a function of contact radius/coating thickness (a/t) is constructed. The curve obtained in 

this way is extrapolated to a/t = 0, which gives the value of the effective elastic modulus. 

The coating’s elastic modulus Ec is found from Equation (5.3): 

åéèè = åY + (åZ − åY)êW 
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(5.3) 

where Es is the elastic modulus of the substrate (determined by nanoindentation from the 

substrate with no coating) and Io is a function of the ratio a/t as shown in Equation (5.4): 

 

êW =
2
ë
tanÉ+

H
5

 

(5.4) 
 
Io is a weighting function that approaches zero as the coating thickness approaches zero 

and equals one for large values of coating thickness.  

 Finally, to avoid probing substrate’s hardness while trying to measure that of the 

coating, hardness assessment of coatings on substrates is usually performed restricting the 

maximum depth of penetration in a test no more than 10% of the coating thickness. This 

conventional rule is generally accepted because the current lack of rigorous relationships 

between the effective hardness and the sample’s hardness233.  

 
5.2. Materials and Methods 
 
5.2.1. Design of Experiments 
 

We performed, sequentially, the following experiments in order to balance 

photocatalytic activity, hardness, and elastic modulus in one single TiO2 antimicrobial 

coating: a screening of factors experiment, followed by empirical trend building, followed 

by the determination of optimal fabrication conditions, and finally, the confirmation of the 

attained responses. The design of experiment employed in this step of the research project 

was similar to that described in the previous chapter, in which only the photocatalytic 

activity was maximized. The synthetic factors to fabricate the AMC and their 
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corresponding levels of variation were the same as those used in the previous chapter and 

are listed in Table 5.1 and presented graphically in Figure 5.2. 

 

Figure 5.2. Design of experiments overview. Three sequential set of experiments were performed with 
varying number of samples and different independent variables. 

 
Following the combinations of the synthetic factors listed in Table 5.1, eight different 

coatings were obtained, and their changes in hardness and elastic modulus were measured 

by nanoindentation. The data obtained from the full, two-factor experiment was then 

analyzed using the design of experiment tools of a statistical software (Minitab 18, Minitab, 

USA). This analysis allowed the identification of the synthetic factors that significantly 

affected hardness and elastic modulus. 

Then, a second set of experiments was performed to establish empirical trends 

describing the relationships between sintering temperature, and the coatings’ hardness and 

elastic modulus. The second set of experiments consisted of preparing seven different 

coatings with varying values of sintering temperature and following the synthetic factor 

combinations shown in Table 5.2.  The experimental points obtained this way were used 

to build trends which were subsequently used to prepare a third set of coatings for 

confirmation of the optimization of hardness, elastic modulus, and photocatalytic activity. 

 

Screening of 
factors

Eight coating 
samples varying five 

different factors

Trend 
determination
Seven coating 

samples varying 
sintering 

temperature

Experimental 
confirmation

One coating sample 
with optimized 

activity and 
balanced hardness 

and elastic modulus 
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Table 5.1. Full, 2-factorial design of experiment for screening the significant synthetic factors in order to 
identify those that affect the hardness and elastic modulus of the resulting TiO2 coatings. 

Run 

Synthetic factors 
Coating 

thickness, 
nm 

Responses Crystallite 
size, nm 

Protocol Ti:EO1 t aging, 
hrs 

rpm 
T sintering, 

ᵒC 
Hardness, 

GPa 

Elastic 
modulus, 

Gpa 
1 1 1.2 1 6000 400 608 ± 33 0.527 ± 0.02 39.9 ± 2.8 15.54 

2 1 1.2 1 2000 600 688 ± 51 1.28 ± 0.21 118 ± 7 18.32 

3 1 0.5 240 6000 400 905 ± 82 0.394 ± 0.18 60.6 ± 7.9 18.32 

4 1 0.5 240 2000 600 1103 ± 94 1.03 ± 0.26 171 ± 3 16.70 

5 2 1.2 240 6000 600 1156 ± 122 4.27 ± 0.45 188 ± 23 24.15 

6 2 1.2 240 2000 400 1750 ± 198 2.66 ± 0.21 168 ± 9 17.71 

7 2 0.5 1 6000 600 825 ± 76 5.32 ± 0.61 221 ± 26 19.95 

8 2 0.5 1 2000 400 854 ± 84 2.48 ± 0.21 153 ± 14 22.68 
1 Surfactant micelle diagrams are expressed in terms of ratios (Ti:EO) of titanium atoms in solution to 
ethylene oxide groups in solution, therefore, this parameter was chosen as a synthetic factor105,108.  

