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Abstract 

Since 600,000,000 people are affected by foodborne illnesses each year all around the world, 

food safety has become an important issue. Stainless steel is widely used in the food industry so, 

it is pivotal to endow stainless steel with potent rechargeable antibacterial function. In this study, 

a “clickable” coating for stainless steel was developed. Quaternized azido-hydantoin (C1), 

quaternary ammonium compound (C2), azido-hydantoin (C3), and C1 together with azido-poly 

(ethylene glycol) (PEG) were bonded to the stainless steel to yield four samples SSMC1, 

SSMC2, SSMC3, SSMC1-PEG. The coating was stable during the chlorination process which 

was used to convert the immobilized C1 and C3 to their N-chloramine counterparts. Results 

reveal that chlorinated SSMC1 sample has the highest antibacterial activity against S. aureus and 

E. coli in both high protein medium and phosphate-buffered saline even after 5 cycles of 

chlorination-dechlorination.  
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1. Introduction 

1.1. Foodborne Diseases - A Global Issue 

Centers for Disease Control Prevention (CDCP) define foodborne disease as the one that 

is caused by consuming contaminated foods or beverages (CDCP, 2011). Different disease-

causing microbes, or pathogens, poisonous chemicals, or other harmful substances that can 

contaminate foods, can lead to various foodborne infections (Altekruse, Cohen, & Swerdlow, 

1997).  In 2010, an estimated 600,000,000 foodborne diseases and 420,000 deaths were recorded 

worldwide, with Africa, Southeast Asia and the Eastern Mediterranean bearing the highest 

burden per population (W.H.O, 2015).  

In Canada, four million incidents of foodborne diseases occur annually leading to 11,600 

hospitalizations and 238 deaths. Various bacteria such as E. coli, S. aureus, Salmonella spp., 

Listeria monocytogenes are responsible for these hospitalizations and deaths (M. K. Thomas et 

al., 2015).  

1.1.1. Importance of Food Safety  

Millions of people worldwide are threatened by microbiological and chemical 

contamination of food and the resultant diseases or death. Using unsafe water for cleaning and 

processing of food, poor food-handling and food production processes, insufficient food storage 

infrastructure and imperfectly enforced food standards can contribute to increased risk of food 

contamination, especially in developing countries. Foodborne diseases also affect economic 

development when failure to meet the Sanitary and Phytosanitary Measures (SPS) of the World 

Trade Organization (WTO) regulatory requirements leads to unsafe food exports followed by 

significant economic losses (W.H.O, 2015). 
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Bacterial attachment and growth on food surfaces, equipment and environment increases 

post-processing contamination and risk to public health. Bacteria attached to food-contact 

surfaces can also attach to food, increasing food safety risk (Shi & Zhu, 2009). Therefore, it is 

important to know the origin of food contamination. 

1.1.2. Transmission Pathways of Microorganisms 

Cross-contamination, the direct or indirect transfer of bacteria and viruses from a 

contaminated product to a non-contaminated product (Pérez-Rodríguez, Valero, Carrasco, 

García, & Zurera, 2008), during food preparation contributes to 32% of foodborne disease in the 

UK, and 19% in the USA. There are four possible sources of microbial contamination: i) 

unhygienic food handling; ii) raw food material; iii) inadequate sanitation practices, and iv) 

airborne contamination. Equipment and food-contact surfaces, can be contaminated by humans, 

rodents and insects, sewage escaping from broken pipes, non-potable water, condensation caused 

by damaged ventilation and contaminated food (Sousa, 2008). Food safety practices such as 

Sanitation Standard Operating Procedures (SSOP), Good Manufacturing Practice (GMP) and 

Hazard Analysis Critical Control Points (HACCP) are implemented in food industry to manage, 

prevent, minimize or eliminate health hazards to customers (Amoa-Awua et al., 2007; Mekonen 

& Melaku, 2014). Well educated quality management board and self-monitoring sampling plan 

exist in large food companies However, small enterprise might not be able to monetarize their 

food processing environment efficiently due to lack of resources (Luber et al., 2011; Vitas, Díez-

Leturia, Tabar, & González, 2014; Winkler & Freund, 2011). In a study by Muhterem-Uyar et al. 

(Muhterem-Uyar et al., 2015) twelve food processing environments in Europe were studied and 

it has been found that L. monocytogenes was present in 32% and 8.8% of meat and dairy 

processing environments, respectively. With the available technology it is impossible to 
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eradicate Listeria monocytogenes from food processing environment. It can enter the food chain 

via raw material, persisting in niches and recontaminate final products by cross-contamination. 

Humidity is high in the food processing environment due to regular cleaning process which can 

explain presence of this bacteria in the food processing environment (Rückerl et al., 2014; 

Tompkin, Swift-Eckrich, Downer’s Grove, & Bernard, 2015).   

 Gorman, Bloomfield, and Adley (Gorman, Bloomfield, & Adley, 2002) studied cross-

contamination in kitchens in the Republic of Ireland using chicken meat contaminated with 

Salmonella, Campylobacter, E. coli and S. aureus. The study indicated that out of 25 chicken 

meat samples, 11 were contaminated by S. aureus, 2 by Salmonella, 7 by E. coli, and 11 by 

Campylobacter (some samples had two or three types of bacteria). Bacteria colonies on 

dishcloths, people’s hands, refrigerator handless, oven handles, counter-tops and draining boards 

were measured before and after preparation of these chicken meat samples in 25 different 

kitchens. The results showed a significant increase in the number of bacteria at those spots. Zhao 

et al. (Zhao, Zhao, Doyle, Rubino, & Meng, 1998) studied the absolute number of bacteria 

transfer. Chicken meat was contaminated with bacteria (106 cfu of bacteria per gram of the 

chicken sample) and then was cut on a sterile cutting board. Afterwards, a cucumber and lettuce 

were cut on the same board. The board showed 105 cfu/cm2 of bacteria, while 103 to 104 cfu of 

bacteria were detected per gram of cucumber and lettuce. The study showed that disinfectant use 

can reduce the number of bacteria to an undetectable level. This shows that cross contamination 

can be prevented to a great extent. A variety of methods to prevent cross-contamination have 

been tested by different study groups.  
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1.2. Current Strategies to Combat Food Contamination 

Sanitizers and different antimicrobial coatings to prevent cross contamination in the food 

industry are being used or are under development. 

1.2.1. Drawbacks of Food-contact Surface Sanitizers 

After sanitation of food-contact surfaces, some chemical residues might remain on the 

surfaces which can contaminate food. The maximum chemical sanitizer residue left on foods 

should be measured and it should meet Bureau of Chemical Safety (BCS), Food Directorate, and 

Health Canada regulations. Thermal and irradiation sanitizing can also be used in food 

processing facilities, but chemical sanitizers are used more frequently (Gaulin, Lê, Shum, & 

Fong, 2011). The most common sanitizers used to sanitize equipment in food processing 

operation in the United States are chlorine compounds (Eifert & Sanglay, 2002; McGlynn, 2015) 

that can kill a broad range of microbial species by damaging the outer membrane of the 

microorganisms. Chlorine based sanitizers are used in poultry processing, red meat processing, 

fish and fishery product processing and fresh fruit and vegetable (FAO/WHO, 2008).  Chlorine is 

widely used to treat cooling water in pasteurizers, wash fruit and vegetables, and disinfect food 

contact surfaces (Virto, Manas, Alvarez, Condon, & Raso, 2005). However, other chemical 

sanitizers such as peroxide and peroxyacid mixtures, carboxylic acids, quaternary ammonium 

compounds, acid anionic sanitizers, and iodine compounds are also used in the food industry 

(Gaulin et al., 2011).  

All chemical sanitizers must reduce bacteria level by 99.999% (5 log) in 30 seconds so 

that the surface can be considered to be microbiologically clean. However, even after 

sanitization, there could be some bacteria remaining on surfaces in food plants. Since bacteria 

populations can double every 20 minutes under optimal growing conditions, microbiologically 
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cleaned surfaces may develop high bacterial levels after as little as four hours if left undisturbed 

(The Ontario Ministry of Agriculture, 2006). For this reason, as a general rule, sanitization 

should be done for surfaces left undisturbed for more than four hours.  Sanitization is costly and 

includes detergents, disinfectants, and labor costs (Zugarramurdi, Parin, Gadaleta, & Lupin, 

2007). All these drawbacks have made researchers test various surface modification techniques 

to improve upon the current sanitization strategies. 

1.2.2. Modes of Action of Antibacterial Coatings  

Antibacterial coatings and surface modification techniques are among the major topics in 

surface science. Different studies have been done on antibacterial coatings and surface 

modification techniques on different materials from polymers to metals (Bastarrachea & 

Goddard, 2013; Hempel et al., 2014; Jiang, Manolache, Wong, & Denes, 2004; Podsiadlo et al., 

2005).  

