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ABSTRACT: N-halamine modification of materials enables the development of antimicrobial materials whose activity can be regener-

ated after exposure to halogenated sanitizers. Surface and bulk modification of polymers by N-halamines has shown great success,

however, modification of inorganic substrates (e.g., stainless steel) remains an area of research need. Herein, we report the covalent

surface modification of stainless steel to possess rechargeably antimicrobial N-halamine moieties. Multilayers of branched polyethyle-

neimine and poly(acrylic acid) were immobilized onto the surface of stainless steel and the number of N-halamines available to com-

plex chlorine was quantified. Samples were characterized through contact angle, Fourier transform infrared spectroscopy, ellipsometry,

dye assay for amine quantification, and X-ray photoelectron spectroscopy. Increasing the number of multilayers from one to six

increased the number of N-halamines available to complex chlorine from 0.30 6 0.5 to 36.81 6 5.0 nmol cm�2. XPS and FTIR con-

firmed successful covalent layer-by-layer deposition of the N-halamine multilayers. The reported layer-by-layer deposition technique

resulted in a greater than seven-fold increase of available N-halamine compared to prior reports of N-halamine surface modifications.

The N-halamine modified steel demonstrated antimicrobial activity (99.7% reduction) against the pathogen Listeria monocytogenes.

Such surface modified stainless steel with increased N-halamine functionality, and therefore potential for rechargeable antimicrobial

activity, supports efforts to reduce cross-contamination by pathogenic organisms in the food and biomedical industries. VC 2012 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Cross-contamination of pathogenic microorganisms is a major

concern in the food and biomedical industries because of the

impact to public health as well as the resulting financial impact

of medical expenses.1,2 In the food industry, the growth and

cross-contamination of pathogens like Listeria monocytogenes,

Escherichia coli, and Salmonella spp. on the surface of food con-

tact materials (work tables, conveyor belts, processing equip-

ment) as well as noncontact materials (ventilation ducts, door

knobs, etc.) pose a public health risk. There is also a substantial

potential for economic losses due to the proliferation of spoil-

age microorganisms and resulting product loss. Further, some

microorganisms are able to form stable communities called bio-

films, which increases their resistance to traditional cleaning

and sanitization methods.3–5

Stainless steel is a commonly used material in food processing

facilities as well as in fabrication of biomedical devices.5–7

However, several studies have shown its ability to harbor bio-

films composed of microorganisms from different genera,

including Listeria, Staphylococcus, Escherichia, Bacillus, and Pseu-

domona.8–13 Currently, there is no available strategy to totally

prevent or control the formation of biofilms. The most com-

mon techniques used are the application of disinfectants and

heat, which are less effective on microorganisms that have

formed a stable biofilm.3 There is therefore a continued need to

reduce the adhesion, survival, and cross-contamination of path-

ogenic and spoilage organisms on stainless steel. Development

of antimicrobial materials for which the antimicrobial activity is

long-lasting and does not diminish via migration of the antimi-

crobial agent can help to support current cleaning and sanitiza-

tion protocols in improving food safety.

N-halamines are antimicrobial structures in which a stable

nitrogen-halogen complex can be rechargeably formed after

contact with halogenated sanitizers (e.g., sodium hypochlorite,

VC 2012 Wiley Periodicals, Inc.
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bromophors/iodophors). N-halamines can exist as amines,

amides, or imides and the halogen position can be occupied by

an atom of chlorine, bromide, and iodide. N-halamines com-

posed by amines exhibit higher stability than those composed

by amides, which in turn are more stable than those composed

by imides.14 The stability is given by the ability of the N-hal-

amine to provide an electron to the halogen atom, working as a

sort of resonance system and avoiding the separation of the hal-

ogen from the rest of the molecule due to the loss of one of its

electrons. Probably the most important feature of N-halamines

is their ability to be regenerated with solutions containing the

corresponding halogen, which makes them able to provide anti-

microbial activity repeatedly. The halogen is released once it

gets in contact with microorganisms, inactivates them, and the

N-halamines can be regenerated again (with sodium hypochlo-

rite/bleach commonly), making them ready for another cycle of

disinfection.14 N-halamine functionalized materials have been

developed for a range of applications such as biocides in swim-

ming pools and spas, disinfectants in water filtration systems,

disinfectants of recreation water, and so on.15 They have also

been incorporated in fabrics to be used in the production of

different types of clothes.4–16 Both soluble and insoluble N-hal-

amines have been developed with demonstrated activity against

microorganisms, and both bulk and surface modification tech-

niques have been employed to impart N-halamine activity to

materials.14,16–19 Surface modification in which the N-halamine

moiety is covalently attached to a materials surface decreases the

likelihood of N-halamine migration from the substrate, a poten-

tial regulatory benefit.15,20 A few reports have been published

on surface modification of polymeric materials with N-hal-

amines; however, there are no reports of such modifications on

inorganic substrates like stainless steel.