Table 5.2. A second-order, rotatable design with sintering temperature as the single factor affecting hardness 
and elastic modulus as experimental responses. 

Run 
Number 

Synthetic factors Coating 
thickness, 

nm 

Responses 

Protocol Ti:EO1 t aging, 
hrs 

rpm T sintering, 
ᵒC 

Hardness, 
GPa 

Elastic modulus, 
GPa 

1 2 1.2 1 2000 400 988 ± 11 2.52 ± 0.10 112 ± 8 
2 2 1.2 1 2000 600 1005 ± 8 4.11 ± 0.38 155 ± 8 
3 2 1.2 1 2000 360 1102 ± 10 2.22 ± 0.13 72 ± 5 
4 2 1.2 1 2000 640 1021 ± 13 3.92 ± 0.30 159 ± 5 
5 2 1.2 1 2000 500 895 ± 18 3.10 ± 0.08 154 ± 15 
6 2 1.2 1 2000 500 1054 ± 14 3.16 ± 0.10 144 ± 10 
7 2 1.2 1 2000 500 1073 ± 12 2.77 ± 0.06 153 ± 12 

1 Surfactant micelle diagrams are expressed in terms of ratios (Ti:EO) of titanium atoms in solution to 
ethylene oxide groups in solution, therefore, this parameter was chosen as a synthetic factor 105,108. 

5.2.2. Coating fabrication 

TiO2 photocatalytic coatings were prepared using the sol-gel method following the 

same protocols described in the previous chapter. The coatings were deposited on coupons 

made of stainless steel with mirror-like finishing (AISI 304, finishing No. 8, 0.203 mm 
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thick, Ulbrich, USA). Because the coating fabrication procedures used in this step of the 

research were already described in the preceding chapter, they are not described here.  

5.2.3. Optimized-coating fabrication 

Once the synthetic factors that could potentially yield an optimal combination of 

photocatalytic activity and mechanical durability were determined, optimized coatings 

were prepared setting the following synthetic factors: 1.2 as the titanium to ethylene oxide 

ratio, 200 hour as the aging time, 2000 rpm as the spinning velocity, and 595 °C as the 

sintering temperature. Substrates with mirror-like finish were used.  

5.2.4. Coatings’ characterization 

For the first (screening of factors experiments) and the second (trend determination 

experiments) set of TiO2 coatings, hardness and elastic modulus were determined by 

nanoindentation, while coating thickness was measured using scanning electron 

microscopy (SEM). For the third set of coatings (optimized), thin film X-ray diffraction, 

nanoindentation wear, and antimicrobial activity were assessed in addition to hardness, 

elastic modulus, and coating thickness. 

a) Structural and quality analysis

Optimized-coatings’ structural and quality analysis were performed as follows.

TiO2 phase identification was conducted by thin film X-ray diffraction (XRD, Ultima IV, 

Rigaku, Japan) using a Cu K-α source, 0.1541 nm wavelength, 40 kV, 5-80° two theta, step 

size-0.02, at 2°/min. Microstructures and coatings’ thickness were observed by scanning 

electron microscopy (SEM, FEI Quanta 600, ThermoFisher Scientific, USA), the 

microscope was run at 30 keV potential, smallest aperture, and spot size 3 nm. No 
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additional coating or sample treatment for SEM was needed. For coatings’ thickness 

assessment, SEM was coupled with focus ion beam (Scios, ThermoFisher Scientific, USA) 

using gallium ions at 30 kV to carve vertically the coatings.  

 
b) Mechanical analysis 

 
Nanoindentation hardness and elastic modulus measurements of all coatings were 

assessed using a nanoindenter (G200, Agilent, USA) equipped with a Berkovich diamond 

tip (Micro Star Technologies, USA). The measurements consisted of 18 tests; each test 

provided data at 10 different depths at a maximum load of 200 mN. The results for hardness 

values were obtained at penetration depths equal or less than 10% of the total coatings’ 

thickness, as recommended by different authors233-235. The results for elastic modulus were 

obtained from the unloading curves from the tests used to determine hardness. 

 
c) Antimicrobial activity 

 
The optimized coating’s antimicrobial activity was assessed as follows. Firstly, 

coatings and bare stainless steel substrates were sterilized by autoclaving at 115 °C for 15 

minutes. Two coating samples and one stainless steel substrate were placed inside a sterile 

plastic petri dish lined with a sterile moist filter paper, as shown in Figure 5.3. 100 µm of 