Antibacterial coatings have different modes of action. In the passive action, bacteria are 

prevented from attaching to the surface. Bacteria are repelled by a coating but they can 

potentially grow on other surfaces or materials (Page, Wilson, & Parkin, 2009; Siedenbiedel & 

Tiller, 2012). Another method releases biocides from the surface. The problem with this method 

is that after some time the biocides are eventually exhausted, and the surface cannot act 

efficiently against bacterial contamination (Siedenbiedel & Tiller, 2012). In addition, the 

released biocides can have a negative effect on the taste and odor of the food, and can have a 

negative impact on human health (Aloui & Khwaldia, 2016).  The third strategy is to kill bacteria 

upon contact with the surface. Cationic charged polymers, N-halamines, and quaternized N-

halamines have been tethered to various surfaces to impart an effective contact-kill antibacterial 

function (Kaur & Liu, 2016; Siedenbiedel & Tiller, 2012). In this case, chemically bonded 
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antimicrobial agents are not released into the environment and are permanently attached to the 

surface (Kaur & Liu, 2016). In view of all of the above, chemically bonding antimicrobial agents 

to a surface is the best method to develop antimicrobial coating for food contact surfaces. The 

contact-kill mode of action will be reviewed in detail in the following section. 

1.3. Contact-kill Mode of Action 

The antimicrobial agents that can provide a surface with a contact-kill mode of action 

include quaternary ammonium compounds (QACs), N-chloramines and antimicrobial peptides. 

Among these, N-chloramines and QACs are the most commonly used antibacterial agents (Kaur 

& Liu, 2016).  

1.3.1. Antibacterial Properties and Mode of Action of N-chloramine  

As well as superior antimicrobial activity, and activity against a broad spectrum of 

bacteria, the properties of N-chloramine such as rechargeability, stability, nontoxicity make this 

compound a good candidate for antibacterial coating (Demir, Broughton, Huang, Bozack, & 

Worley, 2017). N-chloramine is a compound that contains one or more nitrogen-chlorine 

covalent bonds that can be formed by chlorination of amine, amide or imide. These N-

chloramines can be connected to organic or inorganic groups (Hui & Debiemme-Chouvy, 2013). 

Reactions (1-3) represent different pathways for chlorination of organic amine. 

RR’NH + HOCl  RR’NCl + H2O (1) 

RR’NH + Cl2  RR’NCl + HCl (2) 

RR’NH + OCl-  RR’NCl + OH- (3) 

Imide (-C(O)-NCl-C(O)-), amide (-C(O)-NCl-R) and amine (RR’-NCl) are three types of 

organic N-chloramines. Imide is the least stable class against hydrolysis, followed by amide and 

amine (imide < amide < amine). This instability has the reverse effect on antibacterial activity, 
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so, the antimicrobial activity trend is: imide >amide >> amine N-chloramine. If an immediate 

antimicrobial activity is needed, it is better to use imide N-chloramine compound; if a long-term 

activity is needed, amine N-chloramine compound should be used (Dong, Wang, Gao, Gao, & 

Gao, 2017; Hui & Debiemme-Chouvy, 2013).  

Different modes of action for surface-bound N-chloramines have been suggested. 

Generally, antimicrobial activity of N-chloramines comes from transferring oxidative chlorine 

from N-chloramine to the bacteria cell wall protein, called transchlorination, that denatures 

proteins (Arnitz et al., 2006; Dong et al., 2011). This is followed by chlorine penetration into the 

bacteria cell and oxidization of the intracellular components such as thiols and thioethers, thus 

destabilizing the bacteria cell, causing bacteria death (Kaur & Liu, 2016; Yoon et al., 2011).  N-

chloramine attacks bacteria vital protein in a nonspecific pathway; therefore, no bacterial 

resistance against N-chloramine has been observed so far (Cen, Neoh, & Kang, 2003; Gottardi & 

Nagl, 2010). After contact with bacteria, N-chloramines can revert to their precursor compounds 

and can be rechlorinated (Dong et al., 2017).  

>NCl                             >NH (4) 

1.3.2. Antibacterial Properties and Mode of Action of Quaternary ammonium 

compounds (QACs)  

Quaternary ammonium compounds (QACs) have one or more positively charged nitrogen 

in their structure which is attached to four different groups by a covalent bond (Jennings, 

Minbiole, & Wuest, 2015). Antibacterial properties of QACs are caused by electrostatic 

interaction between the negatively charged cellular membrane of the bacteria cell and the 

positively charged QACs (Jennings et al., 2015). Electrostatic interaction between the bacteria 

cell and the positively charged antibacterial agent can lead to cell death through different 

Chlorination 

Inactivation of Bacteria 
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suggested pathways (Kaur & Liu, 2016). Generally, the antibacterial properties of the QACs 

come from their ability to disrupt the cell membrane (Jiao et al., 2017). QACs have been 

introduced to different surfaces as antibacterial agents. The antibacterial activity mode of action 

when QACs are applied to a surface is discussed following. 

A polymeric spacer effect indicates that a positive charge at the end of the long spacer 

can penetrate bacteria and punch a hole in its cell membrane (Kaur & Liu, 2016). This 

suggestion was supported by Friedrich et al. (Friedrich, Moyles, Beveridge, & Hancock, 2000), 

when they showed that long chain QACs could penetrate into the whole bacteria while shorter 

ones caused damage only to the cell wall. On the other hand, some other studies did not support 

the polymeric spacer effect as the mechanism of QACs antimicrobial activity since the change of  

the antimicrobial agent chain length did not affect the antimicrobial properties of the compound 

(Bouloussa, Rondelez, & Semetey, 2008; Gottenbos, van der Mei, Klatter, Nieuwenhuis, & 

Busscher, 2002; Huang et al., 2008). The other mode of action proposed for biocidal properties 

of QACs is Ion-Exchange mechanism. This mechanism states that divalent cations on the cell 

membrane will exchange with those on the charged surface and will lead to destabilization of the 

bacteria cell and cell death. In the case of S. aureus, Mg+2 and Ca2+ will be removed from the cell 

surface when the bacteria attach to QACs on the surface.  (Kügler, Bouloussa, & Rondelez, 

2005; Murata, Koepsel, Matyjaszewski, & Russell, 2007).   

The newest proposed mechanism of QACs is the phospholipid sponge effect. This 

mechanism states that the negatively charged phospholipids on the bacteria cell membrane are 

adhered by positively charged surface (Bieser & Tiller, 2011). Asri et al (Asri et al., 2014) 

confirmed this mechanism. They immobilized QACs on a surface and observed that anionic 



 

9 
 

charged phospholipids were removed from the side of the bacteria that was in contact with the 

surface. 

Several factors can affect the antimicrobial properties of QACs. Charge density on the 

surface is an important factor as there is a threshold for surface charge to be effective against 

bacteria. Kugler et al. (Kügler et al., 2005) showed that 1014 charge/cm2 is necessary for biocidal 

activity of a surface against S. epidermidis and E. coli when the bacteria is in low division 

condition, and 1012-1013 charge/cm2 when they are in high division condition. They also found 

that negative charge on S. epidermidis is around 1013 negative charge/cm2.  Murata et al. (Murata 

et al., 2007) demonstrated that more than 5×1015 positive charge/cm2 is needed to kill E. coli. 

Interestingly, E. coli surface negative charge density is between 5×1014 and 5×1015. Alkenyl 

chain length has been reported as an important factor in biocidal activity of different QACs 

compounds. QACs structure of 14 carbons and 16 carbons have been reported to be optimum 

numbers for Gram-positive and Gram-negative bacteria inactivation respectively(Caillier et al., 

2009; Gilbert & Al‐taae, 1985; Gilbert & Moore, 2005; Kong, Chen, Xing, & Park, 2010).  

1.4. Application of Stainless Steel in Food Industry and Surface Modification of 

Stainless Steel 

Stainless steel is widely used in food processing facilities and food-contact surfaces as 

well as for hospital equipment, medical devices and biomedical implants (Bastarrachea, Denis-

Rohr, & Goddard, 2015; Demir et al., 2017). A study of methods used to modify stainless steel 

surfaces will help to develop a stable antibacterial coating for stainless steel. Electrografting, 

polydopamine coating, UV polymerization, silanization are among the common stainless steel 

surface modification methods: each has its own advantages and disadvantages (Cécius & Jérôme, 
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2011; Claes et al., 2003; Cuthbert, Guterman, Ragogna, & Gillies, 2015; Shalev, Gopin, Bauer, 

Stark, & Rahimipour, 2012).  

Electrografting is an electrochemical reaction used for deposition of an organic layer on 

conductive surfaces such as carbon, or metals and their oxides. This technique relies on electron 

transfer when the potential generator connects to the substrate (Belanger & Pinson, 2011). 

