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Abstract The natural rubber latex (NRL) film taken from medical surgical gloves was

surface-modified with a dielectric barrier discharge (DBD) plasma treatment under an air

environment. The results showed that surface hydrophilicity of the NRL film increased

after the plasma treatment due to the presence of oxygen-containing polar groups on the

plasma-treated surface. An increase in plasma treatment time increased the surface

roughness of the NRL film, and eventually decreased the mechanical properties. From the

obtained results, the optimum plasma treatment time of 20 s was chosen. After immersion

in a chitosan solution, the amount of chitosan deposited on the plasma-treated NRL film

increased with increasing chitosan concentrations. The chitosan coating smoothed the

surface of the plasma-treated NRL film and also improved the mechanical properties. The

highest antibacterial activities of the chitosan-coated DBD plasma-treated NRL film

against both Staphylococcus aureus and Escherichia coli were achieved when a 2 %(w/v)

chitosan solution was used for the coating.

Keywords Dielectric barrier discharge � Plasma treatment � Natural rubber latex �
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Introduction

Natural latex is a milky fluid containing rubber particles of cis-1,4-polyisoprene produced

by the Hevea brasiliensis tree. After being processed and vulcanized, natural rubber latex

(NRL) products have shown extensive uses in various fields, ranging from household to

health care applications, because of its unique physical properties, such as outstanding

resilience, excellent elasticity, flexibility, and acceptable mechanical strength [1–3].
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Among a variety of NRL products, natural latex is the most commonly used raw material

for glove manufacture, including the production of medical surgical gloves [4]. The key

purpose for gloving during surgery are to protect the surgical sites from contamination

caused by microorganisms on the hands of the surgeon as well as to prevent the trans-

mission of microorganisms between the surgeon and patient, hence protecting each other

from microbial infections [5, 6]. Nevertheless, it is known that one of the important

drawbacks of NRL is its lack of antimicrobial activities [7]. Therefore, microorganisms can

attach and grow on both the inner and outer surfaces of NRL surgical gloves, and con-

tamination can easily occur when gloves are accidentally perforated during an operation [5,

6, 8, 9]. To decrease the microbial accumulation on glove surfaces, the development of

medical surgical gloves with antimicrobial activities is of great interest.

One of the simplest strategies to obtain desired properties without losing the bulk

characteristics of materials is surface coating. However, a major limitation to coating NRL

surfaces is that NRL possesses low surface free energy, poor wettability, and poor adhesion

[3, 10]. Even after being coated properly, the coating on the NRL surface can delaminate

easily [11]. Hence, various surface modification techniques have been employed in order to

enhance the attachment of the coating to NRL by introducing either chemical functional

groups or active species on the NRL surface for a subsequent interaction with the coating

material molecules [1, 4, 12–14]. The present contribution focused on the surface modi-

fication of NRL materials with the use of dielectric barrier discharge (DBD) plasma—one

of the typical plasma discharges generated at atmospheric pressure. The DBD plasma

treatment has been employed for surface modification of a variety of polymers because it

has several advantages, such as low energy consumption, high efficiency, rapid operation

time, and minimal thermal degradation [15–21].

During the past few decades, chitosan has received a considerable attention as a

promising alternative to synthetic chemical antimicrobial agents and antibiotics because of

its excellent antimicrobial activities against bacteria and fungi, good biocompatibilities,

and low toxicities towards mammalian cells [22–25]. Chitosan, a linear copolymer con-

sisting of N-acetyl-D-glucosamine (GlcNAc) and D-glucosamine (GlcN), is a natural

polysaccharide derived from deacetylation of chitin—a major structural component in the

exoskeleton of crustaceans, including shrimps, crabs, and squids. Chitosan has shown

potential use as an effective antimicrobial coating for various products, ranging from food-

packaging materials to textiles [25–27]. Although a number of possible explanations have

been proposed, it is widely accepted that the antimicrobial activities of chitosan rely on the

interaction between the positively-charged amino groups of chitosan and the negatively-

charged surface of microorganisms [23, 27, 28]. Such interaction disrupts cell perme-

ability, thus leading to either the leakage of intracellular components or the prevention of

essential substances from entering the cells and eventually causing cell death.