108 CFU/mL freshly grown overnight culture of Escherichia coli OH:157 were evenly 

spread on the surface of the coatings and the bare stainless steel control, followed by air-

drying in a hood until completely dried (around 40 min). The control substrate and the 

photocatalytic coatings (named sample 1 and sample 2, respectively) were placed on a 

sterile glass cover slip (to avoid direct contact with the moist paper) facing upwards.  The 

plastic petri dish was covered with its lid and a 365 nm UV-A lamp (365 nm, 6 Watts, UVP 
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UVL-56, Analytikjena, USA) was turned on and placed over the petri dish, 10 cm above 

from the coatings’ surfaces, as shown in Figure 5.3. The entire set was incubated at 37 °C 

for different periods of time: 0, 3, 6, 12, and 24 hours. Another set of samples were 

identically prepared but incubated in the dark (no UV light or visible light allowed to reach 

the samples) at 37 °C, covering the entire petri dishes with aluminum foil to protect the 

samples from UV and visible light. After each period of time, all the coatings and the 

controls were soaked in 10 mL peptone water and vortexed for 2 minutes to detach the 

bacteria from the samples and to re-disperse them. The bacterial solutions were diluted 

accordingly and the bacteria concentration on each sample was investigated by the pour-

plate method using Tryptic Soy agar. After 24 hours of incubation at 37 °C, the number of 

colony forming units (CFU) was recorded as CFU/mL. 

 

 
Figure 5.3. Antimicrobial testing schematic drawing. Observe that inside each petri dish, a bare stainless 
steel substrate was kept as control for each petri dish, while a dark experiment used as a control for each 
experiment. 
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5.3. Results and discussion 
 

Nanoindentation was used to perform measurements on 8 different coating samples to 

compare their hardness and elastic modulus. This comparison was used to identify the most 

influential synthetic parameters, which then were varied in a more ample experimental 

range to establish mathematical relationships between the nanomechanical properties and 

the synthetic parameters. The difference in hardness and elastic modulus between coatings, 

measured by nanoindentation, was found to be influenced by coatings’ crystallite size and 

microstructure. 

 
 
5.3.1. Screening of synthetic factors 
 

a) Microstructure and crystal phase 
 

Figure 5.4 shows representative TiO2 coatings’ microstructures after different 

processing conditions according to the screening of factors experiments. Coatings 

belonging to protocol 1 produced, in general, finer structures than the coatings belonging 

to protocol 2. Coatings sintered at 600 °C showed fewer void spaces than those coatings 

sintered at 400 °C. Looking at protocol 1 coatings’ microstructure, the most porous coating, 

Run 1, was obtained at shorter aging time and lower sintering temperature, while the least 

porous coating, Run 2, was achieved at longer aging time and higher sintering temperature. 

Looking at protocol 2 coatings’ microstructure, the most porous, Run 8, was achieved at 

lower aging time and lower sintering temperature, while the least porous coating, Run 7, 

was obtained at longer aging time. The same can be said for the other two couple of 

coatings.  
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Figure 5.4. Representative coatings’ microstructure after treatments corresponding to the eight different runs 
of the screening of factors experiment. Structures varied from coarse to fine, and from porous to non-porous. 
All scale bars are 200 nm. 

 
The crystal phases resulting from the eight different treatment conditions were 

analyzed by thin film X-ray diffraction and the corresponding patterns are shown in Figure 

5.5. It can be observed from the intensities of the anatase (101), (004) and rutile (110) peaks 

that coatings from protocol 1 (Run 1 to Run 4) gave anatase as the predominant phase, 

while coatings prepared via protocol 2 (Run 5 to Run 8) produced mixtures of anatase and 

rutile phases. The effect of sintering temperature on the X-ray diffraction patterns of the 

coatings can be observed in the size of the rutile peak corresponding to the indices (101). 

The variations in sintering temperature at two levels, 400 and 600 °C, with their 

corresponding changes in crystal phases, have two important implications in the 

photocatalytic antimicrobial coating’s performance. First, the photocatalytic antimicrobial 

activity is affected by the relative proportions of anatase/rutile phases present in the coating 

as has been reported in the literature221. Anatase is considered the most photoactive phase 

Run 1 Run 2 Run 3 Run 4 

Run 5 Run 6 Run 7 Run 8 
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of TiO2, although the presence of small amount of rutile may enhance the photocatalytic 

activity236. Second, different relative proportions of anatase/rutile phases exhibit different 

hardness values, which in turn, yield coatings with varying degrees of relative mechanical 

resistance. Such differences have been explained in terms of crystal phase164 and grain 

size96.  