Vinylic monomers can be polymerized onto a steel surface to give polyacrylonitrile (PAN), 

polymethacrylonitrile (PMAN), poly methyl methacrylate (PMMA), and poly vinylpyridine 

(PVP), creating a strong molecule-substrate bond that simply needs charged electrodes to initiate 

the polymerization (Palacin et al., 2004). The technique has been used for stainless steel surface 

modification. Polymers with antimicrobial activity or polymers that are the base for further 

reaction on the surface have been chemically attached to stainless steel using electrografting.  An 

organic layer that is highly stable, strongly resistant to heat, chemical degradation and 

ultrasonication can be deposited onto stainless steel using electrografting. However, a 

disadvantage is poor control over the thickness of the layer, as the formed radical can attach to an 

already deposited layer and form multilayers causing a decrease in desirable properties of the 

organic layer (Mattiuzzi et al., 2012).  

Polydopamine deposition has been widely used to modify different surfaces. Sheng et al. 

(Sheng et al., 2015) used sunlight to initiate dopamine polymerization on the surface followed by 

polymerization of a variety of monomers to form poly (methy) acrylic/styrene polymers. Poly 

(ethylene glycol) monomethacrylate (PEGMA) and lysozyme were grafted to dopamine coated 

stainless steel to impart antibacterial properties to the coating (Shaojun Yuan et al., 2011). This 

method is environmentally friendly and polydopamine can be formed on any kind of surface as a 

pre-coating for further polymerization, but the method suffers from some drawbacks.  Its self-
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polymerization and the subsequent film deposition are kinetically limited. The major problem of 

polydopamine is its instability in acidic and alkaline environments. Moreover, it degrades in the 

presence of sodium hypochlorite (Del Frari, Bour, Ball, Toniazzo, & Ruch, 2012; Sheng et al., 

2015; Wei et al., 2013). All these disadvantages make it pointless to use polydopamine in food 

processing environment. 

1.4.1. Silanization - A Stable Method for Stainless Steel Surface Modification 

Silanization has been used as a method for coating and pre-coating of stainless steel and 

other materials (Bastarrachea & Goddard, 2013; Denis-Rohr, Bastarrachea, & Goddard, 2015; 

Figueira, Silva, & Pereira, 2015). Bastarrachea and Goddard (Bastarrachea & Goddard, 2013) 

grafted Glycidoxypropyltrimethoxysilane (GOPTS) to stainless steel, followed by modification 

of the stainless steel-silane sample with N-halamine using a layer-by-layer deposition process. 

Different silane based materials are used as surface coatings based on the application. 

Methyltrimethoxysilane, Tetramethylorthosilicate, Vinyltrimethoxysilane, 3-

Aminopropyltrimethoxysilane, have been used in different studies as coatings for stainless steel, 

providing strong and stable coatings. Moreover, there is a wide variety of end groups on silane 

based compounds that can engage in further polymerization reactions (Figueira et al., 2015). 

1.4.2. UV Curing Polymerization 

UV curing is a well-established, fast and easy method of surface modification and has 

been used in different industries to form crosslinked polymers on different materials. The 

polymer can be formed in seconds, while polymer formation using thermal polymerization can 

take hours (Cuthbert et al., 2015). Interpenetrating network (IPN) polymers are the means of 

surface modification that have attracted much attention. N-(2-methylbut-3-yn-2-yl) acrylamide 

(MBAA) as the monomer and N,N’-methylenebisacrylamide (MBA) as the crosslinker were 
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used to form IPN on poly(ethylene terephthalate) (PET) using UV irradiation and benzophenone. 

Further reactions were done on the surface to develop an antibacterial coating on PET (Lingdong 

Li, Zhao, & Liu, 2012). Cuthbert et al. (Cuthbert et al., 2015) used UV curing to form 

phosphonium-based antibacterial polymer on glass slides to develop an antibacterial coating 

based on contact kill mode of action. In another study, a combination of silanization and UV 

curing was used to develop a protein adsorption resistant coating on stainless steel. Silanized 

stainless steel was grafted by poly(ethylene glycol)methacrylate (PEGMA) using the UV curing 

method. A combination of silanization and UV curing enables the grafting of polymers to 

inorganic materials such as stainless steel (Zhang, Kang, Neoh, Wang, & Tan, 2001). 

1.4.3. Click chemistry - A Facile Reaction to Introduce Antibacterial Agents on 

Stainless Steel Coating 

“Click chemistry is a modular approach that uses only the most practical and reliable 

chemical transformations” (Kolb & Sharpless, 2003). . Click chemistry was first introduced by 

Kolb et al. (Kolb, Finn, & Sharpless, 2001) as a new facile method in organic chemistry. There 

are many advantages to this method. The reaction is high-yielding, simple, and creates no 

byproducts. Click chemistry is a powerful and functional way of connecting two molecules 

together and has a growing application in science and industry (Moses & Moorhouse, 2007). The 

most popular click reaction is CuI-catalyzed azide/alkyne cycloaddition (CuAAC).  In this 

reaction, Cu(I) acts as a catalyst. To keep Cu (I) concentration high, usually a Cu (II) salt such as 

CuSO4 is used with an excess amount of reducing agent such as sodium ascorbate. Different 

kinds of solvents can be used for this reaction such as toluene, chloroform and dichloromethane, 

THF, pyridine, and dioxane; polar solvents such as acetone, MeCN, DMF, DMSO, alcohols; and 

aqueous solvents including mixtures of water with an alcohol, acetone, THF, MeCN, DMSO, 
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dioxane, biphasic media mixing water with dichloromethane, and other mixtures of two or even 

three solvents (Liang & Astruc, 2011). The proposed click reaction mechanism is shown in 

Figure 1(Hein & Fokin, 2010). 

 
Figure 1. Click chemistry reaction 

 Scientists have taken advantage of click chemistry in surface modification. A silicone 

substrate was spin-coated with alkyne-functionalized pseudobrushes and then grafted with azido-

poly(ethylene glycole) using click chemistry (Ostaci, Damiron, Grohens, Léger, & 

Drockenmuller, 2009). PET fiber was modified with polyMBAA which has alkyne handles and 

was clicked with antibacterial agents (Lingdong Li et al., 2012). This method can be used to 

introduce antibacterial agents to the surface easily and effortlessly.  

1.4.4. Studies on Stainless Steel Antibacterial Coatings 
 

Peptides, which are short range amino acids linked by peptide bonds, can have 

antimicrobial properties. Antimicrobial peptides are cationic with a positive charge. These 

peptides have antimicrobial activity against bacteria and pathogens using perturbation of the 

membrane. Some antimicrobial peptides have been clinically used and research groups are 

studying new peptides. Stainless steel has been modified by different research groups using 

peptides; however,  long contact time (more than three hours) between bacteria and the coating is 
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needed for effective antibacterial properties. (Bazaka, Jacob, Chrzanowski, & Ostrikov, 2015; 

Jenssen, Hamill, & Hancock, 2006).  

To the best of our knowledge, there are two studies dealing specifically with stainless 

steel surface modification using N-chloramines. The most significant benefit of N-chloramine is 

its rechargeability during the routine cleaning and disinfection processes of food- contact 

surface. This allows the treated surface to stay disinfected for extended periods of time without 

extra effort. Demir et al. (Demir et al., 2017) reported a 5 log bacterial reduction in only 15 

minutes of contact; however, a weight was used to facilitate the contact between bacteria and the 

coating, which might be unrealistic. Bastarrachea et al. (Bastarrachea & Goddard, 2013) did not 

study the rechargeability of N-chloramine-coated antibacterial stainless steel. 

1.5. Challenges of Antibacterial Activity of Antibacterial Coatings in Food Industry 

Environment 

Proteins can react with N-chloramines and transchlorination can take place between 

protein and N-chloramine, the main pathway for N-chloramine to kill bacteria. As a result, if N-

chloramine is used in a protein-rich environment, the transchlorination reaction can happen 

between proteins other than the cell protein and the N-chloramines leading to decreased 

antibacterial activity of the N-chloramine (Summers, Quigley, & Hawkins, 2012). When surfaces 

come into contact with fluids with high protein loads, the proteins rapidly adsorb onto the surface 

and saturate it within seconds to minutes (Latour, 2005), causing the surface N-chloramines to 

contact the proteins. Transchlorination can take place, but with the proteins in the fluid, instead 

of with the proteins on the bacteria cell.  

In the food industry environment, milk proteins can be attached to food-contact surfaces 

such as Teflon, stainless steel and aluminosilicate. It has been shown that meat juice proteins 
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would also attach to stainless steel (Zottola & Sasahara, 1994) so, N-chloramines on food-contact 

surface coatings can get quenched by food proteins.  