In the present study, the vulcanized NRL film cut from commercial medical surgical

gloves was surface-modified using DBD plasma generated in a closed chamber under an air

environment. The optimum plasma treatment condition was chosen based on the results of

the water contact angle measurement and tensile testing in order to ensure that the plasma

treatment chemically modified the surface characteristics of the NRL specimen without

deteriorating its mechanical properties. The chemical composition of the NRL surface both

before and after the plasma treatment was observed with the use of attenuated total

reflection–Fourier transform infrared (ATR–FTIR) spectroscopy and X-ray photoelectron

spectroscopy (XPS). An atomic force microscopy (AFM) was also employed to examine

the effect of the plasma treatment on the surface topography of the NRL specimen. With

the optimization of the plasma treatment conditions, the plasma-treated NRL specimen was

1276 Plasma Chem Plasma Process (2012) 32:1275–1292

123



further immersed in an aqueous chitosan solution at different concentrations. To investi-

gate whether or not the DBD plasma treatment improved the interaction between the NRL

and chitosan, the chitosan deposition on the plasma-treated surface was quantitatively and

qualitatively determined in a comparison with that on the untreated surface. The

mechanical properties of the NRL film, after chitosan coating, were then measured. The

antibacterial activities of the chitosan-coated plasma-treated NRL specimen were tested

against Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli, com-

pared to those of the uncoated NRL film.

Experimental

Preparation of Chitosan

Chitosan was prepared from the shells of Litopenaeus vannamei shrimp, which were

provided by Surapon Foods Public Co., Ltd. (Thailand). The shrimp shells were cleaned

and dried under sunlight before grinding into small pieces. The ground shrimp shells were

immersed in a 1 M hydrochloric acid solution for 2 days with an occasional stirring and

were washed with distilled water until neutral. The demineralized shrimp shell chips were

soaked in a 4 %(w/v) sodium hydroxide solution at 80–90 �C for 4 h, followed by an

excessive wash with distilled water. The deproteinized product, or chitin, was further

deacetylated by heating in a 50 %(w/v) sodium hydroxide solution containing 0.5 wt%

sodium borohydride in an autoclave at 110 �C for 1 h. After deacetylation, the chitosan

platelets were washed with distilled water until neutral and were then dried at 60 �C. The

deacetylation step was carried out four times to obtain chitosan with a high degree of

deacetylation (%DD) [21]. The viscosity-averaged molecular weight of the chitosan

product, calculated from the Mark–Houwink equation [29], was about 5.5 9 105 while the

%DD, determined from FTIR spectroscopy following the method of Baxter et al. [30], was

found to be 96.0 %. An aqueous solution of chitosan, at various concentrations, was

prepared by dissolving a specific amount of chitosan platelets in a 1 %(v/v) acetic acid

solution.

Experimental Set-up and Procedure

Latex medical surgical gloves (Gammex�) with a thickness of 0.15 mm and a cross-

linking density of 9.0 9 10-5 mol/cm3, determined by the experimental test following the

Flory–Rehner theory of swelling [31], were purchased from Ansell Limited (Malaysia). A

vulcanized NRL glove specimen was cut into a square shape with the dimension of

6 cm 9 6 cm before being plasma-treated using a DBD system operated at room tem-

perature (about 25–27 �C) under an air environment at a constant pressure of 30 psig [20,

21]. The schematic of the DBD system is shown in Fig. 1. The DBD system consists of a

2-mm-thick dielectric glass plate placed between two parallel stainless steel electrodes.

The input power used for the generation of uniform filamentary discharges over the whole

electrode surfaces in the electrode gap is domestic alternating current (AC), 220 V and

50 Hz, which is transmitted to a high voltage current via a power supply system [32]. A

function generator was used to control the output voltage and frequency. The input voltage

and frequency at the low voltage side of the power supply system was measured by a

power analyzer (Extech�) while the high voltage side was calculated by multiplying by a

factor of 250, according to the specification of the transformer unit. The optimum operating
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conditions for the plasma treatment were chosen based on the work of Onsuratoom et al.

[20]: an electrode gap distance of 4 mm, an applied voltage of 12.5 kV, and an input

frequency of 325 Hz. After the plasma treatment, the NRL specimen was immediately

immersed in a chitosan solution at six different concentrations [0.125, 0.25, 0.50, 0.75, 1.0,

and 2.0 %(w/v)] with constant stirring at room temperature for 5 min [21]. The chitosan-

coated NRL specimen was washed with distilled water until neutral and was then air-dried

at room temperature overnight. This washing step was repeated several times in order to

remove any excess chitosan that loosely adhered to the specimen surface. The plasma-

treated NRL film coated with chitosan was then used for further analyses.