 

 
Figure 5.5. X-ray diffraction patterns comparison between coatings from the eight run’s treatments. The 
patterns follow trends that can be related to the type of protocol and the sintering temperature used to prepare 
them. 

 
b) Nanoindentation hardness and elastic modulus 

 
The main differences in hardness and elastic modulus values and the association with 

microstructure were explored on eight representative TiO2 coating samples. Figure 5.6 and 

Figure 5.7 show the hardness-displacement ratio (h/t) and the elastic modulus-

displacement ratio curves of the coatings obtained from the screening of factors 

experiment, respectively. It can be observed that hardness and elastic modulus values were 
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dependent of the penetration depth, h. Since each coating had different thickness, t, the 

displacement ratio (h/t) was a convenient way to show the experimental points. This 

dependency is typical of thin film measurements. During the indentation measurement, the 

strain-effected region extends beyond the tip in all directions. As the indenter tip penetrates 

deeper into the film, the underlying substrate experiences strain and contributes to the 

observed response. 

It can be readily observed from Figure 5.6 the differences between coatings’ hardness 

curves. Coatings made following protocol 1, showed lower hardness values than those 

prepared by protocol 2. All values, however, converged to the control’s (substrate made of 

bare stainless steel) hardness as the indentation tests were performed deeper into the 

samples, which set a limitation in the validity of the data obtained deeper than the 10% of 

the total coatings’ thickness233. Therefore, only those values corresponding to displacement 

ratios equal or lower than 0.1 were considered for further analysis. On this regard, the 

sample from Run 7 showed the highest hardness value, while Run 3 produced the softest 

coating. Run 7 produced a slightly larger crystallite size than Run 3’s crystallite. 

Considering Equation (5.5) an explanation for the difference in the observed hardness 

values could be given: 

 
í = IìÉ+/, 

(5.5) 

where s is the strength (yield stress) (Pa), k is the material specific Hall-Petch constant (Pa 

m1/2), and G is the grain size (m). Tensile strength correlates roughly linearly with 

indentation hardness for ceramic materials113 and therefore Equation (5.5) implies that 

smaller grains give harder materials. A grain may be composed by single or multiple 



130 
 

crystallites, for which we were ignorant in the present work. Either way, Run 3’s crystallite 

size is slightly larger than Run 7’s crystallite, which at a first sight might appear 

contradictory, since Run 7 sample was 10 times harder than Run 3 sample. It was not 

possible, therefore, to explain the difference in hardness by means of grain size. The 

difference in hardness values had to be attributed then to the Hall-Petch constant, which is 

material specific. This constant considers the material’s microstructural properties other 

than crystallite size, including, among others, the coating’s porosity. It is porosity that 

remarkably differs between coatings of Run 3 and Run 7, as was described in Chapter 4: 

38% and 0% respectively. Porosity not only correlated with photocatalytic activity, but 

also was directly correlated to the coatings’ hardness values. Similar reasoning can be 

applied for the rest of the curves corresponding to the remaining runs. 

 
Figure 5.6. Overall hardness values from the screening of synthetic factors experiment. Coatings of Run 7 
are the hardest, while coatings of Run 1 are the softest, when compared to the other runs. The displacement 
ratio (h/t) was used as a basis for comparison between samples. Error bars are standard deviations from a set 
of 25 measurements.  

Differences in the elastic modulus curves of the samples could also be observed in 

Figure 5.7, although less clearly. Coating samples derived from protocol 1 showed lower 
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elastic modulus values than those from protocol 2, the same as their hardness values did. 

Elastic modulus values converged to the control’s (bare stainless steel substrate) elastic 

modulus, although this convergence was not as clear as that observed for hardness. The 

indentations made on the eight samples were observed under a scanning electron 

microscope in search for excessive sink-in as the cause for the poor convergence of the 

elastic modulus values. The plastic deformation of material around the contact indentation, 

sink-in, causes the actual contact area to be smaller than that predicted by nanoindenter’s 

software, and therefore, elastic moduli are underestimated. In addition, the indents made 

on the coatings were also assessed by optical profilometry but excessive sink-in was no 

detected by either this technique or microscopy, as can be seen in Figure 5.8 and Figure 

5.9. Since both, hardness and elastic modulus values were determined from the same 

indentations and hardness values clearly converged while elastic modulus did not, the 

difference could be explained looking at Equation (5.6) and Equation (5.7), used to 

calculate hardness and elastic modulus, respectively: 

 

Ü =
T

24.5ℎï,
 

(5.6) 
 

where H is hardness (GPa), P is load (mN), and hp is Berkovich’s tip height (nm) in contact 

with the sample. For Equation (5.7): 

 

å =
6T
6ℎñ

√ë
ë5,

 

(5.7) 
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where E is the elastic modulus (GPa), a is Berkovich’s length side of the tip (nm) in contact 

with the sample, hp and P are the same as in Equation (5.6). The load and the tip’s height 

were the same for both calculations, however, for the elastic modulus calculation the 

changes in load and height were used instead of punctual values, as was the case for 

hardness, therefore, the poor convergence of the elastic modulus to the control’s values 

came from the ratio of change in load P in terms of indentation depth hp. This ratio of 

changes is dependent of the combined effects from surface roughness, densification, and 

substrate effects235. 