The Santore research group has been working on designing surfaces having the ability to 

capture bacteria and repel protein at the same time (Fang, Gon, Nüsslein, & Santore, 2015; Gon 

& Santore, 2011). They designed a surface using poly(ethylene glycol) (PEG) and poly(L-lysine) 

at the same time. Poly(L-lysine) is positively charged, so it can capture bacteria which are 

negatively charged, while PEG brushes repel protein. Their study is very promising for solving 

the problem of food-contact surface antibacterial coating quenching. 
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2. Hypothesis and Objectives 

Previous studies in our lab show that N-chloramines, quaternary ammonium (QA) 

compounds and quaternized N-chloramines can be used as efficient antibacterial agents, both in 

solution and on surfaces.  A versatile surface platform presenting alkynyl groups on PET 

substrates that allows for direct tethering of bioactive moieties via “CuAAC” reaction was 

developed in our lab. PET grafted with quaternized N-chloramine moiety showed better 

antibacterial activity than PET grafted with quaternary ammonium (QA) compounds, or N-

chloramine alone on PET surface. On the other hand, other studies show that bacteria can be 

selectively captured in the presence of protein when there is both a positive charge and 

poly(ethylene glycol) (PEG) on a surface (Fang et al., 2015; Gon & Santore, 2011). This study 

aims to modify stainless steel surface to impart antibacterial properties to the surface. Stainless 

steel surface modification is different than PET surface modification in two ways.  Firstly, the 

aim is to attach an organic compound to an inorganic material leading to an unstable coating on 

the steel. Secondly, there is much less surface area on stainless steel to contact with bacteria 

compared to PET fabric, which can lead to a decreased efficacy of the antibacterial coatings.  

It is hypothesized that:  

1) Stainless steel grafted with vinyltrimetoxysilane as a pre coating and polyMBAA as the 

main coating can offer a coating that is stable to cyclic chlorination and dichlorination. 

2) PEG together with quaternized N-chloramine in the coating can provide efficient 

antibacterial activity in the presence of protein.  

The Goal, Objectives, and Methods: Objectives of this project have been defined based 

on a current gap of knowledge in antibacterial coatings of food-contact surfaces. 
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1) Stability of the coating during chlorination on stainless steel is one of the major 

problems in different studies, so the first objective of this project is to develop a coating which is 

stable during the chlorination process. 

2) Food-contact surfaces are used repeatedly, so the antibacterial coating for this 

application should maintain its function over time or be able to be recharged. Therefore, the 

second goal of this project is to make a reusable antibacterial coating. The aim is to show this 

goal and the previous one by repeatedly chlorinating and dichlorinating the coating and checking 

the ATR-FTIR spectra after multiple times of chlorination and dichlorination.  

3) Where the application is food contact, rapid bacteria kill is needed. Currently, studies 

show that more than three hours of contact is needed for efficient antibacterial activity of 

coating. Thus, the third aim of this project is to reduce the contact time required between bacteria 

and surface to achieve effective bacterial reduction. We are aiming to show this using a method 

that better represents real industrial scenarios. 

4) In the food industry environment, quenching N-chloramines by proteins can reduce the 

antibacterial activity of the coating, so the fourth objective of this study is to maintain the 

antibacterial activity of the coating in the presence of protein. Antibacterial activity of the 

coating in the presence of organic load will be tested. 
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3. Materials and Methods 

3.1. Materials 

Corrosion-resistance 316 stainless steel sheet mirror-like finish was purchased from 

McMaster-Carr. All solvents and chemicals such as hydrogen peroxide, sulfuric acid, 

vinyltrimethoxysilane, methanol, benzophenone (BP), N, N-methylenebisacrylamide (MBA), 

tert-Butyl alcohol, copper (II) sulfate, Triton™ X-100, ascorbic acid sodium salt, and 

Methoxypolyethylene glycol azide (azido PEG) were purchased from either Sigma-Aldrich or 

Fisher and used without further purification. 

Staphylococcus aureus (S. aureus, ATCC® 29213™) and Escherichia coli (E. coli, 

ATCC® 25922™) were obtained from ATCC: The Global Bioresource Centre, www.atcc.org. 

Alkynyl monomer MBAA 40, N-(2-azidoethyl)-3-(4,4-dimethyl-2,5-dioxoimidazolidin-

1-yl)-N, N-dimethylpropan-1-aminium (C1), N-(2-azidoethyl)-N,N-dimethyldodecan-1-aminium 

(C2), and 3-(3-azidopropyl)-5,5-dimethylimidazolidine-2,4-dione (C3) were synthesized 

following the published protocols (Figure 2). 

 

Figure 2. Antibacterial agents that have been used in this study 

 

3.2. Surface Modification of Stainless Steel 

Stainless steel coupons (1.25cm×1.25cm) were first washed with acetone, ethanol and DI 

water in ultrasonic water bath (5 minutes cycle per solvent) and dried under the purified air. 

Samples then were immersed in piranha solution (4:1 sulfuric acid and 30% hydrogen peroxide 
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volumetric ratio) for 60 minutes. After piranha solution treatment, samples were rinsed by DI 

water in ultrasonic water bath (5 minutes cycle) and dried under purified air. Piranha treated 

samples were covered with a thin layer of vinyltrimethoxysilane and cured for 30 minutes at 

75˚C. Another method was also used to graft vinyltrimethoxysilane to the stainless steel surface, 

piranha treated samples were immersed in 25 ml vinyltrimethoxysilane/ethanol solution (32% 

v/v) followed by addition of diluted hydrochloric acid (1M, 3.6 ml) and left shaking overnight. 

Silanized samples were oven heated (75˚C) for 24 hours. Each of these two methods could be 

used to introduce vinyltrimethoxysilane on the stainless steel surface. To introduce alkynyl group 

to silanized stainless steel (SS) samples, solution of MBAA (2 mol/L), MBA (0.045 mol/L) and 

benzophenone (0.082 mol/L) in methanol was dispersed on each coupon (100μL) followed by 

UVA irradiation (0.072 W/cm2, 30 minutes). SS samples were cured for 24 hours at 75˚C. 

Samples were rinsed using DI water and methanol using ultrasonic water bath (5 minutes each). 

MBAA polymerized silanized stainless steel (SSM) samples then were stored in sterile petri 

dishes. 

3.3. Click Reaction Between Antibacterial Agents and the Coating 

SSM samples were immersed in 20 mL tert-Butyl alcohol/water (1:1) solution followed 

by addition of sodium ascorbate (34 mg, 0.17 mmol), aqueous CuSO4 (33μL, 1M) and Triton-X-

100 (30μL). After 10 minutes of shaking, the C1 (0.0940 g, 0.33 mmol), C2 (0.0934 g, 0.33 

mmol), C3 (0.0822g, 0.33 mmol), Methoxypolyethylene glycol azide (PEG-azide) (0.05g, 

10μmol), and dansyl azide (0.124g ,0.33 mmol) were dissolved in tert-Butyl alcohol/water (1:1) 

and were added to the solution that samples were immersed in. The reaction mixture was shaken 

for 60 minutes at room temperature. To introduce both PEG and C1 to the coating, SSM samples 

were immersed in 20 mL tert-Butyl alcohol/water (1:1) solution followed by addition of sodium 
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ascorbate (34 mg, 0.17 mmol), aqueous CuSO4 (33μL, 1M) and Triton-X-100 (30μL). After 10 

minutes of shaking, PEG-azide (0.05g, 10μmol) was added to the solution. The reaction mixture 

was shaken for 30 minutes at 45˚C for 30 minutes. Subsequently, C1 (0.0940 g, 0.33 mmol), was 

added to the mixture followed by adding sodium ascorbate (34 mg, 0.17 mmol). The reaction 

was done at room temperature from this point for 1 hour. 

Subsequently, samples were washed using tert-Butyl alcohol and water in ultrasonic 

water bath (5 minutes) and dried under purified air. 

3.4. Instrumental Analysis and Characterization 

ATR-FTIR spectra were taken from Nicolet iS10 spectrometer (Thermo Electron Corporation) 

and spatial resolution IR images were taken from Agilent Cary 620 FTIR microscope (64×64 

focal plane array). Hydrophilicity of the samples (n=3) was measured using water contact angle 

measurement. De-ionized water was used as the probe liquid in all the measurements. To 

minimize the experimental error, the contact angle was measured at three random locations for 

each sample at room temperature and then the average values were reported. UV measurement 

was carried out using BioTek’s PowerWave XS2 at 512 nm, 483 nm and 562 nm for different 

tests. 

3.5. Sample Uniformity 

To study uniformity of click reaction, a fluorescent dye (dansyl azide) was clicked onto 

the SSM (n=3) to allow visualization of clicking bonded functional molecules. Images were 

acquired with an Agilent Cary 670 FTIR spectrometer coupled to a 620 IR imaging microscope 

equipped with 15×0.62 NA objective, condenser, and additional magnification optics directly in 

front of the 64 × 64 pixel focal plane array (FPA) detector. Final pixel dimensions in the FPA 
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images were 1.1 ×1.1 μm2. SSMC1 samples (n=3) were chosen for this test since they showed a 

clear peak around 1705 cm-1 in their IR spectrum compared to the control samples 

3.6. Positive Charge Density Measurement  

Orange II dye was used to measure charge density on the samples. Different samples 

(n=3) were immersed in orange II dye solution (9.7×10-5 mole/L) for 24 hours. Orange II dye 

will attach to the positively charged site on the surface. The unbounded orange dye was removed 

by rinsing with water. Bounded Orange II dye to the surface was detached by immersing samples 

in NaOH solution (2mL, 1M) for 30 minutes. The UV absorbance of the solutions after 

detaching Orange II dye was measured at 483 nm and positive charge density on the surface was 

measured using calibration curved prepared before.  