Analytical Methods and Measurements

A water contact angle measurement was carried out at room temperature using the sessile

drop technique. The contact angle formed between the 8 ll water droplet and the specimen

surface was measured by a drop shape analysis system (Krüss, DSA10 Mk2). The reported

values were averaged from ten measurements.

Both ATR–FTIR spectroscopy (Thermo Nicolet Nexus, 670) and XPS analysis (Thermo

Fisher Scientific, Thetaprobe) were employed to analyze the surface chemical composition

of the NRL specimen. All ATR–FTIR spectra were collected using 64 scans in a wave-

number range of 4,000–650 cm-1 at a resolution of 4 cm-1. For the XPS analysis, the XPS

spectra were excited by the Al Ka X-ray source (1,486.6 eV) operated at an emission

voltage of 15 kV and a current of 15 mA.

The surface topography of the NRL specimen was investigated by using the AFM

technique (XE-100, Park systems). The topographic profiles and the root mean squared

Fig. 1 Experimental setup of the DBD system
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(RMS) roughness were evaluated from the scan area of 40 lm 9 40 lm. The reported

RMS values were the average of eight measurements made at different scan areas.

Mechanical properties in terms of ultimate tensile strength and elongation at break were

measured by using a universal testing machine (Instron, 4206). The specimen was cut into

a dog-bone shape with the dimension of 60 mm 9 10 mm with the gauge area of

7 mm 9 3 mm. The load cell, gauge length, and displacement rate used during the testing

were 5 kN, 7 mm, and 500 mm/min, respectively. Each reported datum was the mean of

five measurements.

The presence of chitosan coating on the DBD plasma-treated NRL film was verified

quantitatively and qualitatively, as previously reported by Sophonvachiraporn et al. [21].

To quantitatively determine the amount of the chitosan deposited on the plasma-treated

NRL film, Kjeldahl nitrogen analysis was used. The specimen with a precise dimension of

6 cm 9 6 cm was digested in a digestion flask containing 10 ml of a concentrated sulfuric

acid with a 0.1 g of copper (II) sulfate, which acts as a catalyst for the conversion of the

amine nitrogen to ammonium ions. The digestion flask was placed on a heating mantle and

the specimen was completely digested within 4 h. Ten drops of 30 %(w/v) hydrogen

peroxide were added to the digestion flask. The solution was continuously heated until it

became transparent and colorless. Next, the digestion flask was equipped with Kjeldahl

distillation equipment. An Erlenmeyer flask with 30 ml of a 0.01 M hydrochloric acid

solution—an ammonia gas trapping solution—was set at the end of the condenser. A

40 %(w/v) sodium hydroxide solution was poured to the digested sample solution. The

ammonium ions in the digested sample solution were then converted to ammonia, which

was consequently evaporated by heating. When the ammonia gas passed through the

trapping solution, it transformed to ammonium ions once again. Finally, the amount of the

trapped ammonia ions was determined by back-titrating with a standard 0.01 M sodium

hydroxide, and the number of nitrogen molecules was calculated to obtain the amount of

chitosan deposited on the plasma-treated NRL film using the following equation:

Amount of deposited chitosan gð Þ ¼ ðV1M1 � V2M2Þ � ðV1M1 � V3M3Þ½ �
1; 000

� 162 ð1Þ

where V1 is volume (ml) and M1 is the concentration in molarity (M) of the hydrochloric

acid solution used as the trapping solution; V2 is volume (ml) and M2 is the concentration

in molarity (M) of sodium hydroxide solution used in back-titration step after the chitosan-

coated plasma-treated NRL film was digested; V3 is volume (ml) and M3 is the concen-

tration in molarity (M) of the sodium hydroxide solution used in back-titration step after

the uncoated NRL film was digested.

For the qualitative determination of the chitosan coating, the presence of amino groups

in the chitosan on the surface of the NRL film was detected by using Amido Black 10B, an

amino acid-staining diazo dye. The test specimen was immersed in a 0.01 %(w/v) Amido

Black 10B solution for 12 h, followed by an excessive wash with distilled water to remove

any excess dye molecules. Then, the stained specimen was imaged with a digital camera.

Antibacterial Activity Tests

Antibacterial activities of the chitosan-coated DBD plasma-treated NRL film were eval-

uated in a comparison with those of the plasma-treated film without chitosan coating based

on the colony forming count method, as previously reported by Watthanaphanit et al. [33].