The overall goal of this work was to modify the surface of 316

stainless steel to possess rechargeably antimicrobial N-halamine

functionality, and to increase the number of N-halamines by a

sequential layer-by-layer deposition process. The objectives were

to modify the surface of stainless steel through the layer-by-layer

deposition of increasing number of layers of covalently linked

branched polyethyleneimine (PEI) and polyacrylic acid (PAA),

to evaluate the capacity to retain and release chlorine, and

finally to characterize the materials through surface analytical

techniques to confirm the chemical modification. The number

of N-halamines and primary amines increased with the number

of multilayers immobilized. Covalent bond formation between

the applied polymers and stainless steel was confirmed through

FTIR, ellipsometry, and XPS. No significant difference between

control samples and treated samples was observed in contact

angle (P > 0.05).

EXPERIMENTAL PROCEDURE

Materials

Stainless steel 316L #2B and #8 finish (non-mirror and mirror-

polished, respectively) was purchased from McMasterr-Carr

(Chicago, IL). Isopropanol, acetone, sulfuric acid, hydrogen per-

oxide, toluene, hydrochloric acid (12 N), sodium hydroxide and

HPLC grade water, and sodium chloride were purchased from

Fisher Scientific (Pittsburgh, PA). The silane-coupling agent 3-

glycidoxypropyltrimethoxysilane (GOPTS), sodium hypochlorite

(5% chlorine), and AO7 dye [Orange (II) (Cert)] were pur-

chased from Acros Organics (Fair Lawn, NJ). Branched PEI was

purchased from Sigma-Aldrich (St. Louis, MO), and poly

(acrylic acid) (PAA) was purchased from Scientific Polymer

Products (Ontario, NY). N-hydrosuccinimide (NHS) was pur-

chased from Acros Organics. 1-(3-Dimethylaminopropyl)-3-eth-

ylcarbodiimide hydrochloride (EDC-HCl) was purchased from

ProteoChem (Denver, CO). DPD total chlorine reagent powder

was from Hach Company (Loveland, CO). Listeria monocyto-

genes FSL-J1-225 Scott A was graciously provided by the labora-

tory of Dr. Lynne McLandsborough. Tryptic soy broth (TSB),

tryptic soy agar (TSA), and neutralizing buffer (NB) were pur-

chased from Becton, Dickinson and Company (Sparks, MD).

Stainless Steel Surface Modification

Two finishes of 316L stainless steel were used in this work.

Because of its widespread application in commercial food proc-

essing, a 2B finish was used for most of the work. However, the

inherent roughness of 2B finished steel introduces complications

when using analytical techniques which require very smooth

substrates to obtain meaningful quantitative data. For these rea-

sons, a #8 finish (mirror-polished steel) was used to prepare

samples for FTIR, ellipsometry, and AFM analysis, while 2B fin-

ished steel was used for samples subjected to XPS, dye assay,

contact angle, and antimicrobial activity assays. Regardless of

finish, samples were cleaned and modified in the same manner.

Stainless steel samples were cut into 1 � 2.5 cm coupons.

Before surface modification, samples were subjected to cleaning,

first with isopropanol then with acetone, and finally with deion-

ized (DI) water under sonication (two 10 min cycles per sol-

vent). Samples were then dried with purified air and immersed

in piranha solution, prepared by mixing carefully sulfuric acid

and hydrogen peroxide in a 7 : 3 volumetric ratio of sulfuric

acid and 30% hydrogen peroxide for 20 min to clean the surface

of the samples and create hydroxyl groups. After piranha solu-

tion treatment, samples were rinsed with DI water, dried with

purified air, and left shaking overnight in toluene to precondi-

tion the surface before solvent-based silanization. Samples which

had undergone piranha treatment and toluene soaking were

dried with purified air and stored in clean glass Petri dishes as

control samples. Samples that were going to be subjected to fur-

ther chemical modification were then immersed in a solution of

toluene containing 2% (v/v) of the silane-coupling agent

GOPTS and shaken for 10 min. Once treated with GOPTS,

samples were rinsed with copious toluene, dried with purified

air, and heated for 2 h at 80�C to promote covalent bond for-

mation between the oxidized stainless steel surface and GOPTS.