3.7. Chlorination of SSC1, SSC1-PEG and SSC3 and Measurement of Chlorine 

Loading  

To chlorinate SSMC1 (n=3), SSMC1-PEG (n=3) and SSMC3 (n=3) samples, a diluted 

chlorine solution (1500, 1000 or 700 ppm) from 5% sodium hypochlorite solution was made in 

DI water and samples were shaken in the solution for 30 minutes. Chlorinated samples (SSMC1-

Cl, SSMC1-PEG-Cl and SSMC3-Cl) were rinsed with DI water in ultrasonic water bath (two 5 

minutes cycles) and dried with purified air. N,N-diethyl-p-phenylenediamine (DPD) assay was 

used to determine the amount of chlorine on the surface. Two packets of DPD were mixed with 

2mL of DI water. Samples were placed in individual test tubes containing 3mL of DI water and 

150μL of the DPD reagent solution was applied to each test tube. Samples were shaken for 10 

seconds using vortex. UV measurement was carried out at 512 nm for each sample to determine 

chlorine concentration in each solution. Chorine loading was calculated using calibration curve 
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prepared before. Chlorine loading on the samples was compared using t-test. P value above 0.05 

considered as non-significant and below 0.05 as significant difference. 

3.8. SEM Preparation and Analysis to Measure Coating Thickness 

SEM is an electronic microscopy method. It can produce high definition image from 

surface of a sample. Samples need to be conductive, so the samples were coated with gold using 

sputter coater, and then SEM images were taken. Coating thickness was measured using Image J 

software. 

3.9. SEM Sample Preparation to Image Bacteria on the Surface 

To assess the bacteria interaction with the coating 100μL of E. coli (2.45×106 cfu/mL) 

and S. aureus (1.82×106 cfu/mL) bacteria were dispersed on the SSMC1-Cl and SSM. Samples 

were kept in petri dishes for 1 hour at 35˚C. Bacteria solutions then were taken off the samples 

by pipetting. Samples then were immersed in PBS and taken out and placed in petri dishes. The 

fixation was done using glutardehyde. Glutardehyde solution (3% in 0.1M PBS, pH=7.2) was 

dispersed on samples to cover the samples surface. Samples were kept in the fridge for 2 hours 

followed by immersion in PBS (0.1M, pH=7.2) to rinse the glutardehyde. The fixated samples 

were dehydrated using gradient ethanol solutions of 25% (v/v), 50, 70, 95, 100 and 100%, for 10 

min. Samples were air dried under fume hood overnight. Samples were coated with gold for 30 

seconds and images were taken with scanning electron microscopy. 

3.10. Protein Adsorption Test 

To measure protein adsorption on the surface, the substrates (n=3) were immersed in 10 

mL of casein protein solution (5% TSB in PBS), followed by an incubation at 35 ˚C for 1 h. 

Then the substrates were rinsed once with sufficient PBS (pH 7) for 5 min each while stirring at 

300 rpm. To detach all the adsorbed protein from the substrates, each substrate was immersed in 
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2 mL of 0.1% TWEEN 20 solution (water as solvent) in a small sealed case, followed by an 

ultrasonication for 10 min. The amount of protein in the SDS solution was determined by the 

Micro BCA protein assay kit following manufacturer recommendations. Protein attachment on 

the samples was compared using t-test. P value above 0.05 considered as non-significant and 

below 0.05 as significant difference. 

3.11. Antibacterial Assessment in Phosphate Buffered Saline (PBS) 

The antibacterial properties of SSMC1-Cl (n=3), SSMC1 (n=3), SSMC1-PEG-Cl (n=3), 

SSMC2 (n=3), SSMC3-Cl (n=3), were examined against S. aureus (ATCC® 29213) and E. coli 

(ATCC® 25922) following Japanese Industrial Standard JIS Z 2801 protocol and sandwich test. 

In Japanese Industrial Standard JIS Z 2801 protocol, modified samples were placed in a sterile 

petri dish and 100μL of the bacteria suspension (S. aureus and E. coli) was dispersed on the 

samples to cover 1cm2 of the sample surface (1.25×1.25 cm2). Samples were kept at 35˚C for 

different time intervals. Subsequently, each sample was washed using 4.9 mL sodium thiosulfate 

(1%) in a test tube followed by sonication (2 min), and vortex (10 s). An aliquot of the solution 

(200 μL) was removed from each test tube and diluted for three times (10 fold each) in PBS. 30 

µL of bacterial suspension and its serial dilutions were plated on Tryptone Soya Agar plates 

using drop plate technique (Herigstad, Hamilton, & Heersink, 2001; Thomas, Sekhar, Upreti, 

Mujawar, & Pasha, 2015; Zelver et al., 1999) (For zone 1, 250 μL was dispersed onto an agar 

plate to reduce detection limit from 1.5 log to 0.6). After 20 h of incubation, at 37˚C, the viable 

bacteria colonies were counted on the agar plates. 

We also conducted sandwich test to show the effect of test method on the antibacterial 

test result. In sandwich test, 10μL of the bacteria suspension was dispersed on the samples 

(1.25×1.25 cm2) and the other sample was placed on the top of that and 40g weight was placed 
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on the samples to facilitate the contact. Samples were kept at 35 ˚C for different time intervals 

(15, 30 and 60 minutes). Subsequently, each sample was washed using 4.990 mL sodium 

thiosulfate (1%) in a test tube followed by sonication (2 min), and vortex (20 s). An aliquot of 

the solution (200 μL) was removed from each test tube and diluted three times (10 fold each) in 

PBS. 30 µL of bacterial suspension and its serial dilutions were plated on Tryptone Soya Agar 

plates using drop plate technique (For zone 1, 250 μL was dispersed onto an agar plate to reduce 

detection limit from 1.5 log to 0.6). After 20 h of incubation, at 37˚C, the viable bacteria colonies 

were counted on the agar plates. In both methods bacterial reduction (%) was calculated based on 

the following formula: 

(%) = (1 − 
𝐶

𝑁
 ) × 100 

Where N is number of viable bacteria in control sample and C in the number of viable 

bacteria in the samples. Antibacterial activity of the samples was compared using t-test. P value 

above 0.05 considered as non-significant and below 0.05 as significant difference. 

3.12. Antibacterial Assessment in High Protein Medium (HPM) 

The antibacterial properties of chlorinated SSMC1-Cl (n=3), SSMC3-Cl (n=3) and 

SSMC1-PEG-Cl (n=3) were examined against S. aureus (ATCC® 29213) and E. coli (ATCC® 

25922) in high protein medium (HPM). TSB (containing casein) was used as the source protein 

in this study. Modified samples were placed in a sterile petri dish and 100μL of the bacteria 

suspension (containing 5% TSB) was dispersed on the samples to cover 1cm2 of the sample 

surface (1.25×1.25 cm2). Samples were kept at 35˚C for different time intervals (1, 2 and 3 

hours). Subsequently, each sample was washed using 4.9 mL sodium thiosulfate (1%) in a test 

tube followed by sonication (2 min), and vortex (10 s). An aliquot of the solution (200 μL) was 

removed from each test tube and diluted three times (10 fold each) in PBS. 30 µL of bacterial 
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suspension and its serial dilutions were plated on Tryptone Soya Agar plates using drop plate 

technique (For zone 1, 250 μL was dispersed onto an agar plate to reduce detection limit from 

1.5 log to 0.6). After 20 h of incubation, at 37˚C, the viable bacteria colonies were counted on 

the agar plates. Bacterial reduction (%) was calculated based on the following formula: 

(%) = (1 −
𝐶

𝑁
) × 100 

Where N is number of viable bacteria in control sample and C in the number of viable 

bacteria in the samples. Antibacterial activity of the samples was compared using t-test. P value 

above 0.05 considered as non-significant and below 0.05 as significant difference. 