E. coli and S. aureus were selected as the representatives of Gram-negative and -positive
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bacteria, respectively. The bacterial suspension was prepared by transferring one colony of

microorganisms to 20 ml of nutrient broth solution before being incubated at 37 �C in a

shaking incubator at 150 rpm for 24 h. Next, 1 ml of bacterial suspension was added to a

vial containing 9 ml of 0.85 % sterile saline solution. The obtained bacterial suspension

was serially diluted until the optimum bacterial concentration was reached (10-6 colony

forming units per ml (cfu/ml) for both E. coli and S. aureus). The test specimen was cut

into a circle shape with a diameter of 2.5 cm and sterilized under UV light for 30 min. The

sterilized specimen was added to a vial containing the bacterial suspension before being

incubated at 37 �C in a shaking incubator at 150 rpm for 3 h. Then, 100 ll of bacterial

suspension was withdrawn from the vial and subsequently spread on an agar plate. After

incubation at 37 �C for 22 h, the bacterial reduction rate (BRR) was calculated by using

the following equation:

BRR %ð Þ ¼ ðN1 � N2Þ
N1

� 100 ð2Þ

where N1 is the number of colonies of the uncoated NRL specimen and N2 is the number of

colonies of the chitosan-coated plasma-treated NRL film.

Results and Discussion

Characterization of DBD Plasma-Treated NRL

It is known that the water contact angle is very sensitive to the structure and chemical state

of the outermost angstroms of a surface [34]. Hence, the water contact angle measurement

was first carried out in order to study the effect of the DBD plasma treatment on the surface

characteristics of the NRL film. Figure 2 displays a change in the contact angle formed

between a water droplet and NRL surface as a function of the plasma treatment time. It was

found that the water contact angle dramatically decreased from nearly 130� to a minimum

value of about 50� as the plasma treatment time increased from 0 to 20 s, indicating an

increase in surface hydrophilicity of the plasma-treated NRL film at a longer plasma

treatment time. A change in surface wettability of the NRL film after the plasma treatment

could be due to the surface chemical modification. Since the DBD plasma treatment was

operated under an air environment in the present study, the air plasma was able to induce

the formation of a large variety of active species, such as atomic oxygen, ozone, neutral

and meta-stable molecules, and radicals [18, 20, 21, 35–38]. These generated active species

potentially introduced oxygen-containing hydrophilic polar groups on the NRL surface,

consequently resulting in increased surface hydrophilicity of the NRL film after plasma

treatment. A constant water contact angle of around 50� at a treatment time longer than

20 s implies a saturation state of surface wettability. Our findings are also consistent with

previous works [18, 20].

To verify the appearance of the oxygen-containing polar groups on the NRL surface

after DBD plasma treatment, ATR–FTIR spectroscopy was used in combination with XPS

analysis. Figure 3 shows ATR–FTIR spectrum of the untreated NRL as compared to those

of plasma-treated NRL specimens at three different plasma treatment times. The ATR–

FTIR spectrum of the untreated NRL exhibits the important absorption peaks at 2,960,

2,920, 2,853, 1,653, 1,443, and 1,373 cm-1, indicating the chemical structure of natural

rubber—cis-1,4-polyisoprene [2, 12, 13, 39]. The strong absorption peaks at 2,960, 2,920,
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and 2,853 cm-1 are assigned to CH stretching while the characteristic peak observed at

1,653 cm-1 is attributed to C=C stretching. The intense absorption peaks appearing at

1,443 and 1,373 cm-1 relate to the deformation of CH2 and CH3, respectively. After the

DBD plasma treatment at any given treatment time, the ATR–FTIR spectra of the plasma-

treated NRL film shows new absorption bands at 3,600–3,100, 1,720, 1,620, and

1,450–1,100 cm-1. While the broad band located at 3,600–3,100 cm-1 corresponds to OH

Fig. 2 Water contact angle of DBD plasma-treated NRL film as a function of plasma treatment time

Fig. 3 ATR–FTIR spectra of a untreated NRL film and DBD plasma-treated NRL films at plasma treatment
time of b 5, c 20, and d 40 s
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stretching, the absorption bands at 1,720, 1,620, and 1,450–1,100 cm-1 are the stretching

vibrations of C=O, O–C=O, and C–O, respectively. Since the ATR–FTIR spectra of the

plasma-treated NRL specimen indicates the presence of both the OH and the O–C=O

bonds, it might be implied that the carboxylic functional groups (COOH) were introduced

on the plasma-treated NRL surface. It is important to note that although the ATR–FTIR

results suggest the inclusion of the carboxylic groups on the plasma-treated NRL surface,

there are other possible oxidized products of natural rubber, including esters (O–C=O),

ethers (C–O–C), ketones (C=O), and aldehydes (H–C=O), as reported by a number of

studies in the past [39–41]. Several oxidation mechanisms of natural rubber have already

been proposed [39–41].