Cured, GOPTS-treated samples were stored in clean glass Petri

dishes as ‘‘GOPTS’’ treatment. The rest of the samples were

treated as follows: to apply a single multilayer of PEI and PAA,

samples were first immersed in a 0.1M phosphate buffer solu-

tion, pH 7.8, containing 5 mg mL�1 of branched PEI, and the

zero-length cross-linker EDC–HCl and NHS in a concentration

of 50 and 5 mM (respectively), and shaken for 30 min. Then,

after having been rinsed in copious DI water and dried with

purified air, samples were immersed in a 0.1M phosphate buffer

solution, pH 7.8, containing 5 mg mL�1 of PAA and the same
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concentrations of EDC–HCl and NHS, shaken for 30 min,

rinsed in copious DI water, and dried with purified air. The

described procedure was repeated until completing up to six

multilayers. Samples were randomly selected after each multi-

layer deposition to be subjected to surface analysis as described

below. Figure 1 illustrates the overall chemistry of the chlori-

nated N-halamine surface modified stainless steel.

N-Halamine Activation and Determination of Chlorination

Samples from the different treatments prepared as explained

earlier were shaken for 15 min in individual test tubes contain-

ing DI water with 3000 ppm of chlorine, prepared by making

the corresponding dilution from a sodium hypochlorite solution

containing 5% of free chlorine. The chlorine content of the so-

dium hypochlorite solution was confirmed previously through

the standard method D 2022–89, in which the available chlorine

content is determined through an iodometric titration with

Na2S2O3 0.1N.21 Samples were rinsed with copious DI water af-

ter the 15 min of shaking, and dried with purified air. Then,

the samples were transferred to individual test tubes with DI

water. The ability of N-halamines to complex chlorine was

determined through a modified N,N-diethyl-p-phenylenedi-

amine (DPD) assay. DPD reagent was prepared by mixing one

packet of DPD total chlorine reagent powder with 1 mL of DI

water. A volume of 50 lL of DPD reagent was applied per every

mL of DI water contained in the individual test tubes. Then,

the samples were shaken for 2 min and the absorbance of the

solutions in contact with them was measured at 512 nm. The

chlorine concentration of the solutions was determined from a

standard curve of sodium hypochlorite in DI water. The chlori-

nation of N-halamines in nmol cm�2 was calculated by taking

into account the volume of DI water in contact with the sam-

ples and the samples’ dimensions. This procedure was per-

formed three times (three replicates), with four samples per

treatment in every replicate.

Contact Angle

Advancing (hA) and receding (hR) water contact angles were deter-
mined with a DSA100 (Kruss, Hamburg, Germany). A volume of

2.5 lL HPLC grade water was applied at a rate of 15 lL min�1 with

automatic dispenser. Measurements were performed under atmos-

pheric conditions and were analyzed using the Drop Shape Analysis

software, version 1.91.0.2 (Kruss, Hamburg, Germany). Hysteresis

(H) was obtained from the difference between hA and hR. A total of

three replicates were performed for this evaluation, with three

samples per treatment in every replicate and three measurements

were done in every sample (nine measurements per replicate).

Fourier Transform Infrared (FTIR) Spectroscopy

Mirror-polished stainless steel (316, 0.03600 thick) was used as a

substrate for multilayer deposition for FTIR, ellipsometry, and

AFM measurements (described below), to avoid artifacts resulting

from inherent roughness in #2B finished stainless steel. Changes in

surface chemistry were determined with an IRPrestige 21 spec-

trometer (Shimadzu Corp., Tokyo, Japan). Absorbance was meas-

ured in three different spots of each of three samples per treatment

with a Monolayer Grazing Angle Accessory (Specac, Orpington

Kent, UK) at an angle of incidence of 60�. A resolution of 4 cm�1

and a total of 200 scans were applied for every spot using square

triangle apodization. Control samples (i.e., piranha cleaned steel)

were used as the background. The spectra were collected with IRso-

lution software (Shimadzu, Tokyo, Japan), and after baseline cor-

rection, atmospheric correction and smoothing (20 points), spectra

were analyzed with the Knowitall software (Biorad Laboratories,

Philadelphia, PA). The areas of representative peaks were calculated

with the IRsolution software. A total of three replicates were per-

formed, with three samples per treatment in every replicate.

Ellipsometry

Before determination of thicknesses by ellipsometry, the refrac-

tive indices of PEI, PAA, and GOPTS were confirmed with a

Figure 1. Schematic of chlorinated, N-halamine-modified stainless steel prepared by layer-by-layer deposition technique. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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digital refractometer from Sper Scientific model 300034 (Sper

Scientific, Scottsdale, AZ). The thicknesses of the increasing

multilayers of the different treatments were determined with a

Rudolph research model auto SL-II automatic ellipsometer

(Rudolph Research Analytical, Hackettstown, NJ) with an angle

of incidence of 70� from the normal. The light source was a

He–Ne laser with k ¼ 632.8 nm. Measurements were done in

three different spots of a single sample. Three replicates were

done for this evaluation, with three samples per treatment in

every replicate.