4. Results 

4.1. Surface Modification 

Vinyltrimethoxysilane was used as pre-coating so a “clickable” platform can be 

established on stainless steel by copolymerizing N-(2-methylbut-3-yn-2-yl) acrylamide 

(MBAA), N,N-methylenebisacrylamide and the dangling vinyl group from the salinized steel 

surface. Silanized stainless steel (SS) and polyMBAA coated silanized samples (SSM) were 

analyzed using ATR-FTIR. In the spectrum of SS samples (Figure 3.a) a peak appeared at 1603 

cm-1, which is characteristic of vinyl group. Peaks also appeared between 880 cm-1 and 1100 cm-

1 which represent Si-O group of vinyltrimethoxysilane on the surface. The sharp band at 1406 

cm-1 was attributed to bending vibration of =C-H. Small peaks between 2800 cm-1 and 2960 cm-1 

were also observed which represent –C-H stretch in alkanes which could be assigned to 

unreacted vinyltrimethoxysilane on surface. PolyMBAA formation on the samples was 

confirmed using ATR (Figure 3.b). Peaks attributed to alkynyl handle on SSM samples was 

observed at 3290 cm-1. The alkynyl handles will be engaged in further click reactions. The peaks 

between 2900 cm-1 and 2983 cm-1 correspond to the C-H stretch and C-H scissoring and rock in 
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the polymer were identified at 1448 cm-1 and 1384 cm-1 respectively which confirm alkane chain 

in polyMBAA. Amide group in MBAA molecule appeared in the spectrum of SSM sample at 

1653 cm-1. Also, the peak at 1100 cm-1 could be assigned to N-C bond in the polyMBAA.  

 

Figure 3. ATR-FTIR spectra of a) SS and b) SSM samples 

 

4.2. Introducing Antibacterial Agents to the Surface 

ATR-FTIR again was used to confirm click reaction and presence of antibacterial agents 

on the surface. IR spectrum of SSMC1 (Figure 4.b) showed two new peaks in 1704 cm-1 and 

1764 cm-1 which represent C=O in C1 (N-(2-azidoethyl)-3-(4,4-dimethyl-2,5-dioxoimidazolidin-

1-yl)-N, N-dimethylpropan-1-aminium). These two peaks also appeared in the original spectrum 

of the C1. The intense peak in 2122 cm-1 is related to azide group in C1. There was no peak 

around 2122 cm-1 in IR spectrum from SSMC1 samples which confirms that there is no 

unclicked C1 left on the surface. IR spectrum of SSMC2 (Figure 5.b) sample showed more 
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intense peaks between 2853 cm-1 and 2980 cm-1 which are attributed to alkane chain in C2 which 

is a long chain QAC. These intense peaks were also observed in the spectrum of the C2. 

Presence of a peak at 2122 cm-1 in original spectrum of C2 and absence of this peak in the 

SSMC2 spectrum again shows there was no unclicked residue left on the surface. IR spectrum of 

SSMC3 is similar to the SSMC1. They both have hydantoin ring (Figure 2). Peaks at 1698 cm-1 

and 1770 cm-1 correspond to C=O in C3 (3-(3-azidopropyl)-5,5-dimethylimidazolidine-2,4-

dione). A slight shift in SSMC3 spectrum was observed due to different molecular structure.  

 

Figure 4. IR spectra of a) C1; b) SSM and c) SSMC1 
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Figure 5. IR spectra of a) C2; b) SSM and c) SSMC2 
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Figure 6. IR spectra of a) C3; b) SSM and c) SSMC3 

4.3. Coating Thickness Study 

SEM images and optical microscope images were taken from SS and SSM samples and 

Image J software was used to measure coating thickness. SEM images were taken from the edge 

of SS samples and SSM samples (Figure 7). Image J software indicated that silane coating is 73 

± 5 μm (n=10) thick while sample with silane and polyMBAA coating has a thickness of 168 ± 

13 μm (n=10). SSM sample were dyed using orange II dye and a microscopic ruler was used as a 

scale under optical microscope (Figure 8). The measurement using Image J software from optical 

microscope image showed the coating thickness is 190 ± 51 μm (n=10) which verifies the 

measurement results from SEM image for SSM sample. Similar studies on  antibacterial stainless 

steel coating show much less coating thickness in the range of 50 nm to 85 nm (Bastarrachea & 

Goddard, 2013; Ignatova et al., 2008; SJ Yuan, Pehkonen, Ting, Neoh, & Kang, 2009). 
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Figure 7. SEM image of a) SS and b) SSM samples 

 

 
Figure 8. SSMC1 coating under optical microscope. The orange layer shows antibacterial coating 

 

4.4. Sample Uniformity 

To study uniformity and efficacy of the click reaction, an IR imaging microscope was 

used to map the carbonyl bond on SSMC1. The spots on the surface of SSMC1 with peak 

intensity (1705 cm-1) less than 0.35 absorbance unit were shown in blue color (considered as area 

absent of C1), and those with peak intensity higher than 0.35 absorbance unit were shown in red 

(successful click of C1) (Figure 9). Three samples were tested and 3 spots of 1.1 ×1.1 μm2 on 

each sample were examined. The percentage of the C1 coverage were calculated by counting 

blue and red pixels using Photoshop software. Results showed 95±4% of the surface is covered 

with C1.  To visually see the efficacy of the click reaction, dansyl azide was clicked on the 

surface. A uniform green color was observed after exposure of the samples clicked with dansyl 

azide to 365 nm UV light while control samples do not show any green color (Figure 10). This 

test shows that the click reaction was successful and uniform. Uniformity is important since we 

a b 

190μm 

100μm 
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need to have antibacterial activity all over the samples to fully prevent bacterial contamination. 

 

Figure 9. Spatial resolution images from SSMC1 samples (n=3) and control. 

 

 

Figure 10. Dansyle azide clicked on the sample surface (glowing) and control sample under UV 

light 365nm wavelength. 

 

4.5. Positive Charge Density and Hydrophilicity Study 

The results of the positive charge on the surface can be seen in Table 1. Since the 

PolyMBAA on the surface is crosslinked, we expected that some dye could be trapped in the 

polymer network so our measurement showed some positive charge in the control samples 

(SSM). All the samples had significant difference (p<0.05) in positive charge density with 

control samples except SSMC3 sample (p>0.05). The difference between control sample and the 

other sample can be seen visually (Figure 11) from the pictures taken after 24 hours immersion 

1 2 3 Control 
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of the samples in the dye. It has been reported that between 1014 and 1016 N+/cm2 positive charge 

on the surface is needed for effective antibacterial activity. In this study there were more than 

1016 N+/cm2 positive charges, so antibacterial activity was expected from all the samples. 

SSMC1 and SSMC1-PEG didn’t show significant difference (p>0.05) in positive charge density. 

PEGs are long chain molecules (In this study: Mn=5000). Because of steric effect, once they 

click to the surface they prevent other PEG molecules to click next to them. On the other hand, 

C1 is a small molecule and can click to the surface in relatively higher number next to the PEG 

molecules. So that’s why we don’t see significant difference between SSMC1 and SSMC1-PEG 

in charge density. Besides, SSMC2 show significant difference with SSMC1 and SSMC1-PEG 

(p<0.05). SSMC2 is a long chain QAC with 12 carbons which can make steric effect and results 

in lower number of C2 molecules clicked onto the surface. 

Water contact angle was measured on different samples (Figure 12). Results showed that 

contact angle of the samples was between 60˚ and 90˚ (Table 1). Nine different spots from 

different samples were tested and average number is reported. Presence of antibacterial agents, 

made the surface more hydrophilic. Methoxy terminated PEG known to have hydrophobic effect 

(Lingyan Li, Chen, Zheng, Ratner, & Jiang, 2005) so SSMC1-PEG is more hydrophobic than 

SSMC1. SSMC1 and SSMC2 didn’t show significant difference in hydrophilicity since both are 

positively charged. On the other hand, SSMC3 is more hydrophilic than other samples due to N-

H bond in C3 stricture. Although, SSMC1 also has N-H bond, but positive charge in C1 structure 

play the main role in its hydrophilicity behavior. 
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Table 1. Positive charge density and water contact angle 

Sample Positive charge density (N+/cm2) Water contact angle (˚) 

SSMC1 6.53×1016 ± 1.32×1016 74.5 ± 1.8 

SSMC1-PEG 6.06×1016 ± 1.36×1016 81.0±3.1 

SSMC2 1.68×1016 ± 2.25×1015 78.0±3.9 

SSMC3 1.93×1015 ± 3.34×1014 69.0±2.6 

SSMC 2.57×1015 ± 7.41×1014 87.5±3.0 

 

 

Figure 11. Modified stainless steel samples after 24 hours immersion in orange II dye; a) SSM vs 

SSMC1; b) SSM vs SSMC2 and c) SSM vs SSMC3 

 
Figure 12. Water contact angle image of a) SSMC3 and b) SSMC1 samples 

 

4.6. Chlorination, Chlorine Loading and Rechargeability Study 

Samples were chlorinated using different concentrations of household bleach. It has been 

shown that SSMC1 sample can take up to 45 nmol/cm2 chlorine and SSMC3 and SSMC1-PEG 

can take up to around 20 nmol/cm2 of chlorine in the first cycle of chlorination (Table 2). 

SSMC1 samples were chlorinated and dechlorinated using DPD for five times and chlorine 

a b 
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concentration was measured and no significant difference was detected (p>0.05). This indicates 

rechargeability of active chlorine on SSMC1 sample. However, we see an increasing trend in 

chlorine loading. (Figure 13).  