The XPS analysis was consequently employed to validate the inclusion of oxygen-

containing functional groups on the plasma-treated NRL surface. Figure 4 shows C1 s

spectra of NRL films before and after DBD plasma treatment at 20 s. The XPS spectrum of

the NRL surface before plasma treatment was deconvoluted into four main peaks at 285.0,

286.2, 287.2, and 288.8 eV and assigned to the carbons in C–C/C–H, C–O/C–N, C=O, and

O–C=O groups, respectively [20, 21, 42]. The XPS spectrum shows the pristine NRL

surface contains 73.9 % C–C/C–H, 16.5 % C–O/C–N, 6.6 % C=O, and 3.0 % O–C=O.

Fig. 4 Deconvoluted C1s XPS spectra of NRL films a before DBD plasma treatment and b after DBD
plasma treatment at plasma treatment time of 20 s
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Interestingly, after 20 s of plasma treatment, the XPS spectrum reveals that the percentages

of oxidized components on the NRL surface increased to 26.2 and 4.4 % for the C–O and

the O–C=O groups, respectively. Meanwhile, that of the C–C/C–H groups decreased from

73.9 to 69.4 %. The results imply that the active species generated by the air plasma could

introduce the C–O and the O–C=O groups onto the surface of the NRL film. The results

obtained from the XPS analysis were in good agreement with those of the ATR–FTIR

spectroscopy.

The effect of DBD plasma treatment on the characteristics of the NRL films was further

studied in terms of surface topography and mechanical properties. Figure 5 shows the

AFM micrographs of the NRL surface before and after plasma treatment at three different

treatment times—5, 20, and 40 s. The untreated NRL film possesses a smooth surface with

an RMS of about 0.45 ± 0.05 lm, whereas the plasma-treated specimens exhibit a much

rougher surface. The surface roughness of the plasma-treated NRL film gradually increases

with increasing plasma treatment time, as indicated by an increase in the RMS from

0.70 ± 0.08 to 0.81 ± 0.09 and 0.85 ± 0.06 lm when the plasma treatment time

increased from 5 to 20 and 40 s, respectively. This could be due to the etching effect during

the DBD plasma treatment [15, 43–48]. The AFM results suggest that the active species

generated by the air plasma can lead to not only chemical but also physical modification of

the NRL surface.

To further investigate whether the DBD plasma treatment deteriorated the physical

performance of the NRL film, tensile testing was carried out. Figure 6 shows mechanical

Fig. 5 Representative topographic AFM micrographs (scan area of 40 lm2) of a untreated NRL film and
DBD plasma-treated NRL films at plasma treatment times of b 5, c 20, and d 40 s
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properties of NRL film, in terms of tensile strength and elongation at break, as a function of

the plasma treatment time. Obviously, no significant change in both tensile strength and

elongation at break of the NRL film is observed at treatment times shorter than 100 s,

suggesting that the NRL film is able to withstand DBD plasma treatment when operated

under an air environment up to 100 s without losing its bulk properties. However, when

exposed to plasma for longer than 100 s, the NRL film began to lose its mechanical

properties, as indicated by a continuous decrease in both tensile strength and elongation at

break with an increased plasma treatment time. The results might suggest that the active

species generated by air plasma strongly attacked chemical bonds on the surface of the

NRL specimen at a longer treatment time, consequently resulting in the breakage of longer

polymeric chains to shorter chains. Severe degradation of the polymeric chains finally

caused deterioration of the physical performance of the NRL film. Our findings agree well

with the previous works [46–48]. Kowbel and Shan [46] observed that the mechanical

properties of carbon fiber in terms of flexural strength and strain-to-failure dramatically

decreased as the cold plasma treatment time increased to longer than 60 s. In another study,

Cioffi et al. [47] reported that an increase in the radio frequency cold plasma treatment time

to 100 s caused severe surface degradation of poly(ethylene terephthalate) (PET) fibers,

thus resulting in a decrease in tensile strength.

In the present work, the plasma treatment time was found to be optimal at 20 s; this

condition was able to provide the saturation state of surface wettability of the NRL film

without deteriorating its physical appearance and performance. This optimum plasma

treatment time was used for further experiments. The results also suggest that, under

appropriate operating conditions, DBD plasma is an effective tool to chemically modify

the surface of polymeric materials without detriment to the bulk properties, such as

mechanical strength.