Atomic Force Microscopy

Mirror-polished stainless steel samples were cleaned and modi-

fied as described above for analysis of nanoscale surface topog-

raphy by atomic force microscopy (AFM). AFM was used to

characterize the roughness and surface morphology of the con-

trol and modified stainless steel samples using a Dimension

3100 Atomic Force Microscope (Digital Instruments, Santa Bar-

bara, CA). Tapping mode tips (Veeco, phosphorus n-doped Si,

f0: 312–342 kHz) were used on cantilevers having a resonance

frequency in the range of 290–410 kHz. AFM images were flat-

tened, filtered, and analyzed through the SPIP software (Scan-

ning Probe Image Processor, Image Metrology, Denmark).

Acid Orange 7 (AO7) Dye Assay

The quantification of primary amines on the samples’ surface

was performed as follows. Samples were immersed in individual

test tubes containing 1 mM of AO7 dye [Orange (II) (Cert),

Acros Organics, Fair Lawn, NJ] in DI water adjusted to a pH of

3 by hydrochloric acid. After the 3 h of shaking, the samples

were rinsed in copious DI water (pH ¼ 3) to remove noncom-

plexed dye. Samples were then transferred to individual test

tubes containing DI water adjusted to a pH of 12 by sodium

hydroxide to desorb the absorbed dye. Samples were then

shaken for 15 min and the absorbance of the solutions in con-

tact with the samples was measured at 455 nm. The AO7 con-

centration was determined from a standard curve of AO7 in DI

water (pH ¼ 12) and the primary amines content on the sur-

face of the samples was calculated based on such concentration

and the samples’ dimensions.22 Three replicates were performed

for this assay, with three samples per treatment in every

replicate.

X-Ray Photoelectron Spectroscopy

XPS analysis was performed with a Physical Electronics Quan-

tum 2000 (Physical Electronics, Chanhassen, MN) with Al Ka
excitation at a spot size of 100 lm at 25 W. Spectra were

obtained at an angle of 45� relative to the samples’ plane. Sur-

vey scans of every sample were collected at a pass energy of

187.85 eV with a step size of 1.6 eV. High resolution spectra

were collected at a pass energy of 46.95 eV and with a step size

of 0.4 eV. Atomic concentrations and high resolution spectra

were analyzed with the MultiPak software version 6.1A (Physical

Electronics, Chanhassen, MN). After linear background subtrac-

tion, high resolution spectra were fitted with the Gaussian-Lor-

entzian model (90% Gaussian was applied).

Antimicrobial Activity Assay

Unmodified and stainless steel modified with six N-halamine

multilayers were subjected to an antimicrobial activity assay. Lis-

teria monocytogenes was used as a model organism to demon-

strate antimicrobial activity because of its importance in food

safety, having been reported to be the pathogen responsible for

the most food-borne illness related deaths.23 Overnight cultures

were grown in TSB and diluted with water to a final concentra-

tion of approximately 105 CFU mL�1. Stainless steel coupons (1

� 2.5 cm2) were submerged in 4 mL of an aqueous suspension

of Listeria monocytogenes and incubated with rotation at 32�C.
After 6 h, suspensions were enumerated by serial dilution in sa-

line water (0.9% NaCl) followed by plating on TSA agar and

incubation for 48 h at 37�C. Colonies were counted and antimi-

crobial activity was recorded as the log reduction in CFU mL�1.

Statistical Analysis

One-way analysis of variance (ANOVA) followed by Tukey’s

pairwise comparisons was conducted between treatments using

Minitab version 16.1.1 (Minitab, State College, PA) with a con-

fidence interval of 95%. As appropriate, regression analysis was

also evaluated at a 95% confidence interval.

RESULTS AND DISCUSSION

N-Halamine Activation and Determination of Chlorination

The ability of control and multilayer N-halamine modified

stainless steel to complex with chlorine after contact with 3000

ppm sodium hypochlorite was quantified by a modified DPD

assay (Figure 2). No chlorination was observed for the GOPTS

treated stainless steel, as expected. The Control (clean stainless

steel) treatment exhibited trace chlorination, likely due to

hydrophilic behavior brought by the piranha solution, however,

this trace chlorination was not significantly different from

GOPTS treated (P > 0.05). The level of N-halamine chlorina-

tion increased with increasing multilayer deposition, with a

quadratic relationship from one to six multilayers (P > 0.05).