Table 2. Chlorine loading on chlorinated samples 

Sample Chlorine concentration 

of the solution used to 

chlorinate sample (ppm) 

Chlorine loading on 

sample (nmol/cm2) 

SSMC1 1.000×103 46.4 ± 4.3 

0.500×103 21.9 ± 1.2 

SSMC1-PEG 1.500×103 20.9 ± 1.7 

SSMC3 1.500×103 21.0 ± 1.6 
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Figure 13. Chlorine loading on SSMC1 sample for 5 cycles of chlorination and dichlorination 

 

ATR-FTIR test was carried out on SSMC1 after one time and five times of chlorination. 

The spectra were taken after dichlorination. It is indicated in Figure 14 that wavenumbers at 

1653 cm-1 (C=O stretching of amide I) and 1524 cm-1 (N–H bending of amide II) have lower 

adsorption number. This demonstrate that during chlorination process, some of the crosslinkers 

have been hydrolyzed. On the other hand, peaks at 1764 cm-1 and 1704 cm-1 (C=O in hydantoin 

ring) have slightly higher adsorption number after 5 times of chlorination. This data show that as 

a result of crosslinker hydrolyzation, more antibacterial agents along the polymer chain can get 
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exposed to the surface and the chlorine solution. These ATR-FTIR results explain increasing 

trend in chlorine loading during chlorination cycles. 

 

Figure 14. IR spectra of SSMC1 sample after one and five times of chlorination 

 

4.7. Protein Attachment 

Since TSB was used as the protein source of HPM in the bacteria test, we used TSB as a 

source of protein for protein attachment test. SSMC1, SSMC3, SSMC1-PEG and SSM (control) 

samples were used in this test and the results show that SSMC1 and SSMC1-PEG has the lowest 

protein attachment with a significant difference (p<0.05) with SSM sample. On the other hand, 

SSMC3 sample didn’t show any significant difference (p>0.05) in protein attachment with 

control sample while it demonstrated higher protein adsorption than SSMC1 and SSMC1-PEG 

(p<0.05).  
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Figure 15. Protein adsorption on different samples 

 

4.8. Antibacterial Assessment in PBS 

 SSMC1-Cl, SSMC3-Cl and SSMC1-PEG-Cl had 22.5±1.7, 23.3±3.2 and 22.7±1.7 

nmol/cm2 of chlorine loading respectively with no significant difference (p>0.05). SSMC1-Cl 

had the best antibacterial activity among all the samples with 100% bacterial reduction of E. coli 

(ATCC® 25922) after 60 minutes of contact. SSMC1-PEG-Cl and SSMC3-Cl samples displayed 

good antibacterial activity with 100% bacterial reduction after 120 and 180 minutes of contact 

respectively. At the same time, SSMC1 and SSMC2 didn’t show significant antibacterial activity 

(p>0.05) (Figure 16).  

On the other hand, SSMC1-Cl, SSMC1, SSMC1-PEG-Cl, SSMC2 and SSMC3-Cl demonstrated 

100%, 100%, 99.9%, 97.6% and 97.7% bacterial reduction of S. aureus (ATCC® 29213) 

respectively. Again, SSMC1 had the best biocidal activity with 100% bacterial reduction after 2 

hours of contact (Figure 17). 
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Sandwich test was also used to determine antibacterial activity of SSMC1-Cl, SSMC3-Cl 

and SSMC1-PEG-Cl samples (Figure 18 and Figure 19). In this test results were different which 

indicates effect of antibacterial test method on the results. After only 15 minutes SSMC1-Cl 

showed 100% bacterial reduction against E. coli and 98.4% against S. aureus. Moreover, these 

samples showed 100% bacterial reduction against E. coli in the first 15 minutes of contact. Using 

two pieces of sample and adding a weight on the top of stainless steel samples to facilitate 

contact between bacteria and samples is the reason for better antibacterial activity results. As it is 

evident, this method results in better enhancement in antibacterial activity against E. coli than S. 

aureus. E. coli has been reported to have hydrophilic surface with water contact angle of around 

33˚ while S. aureus has the contact angle of 72˚ (Mitik-Dineva et al., 2009). In JIS Z 2081 

method, no force was used to facilitate contact between bacteria and coating, so we expected E. 

coli to have trouble attaching to the surface. But in sandwich test, a weight has been used to 

facilitate the contact, so the effect of the force is more obvious in E. coli than S. aureus.  
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Figure 16. Antibacterial activity of the samples against E. coli 

 

Table 3. Overview of E. coli antibacterial test with different samples 

Bacteria Sample Chlorine 

Loading 

(nmol/cm2) 

Positive 

Charge 

(N+/cm2) 

Bacterial reduction (%) 

15 

min 

30 

min 

60 

min 

120 

min 

180 

min 

E. coli 

(ATCC® 

25922)       

(in PBS) 

SSMC1-Cl 21.9 ± 1.2 6.53×1016 60.0 84.4 100 100 100 

SSMC1 0 6.53×1016 - - 5.5 6.4 20.4 

SSMC1-PEG-Cl 22.7 ± 1.7 6.06×1016 7.7 0.0 99.9 100 100 

SSMC2 0 1.68×1016 - - 0.0 0.4 13.7 

SSMC3-Cl 23.3 ± 3.2 - 32.7 76.7 68.1 99.8 100 
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Figure 17. Antibacterial activity of the samples against S. aureus  

 

Table 4. Overview of S. aureus antibacterial test with different samples 

Bacteria Sample Chlorine 

Loading 

(nmol/cm2) 

Positive 

Charge 

(N+/cm2) 

Bacterial reduction 

15 

min 

30 

min 

60 

min 

120 

min 

180 

min 

S. aureus 

(ATCC® 

29213)  

(in PBS) 

SSMC1-Cl 22.5 ± 1.7 6.53×1016 5.2 98.7 98.8 100 100 

SSMC1 0 6.53×1016 - - 55.8 97.9 100 

SSMC1-PEG-Cl 22.7 ± 1.7 6.06×1016 0.0 0.0 70.7 97.8 99.9 

SSMC2 0 1.68×1016 - - 27.3 95.3 97.6 

SSMC3-Cl 23.3 ± 3.2 - 1.6 3.3 0.0 40.4 97.7 
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Figure 18. Antibacterial activity of SSMC1-Cl, SSMC3-Cl and SSMC1-PEG-C1 samples against 

S. aureus using sandwich test 

 
Figure 19. Antibacterial activity of SSMC1-Cl, SSMC3-Cl and SSMC1-PEG-C1 samples against 

E. coli using sandwich test  
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4.9. Antibacterial Assessment in HPM 

In this test, SSMC1-Cl, SSMC3-Cl and SSMC1-PEG-Cl were challenged with S. aureus 

and E. coli (Figure 20 and Figure 21). Again, SSMC1-Cl showed the best performance against 

both bacteria. It reached to 99.99% bacterial reduction of S. aureus after 3 hours of contact and 

100% reduction of E. coli after 2 hours of contact, while SSMC3-Cl and SSMC1-PEG-Cl 

reached to only to 67.9% and 97.8% bacterial reduction against E. coli respectively. These 

numbers in the case of the S. aureus was 53.5% and 63.4% respectively. Table 5 and Table 6 

illustrate difference in antibacterial activity of the samples in PBS and HPM.  

 

 
Figure 20. Antibacterial activity of SSMC1-Cl, SSMC3-Cl and SSMC1-PEG-C1 against S. 

aureus in HPM 
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Table 5. Comparing S. aureus antibacterial results in HPM and PBS 

Bacteria Sample Antibacterial 

test 

environment 

Bacterial reduction (%) 

30 

 min 

60 

 min 

120 

min 

180 

min 

S. aureus 

(ATCC® 

29213)   

SSMC1-Cl HPM 11.8 39.0 95.4 99.9 

PBS 98.7 98.8 100 100 

SSMC1-PEG-Cl HPM 0.0 12.0 16.3 61.4 

PBS 0.0 70.7 97.8 99.9 

SSMC3-Cl HPM 0.0 0.9 33.1 53.5 

PBS 3.3 0.0 40.4 97.7 

 

 
Figure 21. Antibacterial activity of SSMC1-Cl, SSMC3-Cl and SSMC1-PEG-C1 against E. coli 

in HPM 
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Table 6. Comparing E. coli antibacterial results in HPM and PBS 

Bacteria Sample Antibacterial 

test 

environment 

Bacterial reduction (%) 

30 

 min 

60  

min 

120 

min 

180 

min 

E. coli 

(ATCC® 

25922) 

SSMC1-Cl HPM 76.9 99.9 100 100 

PBS 84.4 100 100 100 

SSMC1-PEG-Cl HPM 4.4 90.4 89.9 97.8 

PBS 0.0 99.9 100 100 

SSMC3-Cl HPS 46.2 58.2 39.0 67.9 

PBS 76.7 68.1 99.8 100 

 

 

4.10. SEM Micrographs of Bacteria on the Surface of Functionalized Steel 

Samples 

Bacteria on the coatings were imaged using SEM. Figure 22  shows bacteria on SSM 

surface. No antibacterial agent was presented on this surface, so the bacteria maintain their 

natural shape. On the other hand, Figure 23 indicates damages to the bacteria made by SSMC1-

Cl samples.  
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Figure 22. E. coli (top) and S. aureus (bottom) on SSM surface 
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Figure 23. Damages made by SSMC1-Cl to E. coli (Left) and S. aureus (Right) 

 

 

5. Discussion 

We developed a versatile coating that can be clicked with various antibacterial agents. 