Characterization of Chitosan-Coated DBD Plasma-Treated NRL

To investigate whether DBD plasma treatment enhanced the interaction between natural

rubber and chitosan, the amount of chitosan coated on the plasma-treated NRL surface was

quantified compared to that of the untreated NRL with the use of Kjeldahl nitrogen analysis.

All test specimens were immersed in a 2.0 %(w/v) chitosan solution at room temperature for

5 min before being repeatedly washed with distilled water to remove any excess chitosan that

adhered to the NRL surface. Figure 7a shows the effect of the number of washing cycle on the

Fig. 6 Mechanical properties of
DBD plasma-treated NRL film as
a function of plasma treatment
time
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amount of chitosan deposited on the surface of the plasma-treated NRL film in a comparison

with that of the untreated NRL. It was observed that the chitosan deposited on the untreated

NRL surface was completely removed after washing two times. Although the amount of

chitosan deposited on the plasma-treated NRL film first gradually decreased with increasing

the number of washing cycle, a constant amount of deposited chitosan remained after three

washing cycles, implying permanent adhesion of chitosan on the plasma-treated NRL sur-

face. Therefore, three washing cycles were chosen for further experiments.

Figure 7b shows the amount of chitosan deposited on the plasma-treated NRL film as a

function of chitosan concentration after washing three times, compared to that of the

untreated NRL film. At any given chitosan concentration, chitosan was not able to per-

manently deposit on the untreated NRL specimen, implying that there was no interaction

between the original NRL surface and chitosan. The amounts of the deposited chitosan on

the plasma-treated NRL film linearly increased with an increase in chitosan concentrations

from 0.125 to 2.0 %(w/v). The results indicate that DBD plasma treatment plays a crucial

role in the enhancement of the interaction between NRL and chitosan.

Fig. 7 Amount of deposited chitosan on DBD plasma-treated NRL film as a function of a number of
washing cycle and b chitosan concentration
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The deposition of chitosan on the surface of the plasma-treated NRL film was also

qualitatively determined by colorimetric analysis of amino groups in the chitosan mole-

cules using Amido Black 10B, an anionic diazo dye widely used in biochemical research

[21, 33, 49, 50]. Due to the positively-charged nature of amino groups in the chitosan

molecules, the negatively-charged Amino Black 10B was selectively adsorbed onto the

coated NRL surface via the electrostatic interaction. As shown in Fig. 8a, the plasma-

treated NRL film without chitosan coating was not positively stained with the dye. On the

contrary, a blue color was observed for the plasma-treated NRL films with the chitosan

coating, indicating a specific interaction between the deposited chitosan and the dye

(Fig. 8b–g). As the chitosan concentration increased from 0.125 to 2.0 %(w/v), a darker

blue color appeared on the entire surface of the plasma-treated NRL films. The results

verified that the chitosan was successfully coated on the NRL and the chitosan coating was

homogeneous throughout the NRL specimen. As mentioned, the DBD plasma treatment

led to the incorporation of the oxygen-containing functional groups, including the car-

boxylic groups, onto the NRL surface. After immersion in the chitosan solution, the

incorporated carboxylic groups on the DBD plasma-treated NRL surface could possibly

react with the amine groups (NH2) in the chemical structure of the chitosan. Thus, the

deposited chitosan could chemically bind onto the NRL surface via the amide linkages

(O=C–NH) [21].

The chitosan-coated plasma-treated NRL film was also characterized with ATR–FTIR

spectroscopy. Figure 9 displays the ATR–FTIR spectra of chitosan, pristine NRL film,

plasma-treated NRL film, and chitosan-coated plasma-treated NRL films at six different

chitosan concentrations—0.125, 0.25, 0.50, 0.75, 1.0, and 2.0 %(w/v). As shown in

Fig. 9a, the ATR–FTIR spectrum of chitosan exhibits a broad band in the wavenumber

range of 3,600–3,100 cm-1 represents the overlapping stretching vibrations of the OH and

the NH bonds in the carbohydrate ring, while the NH2 (amide I) and the NH (amide II)

peaks are respectively located at 1,655 and 1,550 cm-1 [22, 27, 33]. For the untreated NRL

film, the characteristic absorption peaks of cis-1,4-polyisoprene are present at 2,960, 2,920,

2,853, 1,653, 1,443, and 1,373 cm-1. Meanwhile, the ATR–FTIR of the plasma-treated

NRL specimen exhibits new adsorption bands at 3,600–3,100, 1,620, 1,720, and

1,450–1,100 cm-1, suggesting the inclusion of carboxyl groups on the NRL surface. After

the plasma-treated NRL film was immersed in the chitosan solution, additional absorption

peaks at 1,655 and 1,550 cm-1, which are also the characteristic peaks of chitosan, are

observed in the ATR–FTIR spectra, as shown in Fig. 9d–i. Hence, the ATR–FTIR results

indicate the deposition of chitosan on the NRL surface after plasma treatment.

