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ABSTRACT: Polylactide (PLA)/zinc oxide (ZnO) nanocomposite filaments were produced with a melt-spinning process, with the aim

of obtaining antibacterial textiles. ZnO, an inorganic antibacterial nanofiller, is used to impart antibacterial properties to PLA. These

nanoparticles suit the melt-spinning process because of their high thermal stability and low granulometry. Generally, metallic oxides

(e.g., ZnO) are used to recycle PLA via catalyzed unzipping depolymerization. In this study, we used different ways to finely disperse

ZnO in PLA and produce filaments with a minimum degradation of the thermal and mechanical properties. Optimized antibacterial

properties were obtained with a fabric containing ZnO with specific surface treatments. The reasons for this better antibacterial activ-

ity, related to the study of the antibacterial mechanism of ZnO, were investigated with different characterization techniques [X-ray,

electron probe microanalysis, inductively coupled plasma mass spectrometry, and electron paramagnetic resonance (EPR)]. VC 2015

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41776.
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INTRODUCTION

Nanoparticles generally exhibit better physicochemical properties

than microparticles,1 thanks to their higher surface-to-volume

ratio. Zinc oxide (ZnO) nanoparticles are interesting materials

because of their multifunctional properties and low cost. ZnO is

an n-type semiconductor with a wide direct band gap of 3.37 eV

and a high exciton binding energy of approximately 60 meV.2

These characteristics provide them with several properties, mainly

photocatalytic and antibacterial properties.3 In this study, we

focused particularly on the antibacterial properties brought about

by the addition of ZnO in a spinnable polylactide (PLA)

matrix.4–6 ZnO is classified in a group of inorganic antimicrobial

agents that are safer and extremely thermally stable compared to

organic antimicrobial agents.7 It is already used in personal care

products and in prosthetic devices for hard-tissue replacement.8

We studied the antibacterial properties of ZnO when it was finely

dispersed in a polymer. This method guarantees the durability of

the antibacterial treatment of the polymer.9

Other studies have already been carried out on polymers con-

taining ZnO nanoparticles. In these cases, stable systems have

been developed with the retention of their physical properties

associated with their size and a chemical activity related to their

availability in the matrix.1 In previous studies, ZnO was incor-

porated in poly(methyl methacrylate),10,11 polystyrene,12 poly-

amide,13 polyacrylonitrile,14 and polyurethane,15 and the results

have shown that the nanocomposites presented better perform-

ances compared to the virgin polymers.

In this studied, we examined the incorporation of ZnO nanopar-

ticles into PLA, a synthetic polymer derived from renewable

resources. PLA is one of the most interesting biopolymers com-

pared to others such as poly(3-hydroxybutyrate), poly(E-capro-

lactone), or poly(glycolic) acid because of its better mechanical

and thermal properties and also because of its ease of

processing.16

Nanocomposites produced from PLA with appropriate amounts

of ZnO were used to prepare nanostructured filaments by melt

spinning, an ecofriendly solvent free process. Another route,

named the masterbatch (MB) method, was also investigated to

produce nanocomposite multifilaments. The principle of the

MB approach was to process filaments with specific amounts of

nanofillers directly with the melt-spinning pilot with a highly

loaded premix. We studied the influence of this method on the
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thermal and mechanical properties of the filaments. Finally,

some nanostructured filaments were used to produce knitted

fabrics for antibacterial activity assessment.

The antibacterial mechanism of ZnO was also investigated, with

the latter not clearly being understood yet.2 Several mechanisms

have been proposed in the literature:

1. Action of reactive oxygen species (ROS).17–21

2. Action of zinc ions.22,23

3. Mechanical damage of cells.23

Yamamoto6 and Sawai et al.24 reported that the mechanical

destruction of the cell membrane had no effect on the antibac-

terial activity of the ceramic powder. Therefore, we concentrated

our efforts on studying the contribution of zinc ions or/and

ROS on the antibacterial activities of ZnO through different

analytical techniques.

EXPERIMENTAL

Materials

Poly(L,L-lactide) grade for fibers [Mn(PLA) 5 44,900 g/mol and

Mw/Mn 5 1.9, where Mn(PLA) is the number-average molecular

weight of PLA, Mw is the weight-average molecular weight and

Mn is the number-average molecular weight; D isomer � 2%]

was kindly supplied by NatureWorks LLC.