Contact Angle

Water contact angles (advancing, receding, and hysteresis) were

measured for control and modified steel to determine the effect

Figure 2. Relationship observed between the N-halamine chlorination and

the number of covalently bound multilayers. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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of N-halamine multilayer deposition on wettability (Table I).

The only treatment that exhibited significantly different advanc-

ing contact angle (hA) (P < 0.05), when compared with the rest

of the treatments was GOPTS treated. Such behavior can be

attributed to the hydrophobic nature of GOPTS, which made

the stainless steel surface have a higher value of hA compared

with the rest of the treatments. None of the treatments of steel

modified with N-halamine forming multilayers (one to six mul-

tilayers) was significantly different from the Control in hA.
However, the values of hA for one multilayer and three multi-

layers were significantly different (P < 0.05), suggesting an

increase in hydrophilicity as the number of multilayers increases

from one to three. It is likely that the hydrophobic influence of

the underlying GOPTS monolayer is more evident with only a

single multilayer than when several multilayers are immobilized.

None of the treatments of steel modified with N-halamine

forming multilayers was significantly different from the Control

in hR (P > 0.05). As observed with hA, and the only treatment

significantly different from the rest was that of GOPTS treated

steel (P < 0.05). A substantial variability was observed from the

multilayer modified steel in the measured values of hA and hR.
The more heterogeneous or rough a surface is, the more evident

the fluctuations among contact angle measurements will be.24

The reason behind this phenomenon may be related to a non-

uniform distribution of the introduced chemical species on the

substrate’s surface (stainless steel in this case), creating zones of

varying hydrophilic or hydrophobic nature.25,26 Such lack of

uniformity may also explain the observed variability in the val-

ues of H. Some areas in the sample may exhibit a higher tend-

ency to absorb water, whereas other areas will tend to repel it.

In addition, surface topography can also increase or decrease

adsorption of water, which relates to the surface roughness.

Hence, the effect in wettability caused by a change in surface

chemistry can be amplified by an irregular surface, leading to a

less predictable behavior in H.27

FTIR Spectroscopy

The results from grazing angle FTIR analysis confirmed that the

surface of the treated stainless steel possessed increasing quanti-

ties of N-halamines with increasing multilayer deposition.

Figure 3 shows representative spectra from 0 (GOPTS treated)

to six multilayers in the range from 1875 to 1365 cm�1, which

includes absorbance bands characteristic of amine, amide, and

carbonyl functionalities. A characteristic band was observed at

around 1535 cm�1, which can be attributed to the NAH bond

in plane bend of secondary amides. An increasing absorbance in

this band suggests the formation of covalent bonds between the

primary amines of PEI and the carboxylic acid groups of PAA,

an important observation which supports the covalent nature of

the N-halamine modification of stainless steel. A more subtle

band was observed at about 1638 cm�1, which corresponds to

the scissors vibration of primary amines. Another band formed

at about 1680 cm�1, which can be related to the C¼¼O stretch

of secondary amides. At about 1750 cm�1, a band was exhibited

which may suggest the formation of acid anhydrides. The chlo-

rine from unreacted EDC–HCl may have favored the formation

of acid anhydrides, which can form from the condensation of

the polar heads of two carboxylic acids in the presence of chlo-

rine. A less evident band was seen at 1420 cm�1, belonging to

the OAH bond in plane bend of carboxylic acids.28 The area

beneath the spectra in the range of 1680–1395 cm�1 was calcu-

lated for stainless steel modified with one to six multilayers

(Figure 4). The area in the chosen range was observed to

increase with a quadratic relationship (P < 0.05) as the number

of multilayers increased. This observation is in good agreement

Table I. Advancing and Receding Water Contact Angle, and Contact Angle Hysteresis

Treatment
Advancing contact
angle yA (Degrees)

Receding contact
angle yR (degrees)

Contact angle
hysteresis H (degrees)

Control 37.11 6 4.5ac* 33.79 6 4.0a 3.32 6 0.7a

GOPTS 64.97 6 3.0b 55.07 6 7.3b 9.90 6 4.4b

One multilayer 41.01 6 3.6a 34.30 6 3.4a 6.71 6 1.2ab

Two multilayers 27.37 6 6.8ac 23.74 6 5.9a 3.63 6 1.7a

Three multilayers 23.60 6 4.9c 19.96 6 5.0a 3.63 6 0.8a

Four multilayers 27.84 6 0.9ac 23.40 6 0.6a 4.45 6 1.1a

Five multilayers 32.45 6 12.1ac 27.20 6 10.6a 4.45 6 1.5ab

Six multilayers 28.64 6 3.9ac 23.65 6 4.4a 4.99 6 0.6ab

*Values are means of three replicates 6 1 SD. Treatments with the same letter within the same column are
not significantly different (P > 0.05).