 
Figure 5.7. Overall nanoindentation elastic moduli at different displacement ratios (h/t) obtained from the 
screening experiment. Coatings from Run 7 and Run 1 showed higher and lower elastic moduli values, 
respectively, than the rest of the coatings. Error bars are standard deviations from a set of 25 measurements.  

Figure 5.7 shows that the highest elastic modulus value was achieved with the 

sample of Run 7, while the lowest value was obtained with the sample of Run 1. Overall, 

the trend observed for elastic modulus values is very similar to those for hardness: protocol 

1 gave higher values than protocol 2. This trend may be attributed to the same causes 

discussed for hardness, since, as can be seen in Equation (5.6) and Equation (5.7), these 

parameters depended on the same variables, namely load and penetration depth. The 
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remaining 6 samples showed intermediate elastic modulus values ranging between the 

extreme values found for samples of Run 1 and Run 7. 

Figure 5.8. Scanning electron micrographs of typical indents made on samples prepared for the screening of 
factors experiment. Although the coatings from the eight runs were subjected to the same final load, their 
indents’ sizes were not the same because each coating had different mechanical properties. Scale bars are 10 
µm in all images. 

The influence of the porosity during the hardness and elastic modulus assessments 

was also considered. As had been already reported in the literature for porous films 

assessed by nanoindentation, porous coatings show a cushion effect when indented, which 

allows the assessment of hardness and elastic modulus at levels below the sample’s surface 

as low as 0.20 of the total thickness235. However, this cushion effect is stronger when blunt 

tips are used (spherical tips), which was not the case in the present work, for which a 

Berkovich tip (pyramidal) was used. Therefore, considerable influence of the combined 

effects from surface roughness, densification, and substrate was observed, which could be 

corroborated considering the larger error bars of the curves of Figure 5.7 when compared 

to those of Figure 5.6. To surpass this inconvenience, only values of elastic modulus 

assessed up to 0.1 of displacement ratio were considered. 

Run 1 Run 2 Run 3 Run 4 

Run 5 Run 6 Run 7 Run 8 
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Numerical values of hardness and elastic modulus for the eight samples of the 

screening of factors experiment are listed in Table 5.1. These numbers are average values 

from the plateau region at the shallowest contact depth (h/t<0.1), to obtain substrate-

independent properties. 

Figure 5.9. Surface roughness profiles of the eight coatings prepared for the screening of factors experiments. 
The profiles showed that piling up was absent around the indents with exception of Run 4. It can also be 
observed that the coatings’ roughness is negligible in comparison to indents’ size. y-x axes are lengths in 
micrometers.  

Run 8 

Run 7 

Run 6 

Run 5 
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Run 3 

Run 2 

Run 1 
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5.3.2. Sintering temperature trend determination 
 

After analyzing the hardness and elastic moduli given in Table 5.1 following Lazic’s 

response surface methodology225, protocol type and sintering temperature were found 

statistically significant. Protocol type 2 was chosen (since this protocol gave harder and 

higher elastic modulus values compared to protocol 1) and sintering temperature was 

varied, following Lazic rotatable design methodology to ascertain the corresponding 

trends: one for hardness and another for elastic modulus. All other synthetic factors such 

as aging time, spinning speed, and amount of surfactant used for the trend experiment were 

set as stated in Table 5.2.  

Figure 5.10 depicts elastic modulus values measured by nanoindentation at different 

displacement ratios for coating samples obtained at various temperatures in the range 

between 360 and 640 °C. It can be observed that elastic modulus values increased as 

sintering temperature increased and that such values tended towards the control’s value 

(bare stainless steel) of around 200 GPa. All samples had lower elastic modulus than the 

substrate, in other words, the coatings were less stiff than the stainless steel coating. On the 

other hand, Figure 5.11 shows hardness values as a function of displacement ratio for 

coating samples sintered in the range between 360 and 640 °C. As sintering temperature 

increased, so the grain size did, reducing the porosity of the coating samples and increasing 

hardness. Numerical values of elastic modulus and hardness for this experiment are given 

in Table 5.2 and shown graphically in Figure 5.12. 



136 
 

 
Figure 5.10. Coatings’ elastic modulus values increased as sintering temperature increased. The lowest 
elastic moduli value was found at 360 °C, while the highest elastic moduli value was found at 640 °C, with 
intermediate values found at intermediate sintering temperatures. Error bars are standard deviations from 25 
measurements.  