The effect of the chitosan coating on the characteristics of the NRL film was also studied in

terms of surface topography and mechanical properties. Figure 10 shows the AFM micro-

graphs of NRL films before plasma treatment, after 20 s of plasma treatment, and after 20 s of

plasma treatment with chitosan coating at the concentration of 2.0 %(w/v). The untreated

NRL film and the plasma-treated NRL specimen possessed a rough surface with an RMS of

Fig. 8 Representative photographic images of chitosan-coated DBD plasma-treated NRL films at a
chitosan concentration of a 0, b 0.125, c 0.25, d 0.50, e 0.75, f 1.0, and g 2.0 %(w/v) after being stained with
a 0.01 %(w/v) Amido Black 10B solution
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0.45 ± 0.05 and 0.81 ± 0.09 lm, respectively, while the chitosan-coated plasma-treated

NRL film exhibited a much smoother surface with an RMS of 0.22 ± 0.06 lm. It might be

implied that the deposited chitosan could smooth the surface of plasma-treated NRL film.

Figure 11 shows mechanical properties of the chitosan-coated plasma-treated NRL film,

in terms of ultimate tensile strength and elongation at break, as a function of the chitosan

concentrations used for the coating. It was found that both the tensile strength and the

elongation at break of the chitosan-coated plasma-treated NRL film increased with an

increase in the chitosan concentration. Since chitosan was coated only on the surface of

NRL film without penetrating into the NRL matrix, the chitosan molecules did not

interrupt the movement of NRL polymeric chain and did not deteriorate the mechanical

properties of the NRL film. The improved tensile properties of the chitosan-coated plasma-

treated NRL film could be caused by greater amounts of deposited chitosan on the plasma-

treated NRL surface when a higher chitosan concentration was used. The results also

indicate that the deposited chitosan molecules were able to reinforce the NRL specimen. It

is known that chitosan with high molecular weight could lead to higher tensile strength and

Fig. 9 ATR–FTIR spectra of a chitosan, b untreated NRL film, c DBD plasma-treated NRL film, and
chitosan-coated DBD plasma-treated NRL films at a chitosan concentration of d 0.125, e 0.25, f 0.50, g 0.75,
h 1.0, and i 2.0 %(w/v)
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elongation at break which were attributed to an entanglement network forming during the

fabrication of chitosan film [51–53]. An increase in the elongation at break of the NRL

sample after the chitosan coating should also be due to the absorbed moisture in the

chitosan coating layer. The absorbed moisture can act as an effective plasticizer of the

chitosan, consequently increasing the elongation at break of the chitosan-based materials

[54]. Another possible explanation is that the coated chitosan layer should possess less

molecular alignment since no external force was applied during the coating step in order to

induce the molecular alignment in this work [55]. The current finding is consistent with the

work of Bangyekan et al. [55], who reported that the tensile properties of cassava starch

film were improved with increasing the amounts of chitosan coating. The improved

mechanical properties of the chitosan-coated NRL specimens could give more benefit to

surgical gloves. A number of studies report that, the glove puncture rate caused by either

sharp bone or operation instruments increases with increases in operation time [5].

Puncture holes provide a passage for microorganisms, including bacteria [5, 6] and viruses

[9], from the patient to the surgeon and vice versa, possibly leading to microbial infections.

Hence, strengthening surgical gloves is an attractive strategy not only to decrease the glove

puncture rate but also to potentially prevent microbial penetration during surgery [6].