Figure 3. Representative FTIR spectra between 1875 and 1365 cm�1 of

GOPTS treated steel (bottom) to steel modified with up to six N-hal-

amine forming multilayers (top). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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with prior FTIR analysis of PEI attached to steel, which show

characteristic bands in the 1200–1600 cm�1 range.29

Ellipsometry

Spectroscopic ellipsometry was performed to quantify the equiv-

alent thickness of increasing numbers of N-halamine forming

multilayers after deposition onto stainless steel (Figure 5). A

non-linear behavior was observed between the number of multi-

layers and the increasing thickness, in which a substantial

increase in thickness took place from three to four multilayers.

From four to six multilayers, there was a notably less pro-

nounced increase in corresponding thickness with deposition of

each sequential multilayer. Different phenomena can explain

this condition. From one to three multilayers, a higher propor-

tion of reactive groups from the PEI and/or PAA polymers may

have bound with available surface groups on the stainless steel

substrate, leaving fewer groups available for ionization and/or

swelling which leads to a less pronounced increase in thickness.

This would imply that the behavior shown by the increase in

thickness as the number of multilayers increases depends not

only on the amount of PEI or PAA deposited, but in the spatial

arrangement in which such deposition takes place. At the pH of

the phosphate buffer used (7.8), most of the carboxylic acids of

PAA have a negative charge (pKa � 4.8).30 On the other hand,

above a pH of 3, about 70% of the amine groups of PEI are

protonated.31 It can be assumed that as more available sites of

interaction are formed (after having covered must of the sub-

strate’s surface), and more positively charges from PEI are

exposed, more negatively charged PAA chains will diffuse and

be attracted to the previously added PEI chains by electrostatic

interactions, leading finally to the formation of covalent bonds.

This phenomenon may be another reason behind the observed

behavior in the increase of thickness. In addition, a non-linear

growth in the thickness of polymer multilayers can be explained

by the reorganization and interdiffusion of any of the polymers

within multilayer system. Another possible phenomenon is the

formation of ‘‘islands’’ from the application of the first layer or

multilayer, instead of a uniform layer. Such islands can later

join together (coalesce) as more layers of polymers are depos-

ited. This has been observed in previous works involving layer-

by-layer deposition of PEI and PAA, which suggests an increase

in roughness from the formation of such islands with increasing

number of deposited multi layers.32,33 Our observations on mul-

tilayer thickness as determined by ellipsometry are also in good

agreement with previously published work. Deposition of car-

bon nanofibers in four PEI/PAA bilayers on polyurethane foam

resulted in a total thickness of 87 nm.34

A power relationship was found between area beneath spectra/

thickness and number of multilayers (Figure 6). This behavior

Figure 4. Relationship between the area beneath the spectra and the num-

ber of multilayers. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 5. Thickness of N-halamine forming multilayers as determined by

spectroscopic ellipsometry. Values are means of three replicates 6 1 stand-

ard deviation. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Relationship found between the ratio of the area beneath spec-

tra/thickness and number of multilayers. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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may support the idea of the initial formation of ‘‘islands’’ in the

surface of the substrate, which represent a low initial concentra-

tion of the chemical species attached. However, the average ini-

tial thickness is low if it is correlated with the initial concentra-

tion of the polymers. Such ratio decreases as the number of

multilayers increases (at least in the analyzed range), as multi-

layer thickness increases in a non-linear behavior.

Acid Orange 7 (AO7) Dye Assay

An increase in the primary amine content was observed as the

number of multilayers increased (Figure 7), proportional to the

increase in N-halamine chlorination (Figure 2). N-halamines

are capable of forming on amines (both primary and second-

ary), amides, and imides, with amines reported to stabilize the

N-halamine: halogen complex most strongly.14 Branched PEI

has a ratio of primary, secondary and tertiary amines of 1 : 2 :

1. Our results suggest that approximately 50% of the available

amines on the PEI component of each multilayer were able to

complex chlorine as antimicrobial N-halamines.

X-ray Photoelectron Spectroscopy (XPS)

XPS survey scans as well as high resolution C 1s and Si 2p spec-

tra were performed to quantify the change in surface atomic

composition and specific bond formation after stainless steel

was surface modified by GOPTS treatment and with each layer-

by-layer multilayer deposition (Table II). The oxidation of stain-

less steel in the control samples as a result of piranha treatment

was confirmed by the high oxygen percentage. GOPTS treat-

ment introduced 3.48% Si, as expected from successful silaniza-

tion. At an incidence angle of 45�, the applied beam has an

analysis depth of approximately 2.5 nm, whereas the first multi-

layer of PEI and PAA was determined by ellipsometry to present

a thickness of �1.1 nm. As such, it is expected that the one

multilayer atomic composition will contain a small amount of

silicon and chromium, as observed, as the beam is interrogating

the underlying GOPTS. From two to six multilayers, however,

the overall thickness comprised of PEI/PAA exceeds the XPS

sampling depth of 2.5 nm, and the resulting atomic composi-

tions are expected to be similar for each increasing multilayer.