 

 
Figure 5.11. Coatings’ hardness values increased as sintering temperature increased. The highest hardness 
value was found at 640 °C, while the lowest hardness value was recorded at 360 °C. Intermediate hardness 
values were found at intermediate sintering temperatures. Error bars are standard deviations from 25 
measurements.  

Hardness and elastic modulus obtained from the rotatable design of experiment 

were plotted (see Figure 5.12) in order to make the trends more evident. The trends 

indicated that, between the boundaries of the experimental range, hardness and elastic 
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modulus increased when sintering temperature increased. Specifically, it could be inferred 

from Figure 5.12 that the highest hardness value, ~4 GPa, corresponded to values around 

595 °C; the highest elastic modulus value, ~150 GPa, corresponded to values around 640 

°C.  

 

 

 
 
Figure 5.12. Coatings’ hardness and elastic modulus values showed an increasing trend as sintering 
temperature increased. Error bars are standard deviations from 25 measurements.   
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5.3.3. Hardness, elastic modulus, and photocatalytic activity optimization 
 

Using the mathematical model described in the previous chapter for the 

photocatalytic activity (fading speed), aging time, and sintering temperature relationship, 

combined with the sintering temperature values found in Section 5.3.2 allowed us to 

identify, as shown in Figure 5.13, an optimal sintering temperature and aging time for 

balanced values of photocatalytic activity, hardness, and elastic modulus. This figure was 

constructed by overlaying the photocatalytic activity surface response’s contour plot, and 

the isotherms corresponding to the maximum hardness and elastic modulus, namely 595 

°C and 640 °C. As can be seen in Figure 5.13, it was not possible to get the highest values 

for photocatalytic activity, hardness, and elastic modulus individually in a single choice, 

since, in the experimental range reported here, photocatalytic activity decreases as sintering 

temperature increases above 525 °C, while hardness monotonically increases with 

temperature and elastic modulus reaches a maximum around 600 °C. Therefore, it was 

necessary to make trade-offs between the three objectives: photocatalytic activity was 

given the highest priority, hardness the second, and elastic modulus the lowest priority. 

 
Figure 5.13. The contour plot of fading speed (a describer of photocatalytic activity) as a function of aging 
time and sintering temperature was used to locate the sintering temperature and the aging time needed to 
fabricate a coating with balanced values of fading speed, elastic modulus, and hardness. The optimal region 
is signaled by the dashed area. 
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Photocatalytic activity was given the top priority since this parameter is the 

responsible of the coatings’ antimicrobial property, which is, overall, the main feature of 

the coatings. Hardness was chosen as more important over elastic modulus because the 

resistance to localized plastic deformation could be more significant than the resistance to 

being deformed elastically, when external stressors coming from other sanitation methods 

are applied together with the coatings during cleaning and sanitation procedures of food 

contact surfaces, such as blasting, ice pigging, and scrubbing16.  

 
5.3.4. Optimized-coating’s structural and quality analysis 
 

a) X-ray diffraction (XRD) 
 

Figure 5.14 shows the XRD pattern of the optimized coating. TiO2 anatase and rutile 

phases were present in the sample, the latter phase being detected with more intensity than 

the former. The nature of the TiO2 phases and their relative proportions are very significant 

for both, photocatalytic activity and mechanical resistance. As expected, rutile was the 

predominant phase (60%) since the optimized coating was fabricated under conditions 

favoring hardness and elasticity.  

 

 
Figure 5.14. The optimized coating’s XRD diffraction pattern showed anatase and rutile phases, the latter 
giving higher intensity peaks.  
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b) Scanning electron microscopy 

 
Figure 5.15 shows exemplary micrographs at different magnifications showing the 

main structures belonging to the optimized coating. Sintered, flattened, round, close-

packed particles were observed at the nanoscale. Numerous pores were evident from the 

top view images, as well as the formation of necks between particles, suggesting that 

coarsening (growing of necks with no movement of particles) together with sintering 

(spatial rearrangement of particles) occurred during the heating process. Coupling scanning 

electron microscopy with ion carving allowed the observation of the coating laterally, 

showing that the pores seen from above were also present bellow the coating’s surface. 

Very few macroscopic defects on the coating were noticed, with exception of those cracks 

formed around the striations coming from the industrial-grade stainless steel used as 

substrate. The scarcity of major cracks and defects could be attributed to (i) the presence 

of pores within the coating’s structure, allowing the relief of stresses produced by capillary 

pressure during the drying process, and (ii) the relatively thin coating’s thickness, around 

235 nm, that helped to create a small solvents’ concentration gradient between the inner 

layers of the coating and the surrounding environment during the spinning and drying 

process104. 
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Figure 5.15. Micrographs showing optimized coating’s structure: A) nanostructure, scale bar is 500 nm; B) 
235 nm coating thickness, scale bar is 400 nm; macroscopic coating’s surface, scale bar is 100 µm. 