Table 3 shows an overall view of this study on E. coli. As it is shown, E. coli was very sensitive 

to N-chloramines than QACs. SSM1-Cl, SSMC1-PEG-Cl, SSMC3-Cl were efficient against E. 

coli: they could reach 100% of bacterial reduction in 1, 2 and 3 hours of contact respectively 

while the SSMC1 and SSMC2 which had only positive charge were not effective against E. coli. 

On the other hand, N-chloramine with a positive charge provided better results than N-

chloramine alone. The effect of the positive charge can be observed when the antibacterial 

efficacy of SSMC1-Cl and SSMC3-Cl are compared. SSMC1-Cl, which contains a positive 

charge, reached 100% reduction of bacterial in only 60 minutes of contact but SSMC3-Cl 

reached 100% reduction of bacteria in 180 minutes.  

Table 4 represents an overall view of our samples challenged with S. aureus. S. aureus is 

vulnerable against positive charge alone. SSMC1 and SSMC2 killed 100% and 97.67% of S. 

aureus in 180 minutes of contact. On the other hand, N-chloramine alone also can be effective 

against S. aureus. SSMC3-Cl demonstrated 97.76% bacterial reduction in 180 minutes. 
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However, SSMC1-Cl is more effective since it can kill 100% the bacteria in 120 minutes. The 

difference in behavior of E. coli and S. aureus against positive charge was explained by Jennings 

et al. (Jennings et al., 2015). Although Gram-negative bacteria have a thinner layer of 

peptidoglycan than Gram-positive bacteria, they are encapsulated by two cellular membranes, so, 

the QACs show a weaker activity against Gram-negative bacteria 

These results confirm our findings in a previous paper that a positive charge can boost the 

antibacterial activity of N-chloramines (Ning et al., 2015). The other benefit of a positive charge 

combined with N-chloramine can be seen in the chlorination data. A positive charge can help 

enhance the efficacy of the chlorination reaction. As Table 2 indicates, SSMC1 could reach the 

active chlorine loading of 20 nmol/cm2 when it was an aqueous solution of 500 ppm available 

chlorine, while SSMC3 could reach the same chlorine loading with 1500 ppm of chlorine 

solution. Moreover, SSMC1 has the ability to reach 45 nmol/cm2 of chlorine loading when it is 

chlorinated with 1000 ppm of chlorine solution. In addition, there are reports of bacterial 

resistance to QACs (Buffet-Bataillon, Tattevin, Bonnaure-Mallet, & Jolivet-Gougeon, 2012; A. 

Müller et al., 2014; Shamsudin et al., 2012; Wassenaar, Ussery, Nielsen, & Ingmer, 2015), so 

combining QACs with N-chloramines reduces the chance of development of bacterial resistance 

to the antibacterial agent since the N-chloramines mode of action is unspecific and no resistance 

has been reported (Gottardi & Nagl, 2010).  

Food industry is a protein rich environment. Protein can attach to a surface within 

seconds to minutes (Latour, 2005; Zottola & Sasahara, 1994). As a result, the N-chloramine 

based antibacterial coating can get quenched by the protein, so, we challenged the samples with 

S. aureus and E. coli in the high protein medium (HPM). Table 6 shows results from SSMC1-Cl, 

SSMC1-PEG-Cl and SSMC3 samples challenged with E. coli in HPM and PBS. Results show 
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that SSMC1-Cl has the best antibacterial activity among all tested samples with 99.99% bacterial 

reduction in 60 minutes and total kill in the following contact times. SSMC1-Cl showed 100% 

bacterial reduction after 60 minutes without the presence of protein. On the other hand, SSMC3-

Cl showed only 67.9% bacterial reduction after 180 minutes of contact, while it could show 

100% bacterial reduction in PBS within the same time frame. SSMC1-PEG-Cl showed 89.9% 

bacterial reduction in HPM while it demonstrated total kill in PBS within 120 minutes. On the 

other hand, SSMC1-Cl did not show any difference in antibacterial activity between HPM and 

PBS environment with 100% bacterial reduction in 120 minutes. 

Antibacterial results against S. aureus are also presented in Table 5. Again, SSMC1-Cl 

sample was the most effective against bacteria in HPM with 99.99% bacterial reduction within 3 

hours of contact. At the same time, SSMC1-PEG-Cl and SSMC3-Cl could not demonstrate more 

than 61.4% and 53.5% bacterial reduction within the same time period in HPM. However, they 

demonstrated 99.91% and 97.76% bacterial reduction after 3 hours of contact in PBS.  

The results correlate well with protein attachment test results (Figure 15). Protein 

attachment on SSMC1 and SSMC1-PEG was almost half that on SSM (control) sample. On the 

other hand, SSMC3 indicated no significant difference in protein attachment compared to the 

control (p>0.05). In a study by Evan S. Hatakeyama et al. (Hatakeyama et al., 2009) protein 

resistance polymers based on quaternary ammonium and phosphonium have been developed.  

Yang Xu et al. (Xu, Takai, & Ishihara, 2009) also showed that a SiO2 surface coated with 

polymer, based on quaternary ammonium, adsorbs significantly less protein than native SiO2. 

Quaternary ammonium salts like C1 can have protein repellent properties as Ravi S. Kane et al. 

(Kane, Deschatelets, & Whitesides, 2003) identified quaternary ammonium salts as 

Kosmotropes. If a compound contributes to the stability and structure of water-water 



 

49 
 

interactions, it is a Kosmotropic compound. This helps water molecules to interact favorably 

with each other and leads to stabilizing the intramolecular interactions in macromolecules such 

as proteins. Kosmotropes remain hydrated near the water surface, while the chaotropes lose their 

hydration sheath. Kosmotropes enhance hydrogen binding between water molecules at the 

surface so they interact with water rather than with non-polar solute particles such as proteins 

(Hatakeyama et al., 2009; Kane et al., 2003). Kosmotropic effect can also explain relative 

hydrophobicity of SSMC1 to SSMC3. Although Kosmotropes interact with water but they 

enhance hydrogen binding between water molecules while N-H bond in C3 structure only 

enhance hydrogen binding between C3 and water molecules (Table 1).  

We demonstrated that the SSMC1-PEG-Cl sample is not as effective as the SSMC1-Cl 

sample against bacteria. As illustrated in  

Figure 16 and  

Figure 17, during the first 30 minutes of contact between SSMC1-PEG-Cl and bacteria 

there is no antibacterial activity; while, SSMC1-Cl started its antibacterial activity immediately. 

This could be due to bacteria repellent properties of PEG (Kingshott, Wei, Bagge-Ravn, 

Gadegaard, & Gram, 2003; R. Müller et al., 2009). It indicates that bacteria need more time to 

settle on this surface and to make efficient contact with SSMC1-PEG-Cl samples. This property 

of SSMC1-PEG-Cl is unfavorable for food contact surface application since immediate action 

against bacteria is needed. 

6. Conclusions 

This study demonstrates antibacterial activity of the positive charge and superior 

antibacterial activity of the combination of positive charge and N-chloramine in HPM and PBS. 

The SSMC1-Cl sample showed better antibacterial activity than others in this study and other 
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similar studies. The study has also shown that a UV curing method can be used to develop a 

stable, rechargeable and versatile coating on stainless steel when silanization is used as a pre-

coating. Different antibacterial agents can be clicked onto this coating based on the application. 

The rechargeability properties of this coating showed the potential of this coating to be 

used in real application. Although food safety practices such as HACCP, SSOP and GMP are 

implemented in food industry, this coating can add another preventing layer against foodborne 

pathogens in food industry and help maintaining food industry a hygienic place.  

7. Future work 

The antibacterial efficacy of an antibacterial coating based on quaternized N-chloramine 

is related to positive charge density and the amount of active chlorine loading. Synthesizing new 

quaternized N-chloramine carrying more than one positive charge and more N-H bonds can 

potentially boost antibacterial activity of the coating. Synthesis of such a molecule can be studied 

in the future work. 

Stability of the coating during chlorination process was studied, however, more study is 

needed to evaluate the coating stability in acidic or basic environment or against physical stress.  

In this study, the coating was challenged with E. coli and S. aureus as two bacteria 

models that represent Gram-negative and Gram-positive bacteria respectively. In food processing 

environment there are more microorganisms like viruses and fungi. It is suggested that in the 

future works, the coating get challenged by a broader range of microorganisms and bacteria such 

as Listeria monocytogenes.   
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