Our experimentally determined atomic compositions support

this hypothesis. The values obtained closely approximated the

theoretical proportion of carbon, oxygen, and nitrogen present

in a mixture of equal amounts of PEI and PAA (neglecting the

presence of hydrogen, which is undetectable by XPS) and taking

into account their monomeric formulas:

A(C2H4NHC2H4N(C2H4NH2)C2H4NH)nA for PEI and A(CH2

CH(COOH))nA for PAA. Theoretical atomic percentages are

calculated as follows: 52.5% C, 22% O, 16% N, and 9.5% H

(58% C, 24.3% O, and 17.7% N taking only C, O, and N into

account). The observed deviations from theoretical atomic com-

positions (higher carbon and oxygen percentages, and lower

nitrogen percentage) are small, but such subtle deviations sug-

gest that signal from the GOPTS is still detectable, which fur-

ther supports the formation of non-uniform islands, as

described above. Alternatively, it is possible that the ratio of

PAA: PEI within each multilayer is not unity, but rather there

may be enhanced deposition of PAA over PEI.

Figure 8 shows representative survey XPS spectra obtained from

control, GOPTS treated, single multilayer, and two to six multi-

layer modified stainless steel. Table III displays the relative per-

centages of the chemical species found from the high resolution

spectra of C 1s and Si 2p in the evaluated treatments. For the

case of the control and GOPTS treatments, the deconvolution

of the high resolution spectrum of C 1s exhibited the presence

of the chemical species CAC/CAH, CAO, and C¼¼O/OAC¼¼O,

in the binding energy ranges of 284–285 eV, 286–287 eV, and

287–288 eV, respectively [Figure 9(A,B)]. The deconvolution of

Figure 7. Relationship observed between the primary amine content and

the number of covalently bound N-halamine forming multilayers from

one to six multilayers. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table II. Representative Atomic Concentrations Obtained From XPS (%)

Treatment C N O Si Cr Mn Co S Mo

Control 17.52 55.22 10.62 3.15 5.06 4.90 3.54

GOPTS 32.02 54.68 3.48 4.20 3.31

One multilayer 54.62 8.66 32.23 1.75 2.74

Two multilayers 67.47 11.41 21.12

Three multilayers 67.81 13.70 18.49

Four multilayers 67.36 12.57 20.07

Five multilayers 65.71 13.7 20.59

Six multilayers 66.72 12.87 20.4
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the high resolution spectrum of Si 2p showed two bands of

which the highest values fell approximately at 102–101 and

104–103 eV, corresponding to the chemical species of SiAOAC

and SiAOASi, respectively [Figure 9(C)]. This demonstrates the

formation of the covalent bond between the substrate (stainless

steel) and GOPTS, as well as the formation of covalent bonds

between molecules of GOPTS. After piranha solution treatment,

AOH groups are formed, which are able to react with GOPTS

forming covalent bonds after curing. Then, the covalently

attached molecules of GOPTS are able to crosslink with them-

selves. The high resolution spectrum of C 1s from the treat-

ments with 1–6 ML presented three bands from its deconvolu-

tion, and that can be attributed to the chemical species CAC/

CAH, CAO, and NAC¼¼O, in the ranges of 284–285 eV, 285–

286 eV, and 287–288 eV, respectively [Figure 9(D)]. For the

treatment with one multilayer, the band found in the 287–288

eV range may also include the CAO and C¼¼O/OAC¼¼O chem-

ical species, that fell in the same range. Similar results have

been observed in previous studies involving the interaction

between PEI and substances containing carboxylic acids, as well

as in studies involving GOPTS and its incorporation in oxidized

surfaces.26,35,36 This confirms the formation of amides from the

reaction between the carboxylic acid groups of PAA and the pri-

mary amines of PEI. Overall, the XPS results support those of

grazing angle FTIR. When interpreted in parallel with the ellips-

ometry data, the experimentally determined atomic percentages

gained by XPS analysis closely match theoretical atomic percen-

tages of the predicted surface chemistry, suggesting that the

desired layer-by-layer N-halamine surface modifications were

successfully achieved.