Fig. 10 Representative topographic AFM micrographs (scan area of 40 lm2) of NRL films a before DBD
plasma treatment, b after DBD plasma treatment without chitosan coating, and c after DBD plasma
treatment with a 2.0 %(w/v) chitosan coating
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Antibacterial Activities of Chitosan-Coated DBD Plasma-Treated NRL

An important purpose of the use of the medical surgical gloves is to protect both the

surgical site from microorganisms on the surgeon’s hands and the surgeon’s hands from the

patient’s microorganisms, thus preventing the surgical team and patients from microbial

infections [5, 6]. Even with the use of sterile surgical gloves, the microbial contamination

can still occur during an operation. The development of medical surgical gloves with

antimicrobial properties is of great interest in order to decrease the amount of microbes on

the gloves—both inner and outer layers, perhaps further decreasing the possibility of

microbial penetration to the surgical gloves, especially when they were accidentally per-

forated. Since chitosan displays outstanding antimicrobial activities against a variety of

microbes [22–25], it is expected that the chitosan coating could introduce those biological

properties to the NRL. The antibacterial activities of the chitosan-coated plasma-treated

NRL specimens were tested against Gram-positive S. aureus and Gram-negative E. coli
using the colony forming count method and then were compared to those of the uncoated

NRL film.

As shown in Fig. 12, after 3 h of contact with the bacterial suspension and then 24 h of

incubation, the numbers of S. aureus and E. coli colonies on the uncoated plasma-treated

NRL film were approximately 170 and 135, respectively. However, for specimens coated

with chitosan, the numbers of colonies of both bacteria were significantly reduced with

increasing chitosan concentrations. Interestingly, at the highest chitosan concentration of

2 %(w/v), no bacterial growth was observed. The results indicate that the antibacterial

activities of the chitosan-coated plasma-treated NRL film originate from the deposited

chitosan, not from the NRL itself.

The BRR was also calculated to represent the antibacterial activities of the chitosan-

coated plasma-treated NRL films. As shown in Fig. 12, the BRRs against S. aureus and

E. coli of the plasma-treated NRL films with a 0.125 %(w/v) chitosan coating are 29 and

17 %, respectively. As chitosan concentrations increase beyond 0.75 %(w/v), the BRRs

against both bacteria increase to [90 %, indicating strong antibacterial activities against

both the Gram-positive and -negative bacteria. A further increase in chitosan concentration

to 2.0 %(w/v) finally gave 100 % BRRs against both bacteria. It was also observed that, at

a chitosan concentration of lower than 2.0 %(w/v), the BRR of the chitosan-coated plasma-

Fig. 11 Mechanical properties of chitosan-coated DBD plasma-treated NRL films as a function of chitosan
concentration

Plasma Chem Plasma Process (2012) 32:1275–1292 1289

123



treated NRL film against S. aureus was greater than that against E. coli, perhaps due to a

difference in the cell wall characteristics between the Gram-positive and -negative bacteria

[21, 56]. Hence, it appeared that E. coli possessed a greater tolerance to the chitosan

coating than S. aureus did. Based on the BRR results, the optimum chitosan concentration

for the coating of 2.0 %(w/v) was chosen. The results of antibacterial activity testing also

suggest that the DBD plasma treatment of the NRL surface with a subsequent chitosan

coating is a promising approach to prepare NRL medical surgical gloves with appreciable

antibacterial activities.

It should be noted that, although the chitosan-coated plasma-treated NRL film pre-

pared at the optimum chitosan concentration of 2.0 %(w/v) was further washed with an

aqueous acetic acid solution—a good solvent of chitosan—even at the acetic acid con-

centration of 4 %(v/v) for 24 h, the film still exhibited antimicrobial activities against

both types of bacteria comparable to those washed with distilled water. The results also

suggested that the chitosan should be firmly bound onto the NRL surface so the coated

chitosan on the NRL surface was not dissolved in the acetic acid solution during the

washing step.

Fig. 12 Number of bacterial colonies and BRRs of chitosan-coated DBD plasma-treated NRL films at
various chitosan concentrations against a S. aureus and b E. coli

1290 Plasma Chem Plasma Process (2012) 32:1275–1292

123



Conclusion

Vulcanized NRL films taken from medical surgical gloves were successfully coated with

chitosan with the aid of DBD plasma treatment operated under an air environment. The

results showed that the plasma treatment induced the formation of oxygen-containing polar

groups, including C–O and O–C=O groups, on the surface of NRL films, hence increasing

surface hydrophilicity and enhancing the interaction between natural rubber and chitosan.

Compared to the pristine NRL film, the chitosan-coated DBD plasma-treated NRL films

possessed better mechanical properties, in terms of tensile strength and elongation at break,

and much stronger antibacterial activities against both Gram-positive S. aureus and Gram-

negative E. coli. Therefore, the proposed procedure—DBD plasma treatment in combi-

nation with chitosan coating—has great potential to be applied for the preparation of latex

medical surgical gloves with improved mechanical properties and antibacterial activities.
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