 
 
5.3.5. Antimicrobial activity 
 

Figure 5.16 is a scatter plot of the number of Escherichia coli O157:H7 colony 

forming units that remained alive after different treatments and increasing testing periods. 

The curves correspond to the following treatments: i) Antimicrobial coating irradiated with 

UV light (C-UV); ii) No antimicrobial coating (bare stainless steel) irradiated with UV 

light (NC-UV); iii) Antimicrobial coating with no UV light irradiation (C-NUV); and iv) 

No antimicrobial coating with no UV light irradiation (NC-NUV). As expected, the last 

two treatments, iii) and iv), allowed E. coli O157:H7 to grow almost freely. After a period 

of adaptation of around 3 hours, the bacterial count increased as time passed. On the other 

hand, the first two treatments, i) and ii), showed reduction of bacterial numbers. Long wave 

UV light had decremental effects on the number of colonies forming units, as can be 

observed from the decreasing trend followed by the NC-UV curve. UV light is already 

A) 

B) 

C) 

Protective layer 
Coating 

Substrate 



142 
 

used as a mild antimicrobial strategy for sanitizing food contact surfaces due to its ability 

of disrupting bacteria’s cell wall71. Looking at the C-UV curve, the antimicrobial effect of 

the optimized coating could be traced: its position on the plot below all the other curves in 

general, and underneath the NC-UV curve in particular, showed not only the treatment’s 

overall antimicrobial activity, being around 1.0^7 CFU/mL after 24 hours of UV light 

irradiation, but also the coating’s antibacterial activity, being around 400 CFU/mL after 24 

hours of irradiation, once the UV light antimicrobial action is discarded. In other words, 

the reduction of the overall treatment, C-UV, is compounded of two antimicrobial agents: 

the coating and the UV light. In order to know how many colony forming units were 

reduced by the coating’s action only, the CFU/mL of the NC-UV treatments had to be 

subtracted from the CFU/mL of the C-UV treatment. Since in actual applications the 

coating needs to be applied together with UV light, the overall bacterial reduction of 1.0E7 

CFU/mL makes the coating an attractive approach for bacterial control on food contact 

surfaces made of stainless steel, from the bacterial count reduction point of view. 

Moreover, the time-dependent data plotted in Figure 5.16, is useful to stablish potential 

applications at industrial food facilities for batch processes at which production shifts of 8 

hours are common: while a production line is under production, another can be cleaned and 

under UV light-coating sanitation. After 8 hours of UV irradiation, the coating reduced 

around 1.0E4 CFU/mL, as can be inferred from Figure 5.16. The data were collected from 

three replicated experiments and shown as means ± standard deviations. Differences 

among means were analyzed using one-way analysis of variance (ANOVA) and Tukey’s 

range test. 
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 Data from Figure 4.2 and Figure 5.16 could be correlated by acknowledging that 

oxidative stress induced by reactive oxygen species (ROS) is one of the most important 

antibacterial mechanisms of photocatalytic nanoparticles92. The quantitative relationship 

between oxidative stress and antibacterial activity was discussed in section 4.2.7.  

 
Figure 5.16. The number of bacteria killed by the optimized antimicrobial coating was time-dependent. The 
results shown in the plot correspond to the following treatments: C-UV (Coating with UV light), NC-UV 
(No coating with UV light), C-NUV (Coating with no UV light), and NC-NUV (No coating with No UV 
light). Error bars indicate standard deviations from 3 measurements. Different case letters on each 
experimental point indicate significant differences (P≤0.05). 

 
 
5.4. Concluding remarks  
 

A sequential response surface methodology including screening of synthetic factors 

and empirical model building, together with an overlaying contour plot approach, allowed 

us to balance photocatalytic activity, hardness, and elastic modulus values of a 

nanostructured antimicrobial coating. Gels obtained by a peroxo-catalyzed sol-gel reaction 
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aged for 200 hours, spun at 2000 rpm, and sintered at 595 °C were found to be the optimal 

fabricating conditions to produce an optimal antimicrobial photocatalytic coating. The 

photocatalytic, mechanical, and antibacterial properties of the coating make it attractive as 

a sanitation strategy that could, synergistically, be applied together with other current 

sanitation methods, on food contact surfaces at process where meeting demanding time 

schedules is critical. 
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    CHAPTER 6 

6. FUTURE WORK 

A sequential, multiple response optimization study was presented in this dissertation, 

using designed experiments. The main objective of this work was to show that it is possible 

to develop a titanium dioxide antimicrobial coating with optimal photocatalytic activity, 

hardness, and elastic modulus in balanced proportions in a single coating. The coating 

obtained in this way can be potentially applied on food contact surfaces.  