Antimicrobial Activity

The ability of the N-halamine modified stainless steel to inactivate

viable microorganisms was demonstrated by incubation of control

and modified stainless steel to an aqueous suspension of Listeria

monocytogenes. After 6 h, bacterial suspensions incubated with

unmodified stainless steel had approximately 104–105 CFUmL�1,

while N-halamine modified steel reduced the number of viable

organisms by 1.51 6 0.6 logarithmic cycles (i.e., a 99.7% reduc-

tion in viable organisms). These results demonstrate the potential

for antimicrobial activity in our halamine modified steel.

Atomic Force Microscopy

Surface topography of control and modified stainless steel were

characterized using AFM (Figure 10). Native, clean stainless

Figure 8. Representative survey XPS spectra of control (A), GOPTS modified (B), single multilayer modified (C), and characteristic spectrum from two

to six multilayer modified stainless steel (D). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table III. Representative Relative Percentages Obtained From the Deconvolution of High Resolution C 1s and Si 2p XPS Spectra

Treatment

C 1s Si 2p

285�284
eV (CAC/CAH)

287�286
eV (CAO)

288�287
eV (C¼¼O/OAC¼¼O)

286�285
eV (CAN)

288�287
eV (NAC¼¼O)

102�101
eV (SiAOAC)

104�103
eV (SiAOASi)

Control 65.70 22.28 12.02

GOPTS 51.66 37.96 10.38 91.57 8.43

One multilayer 50.62 33.56 15.82 79.02 20.98

Two multilayers 54.63 26.88 18.49

Three multilayers 50.85 29.2 19.95

Four multilayers 56.22 22.36 21.42

Five multilayers 57.33 22.65 20.03

Six multilayers 53.81 25.25 20.95

Figure 9. Representative deconvoluted high resolution XPS spectra. A and B represent the high resolution spectra of C 1s from Control and GOPTS

modified steel, respectively; C represents the high resolution spectrum of Si 2p (GOPTS treatment); D shows a representative high resolution C 1s spec-

trum of stainless steel modified by deposition of one to six N-halamine forming multilayers. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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steel presents a surface roughness of 5.656 nm. A uniform,

smooth, surface is observed after GOPTS treatment (2.656 nm

roughness) up to the deposition of three multilayers (roughness

values of 3.530 nm, 5.851 nm, and 3.738 nm for one, two, and

three multilayers, respectively). The presence of surface irregu-

larity after two multilayers may be the result of surface contami-

nation or the beginning of the formation of ‘‘islands,’’ as

described above. Roughness values increase after four multi-

layers, presenting roughness values of 11.143 nm, 10.036 nm,

and 13.384 nm for four, five, and six multilayers, respectively.

The coalescence of discreet ‘‘islands’’ is more notable as the

number of multilayers increases from four to six multilayers.

These results support the conclusions drawn for ellipsometry

results, suggesting the formation of isolated patches rather than

a uniform surface coating. These results also suggest an increase

in roughness with the deposition of additional multilayers,

which may be a source of the variability observed in the contact

angle analysis for the values of hA, hR, and H.

CONCLUSIONS

We have demonstrated the ability to modify the surface of 316

stainless steel using a covalent layer-by-layer deposition of N-

halamine forming PEI and PAA. Prior work demonstrated that

using similar chemistry, a single multilayer of PAA–PEI immo-

bilized onto polyethylene film surfaces exhibited significant anti-

microbial activity.17 In addition to developing a surface modifi-

cation technique to adapt such N-halamine modification to

stainless steel, our goal in this work was to evaluate the influ-

ence of increasing multilayers on the number of available anti-

microbial N-halamines. However, to retain bulk material prop-

erties, we wanted to limit the changes in surface chemistry to

the top 100 nm or less. For this reason, we limited the number

of multilayers evaluated in this study to six. Formation of cova-

lent bonds was confirmed through FTIR and XPS between PEI

and PAA, as well as the covalent attachment of GOPTS to the

substrate’s surface. Results of surface analysis in this work are in

agreement with other reports in which PAA and PEI are immo-

bilized onto supports in a layer-by-layer fashion.

Chlorination assays confirmed that the increasing quantity of

amides and amines which present with increasing multilayer

deposition were able to be chlorinated to form antimicrobial N-

halamine moieties. The N-halamine-modified steel demon-

strated antimicrobial activity (1.51 logarithmic reductions or

99.7% reduction in viable organisms) against Listeria monocyto-

genes, an important food-borne pathogen. On-going research is

evaluating techniques to improve the uniformity of distribution

across the stainless steel surface, and to quantify the effect of

increasing N-halamine functionality on antimicrobial activity

against pathogenic microorganisms.
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