In the first, second, and third chapters, an overview of food contact surfaces’ sanitation 

strategies were presented, along with the regulations applicable to them. Antimicrobial 

coatings were also placed in context of other sanitation strategies, their methods of 

fabrication, and the limits and restrictions stablished on them by local, federal, and 

international regulations.  

In the fourth chapter, the photocatalytic activity was chosen as the most important 

feature of the titanium dioxide coating and therefore it was firstly optimized following a 

response surface methodology comprised of the following sequential steps: screening 

experiment, location of the optimum region, second-order model determination 

experiment, location of the optimal conditions for coating’s fabrication, and confirmatory 

experiment. At the end of this process, a photocatalytically-optimized coating was obtained 

and characterized. 

In the fifth chapter, the same response surface methodology was applied to find optimal 

conditions to produce a harder and more elastic antimicrobial coating. The location of the 

photocatalytic activity optimum found in Chapter 4 was used in Chapter 5 together with 

the hardness and elastic modulus optima to balance the three features into one single 
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coating. Priority was given to photocatalytic activity to achieve this multiple response 

optimization. Once obtained, the coating was tested for antimicrobial activity using 

Escherichia coli O157:H7 as the target microorganism. The efficacy of the antimicrobial 

coating was evaluated as a function of time periods.  

Overall, the conclusion drawn is that increasing antimicrobial activity with balanced 

hardness, and elastic modulus values is not only possible, but it is also a necessary 

condition to increase the success in the application of titanium dioxide coatings on real 

food contact surfaces. Although significant efforts have been devoted to the development 

of coatings that improve the antimicrobial effectiveness on food contact surfaces, other 

important coating considerations, such as wear, adhesion to a substrate, and migration of 

the antimicrobial substance into the food, have not been fully addressed, to the detriment 

of their translation into practical application. Future research work would address these 

gaps. Specifically, that research should examine the mechanical properties of antimicrobial 

coatings applied to food contact surfaces and their interplay with their antimicrobial 

properties within the framework of relevant regulatory constraints that would apply if these 

were used in real-world applications. In the near future, research would be conducted to 

explore more realistic assessment techniques for examining these properties (coatings’ 

deterioration due to rinsing, scrubbing, and steaming cycles, for example), the effects of 

the deposition methods on coating properties, and the potential applications of such 

coatings for specific food contact surfaces on site.  

For the specific case of photocatalytic antimicrobial coatings, future work should 

be directed towards the following directions, in order to foster their acceptance as a 

practical sanitation method of food contact surfaces: i) assessment of the cost-benefit of 
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their application on food contact surfaces; ii) optimization of coating’s wear resistance; iii) 

assessment of coating’s antimicrobial activity against biofilms; and iv) assessment of 

coating’s efficacy against viruses.  

A thorough cost-benefit analysis will estimate the strengths and weaknesses of the 

antimicrobial coating regarding other sanitation options. This is a critical assessment since 

some investigators have suggested that is more economical to add antimicrobial agents 

directly into the food instead of using them as antimicrobial coating on the food contact 

surfaces, since, ultimately, the antimicrobial agent ends up reaching the food.  

Although titanium dioxide is a compound generally regarded as safe and as such 

can be used as food additive, its diffusion from the coating to the food could represent a 

food quality risk. This diffusion may come from detachment of the coating due to wear 

exerted from external stressors. Therefore, in addition to hard and elastic, a useful coating 

should also be optimized for wear resistance. Nanoindentation coupled with surface 

response methodology could be used for this purpose.  

It is well-documented that food contact surfaces are liable to foster biofilm 

formation. These biostructures are more resilient to sanitation procedures than suspended 

bacteria, the latter being the way coating’s antimicrobial efficacy was tested in the present 

work. Therefore, an innovative assessment procedure must be developed to irradiate UV 

light and to develop the biofilm on the antimicrobial coating at the same time.  

Finally, the current COVID-19 pandemic has shown the persisting human 

vulnerability towards viruses and urges the development of more effective preventive 

strategies against those submicroscopic agents. Previous works65,69 have reported 

photolytic coatings to be effective to destroy hepatitis B and influenza viruses. Research 
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testing on extended number of viruses, including that responsible for the COVID-19, 

SARS-CoV-2, should be addressed.  
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