Commercially available ZnO nanofillers were graciously donated

by Umicore Zinc Chemicals (Belgium) as Zano 20 [particle size

� 30 nm, bulk density � 280 g/L, specific surface area [Bruna-

uer-Emmett-Teller (BET)] 5 25–35 m2/g, ZnO content �
99.5%] and as Zano 20 Plus [surface-coated with a triethoxy-

caprylylsilane especially suitable for the treatment of metal

oxides, particle size � 30 nm, bulk density � 360 g/L, specific

surface area (BET) 5 25–35 m2/g, ZnO content � 96.2%]. The

surface-treated Zano 20 Plus and untreated Zano 20 were

named ZnOT and ZnONT, respectively. The spin finish, Crosanol

I-PA07, was supplied by Eurodye CTC and used for the spin-

ning process on multifilaments. Throughout this contribution,

all of the percentages are given as weight percentages.

Processing

Before all processing, the PLA and nanofillers were dried at

80�C for 12 h to minimize the water content during melt com-

pounding. Dried pellets of PLA and appropriate contents of

nanofillers (ZnO) were mixed in a turbomixer (1000 rpm, 2

min); this was followed by the dosing and melt compounding

into a conventional corotating twin-screw extruder (Lietritz

type ZSE 18 HP-40D, screw diameter 5 18 mm, length/diame-

ter 5 40). The temperatures of the eight heating zones were

190/195/200/200/200/200/200/195�C for PLAs containing 1 and

3% ZnOT and 180/190/200/195/195/195/190/190�C for the same

polymer containing 1 and 3% ZnONT. The rotation speed of the

screws was maintained at 100 rpm for all of the experiments.

After melt blending, the nanocomposite extrudate was pelletized

and then dried under the previous conditions before spinning.

The PLA and nanocomposites were spin-drawn with a melt-

spinning pilot (Spinboy I, designed by Busschaert Engineering).

The pellets were melted in a single-screw extruder with temper-

ature profiles of 195/205/210/200/185�C for PLA and PLA/

ZnOT and 175/180/185/175/165�C for PLA/ZnONT. The molten

matrix was then brought through two parallel spinning dies (40

channels with diameters of 400 mm each) heated at 175 and

165�C for PLA, PLA/ZnOT, and PLA/ZnONT, respectively, to

obtain a continuous multifilament yarn. After extrusion, the

yarn was coated with the spin finish Crosanol I-PA07 to ensure

its cohesion and to dissipate the static electricity generated dur-

ing processing. At last, the yarn was hot-drawn between two

series of rolls with different rotation speeds. The draw ratio,

defined as the ratio between the rotation speeds of the drawing

and the feeding rolls (150 m/min), was optimized at 3. The

temperature of the feeding rolls was fixed at 70�C, whereas the

temperature of the drawing roll was fixed at 110�C25 and 90�C
for PLA, PLA/ZnOT, and PLA/ZnONT, respectively.

For nanocomposite filaments produced with MB (PLA/30%

ZnOT), the melt-spinning conditions are similar to those of

PLA/ZnOT described previously.

Multifilament yarns made with PLA and some nanocomposites

were knitted manually on a rectilinear machine of gauge 7. The

as-produced fabrics were used for antibacterial activity testing

after the spin finish was removed.

Characterization

X-ray Diffraction (XRD) Analysis. The structural characteriza-

tion of two types of ZnO (ZnONT and ZnOT) was carried out

by XRD with a D8 Bruker advance (ZXS) diffractometer (with

Cu Ka 5 0.15406-nm radiation). The diffraction patterns were

produced for values of 2h between 10 and 80�, with a scan rate

of 0.02� and interval measurements of 2 s.

Size Exclusion Chromatography. The recovery of PLA from

selected compositions for the molecular weight parameter deter-

mination was carried out by the initial dissolution of the sam-

ples in chloroform and through a similar procedure used in the

case of the PLA/organically modified layered silicate (OMLS)

nanocomposites.26 The metallic residues were removed by liq-

uid–liquid extraction with 0.1N HCl aqueous solution; this was

followed by intensive washing with demineralized water. Finally,

PLA was recovered by precipitation in an excess of heptane.

After filtration and drying, the PLA solutions were prepared in

THF (10 mg of polymer/5 mL of solvent). The Mn values of the

pristine PLA and PLA extracted from the nanocomposites were

determined by size exclusion chromatography with a procedure

and relations described elsewhere.26

Another grade of PLA [Mn(PLA0) 5 55,000 g/mol, where Mn(PLA0)

is the number-average molecular weight of PLA0] was used for

this characterization.

Thermogravimetric Analysis (TGA). TGA was performed with

a TGA 2050 instrument (TA Instruments) with a heating ramp

of 10�C/min under nitrogen flow from room temperature up to

650�C. Granules (ca. 10 mg) or filaments (ca. 5 mg) were

placed in open platinum pans. The precision of the temperature

measurements was 60.5�C.

Electron Probe Microanalysis. A Cameca SX 100 apparatus was

used. This device used a voltage of 15 kV, an amperage of 40

nA, and Ka of Zn was detected with a lithium fluoride (LiF)
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crystal. On the color scale (on the right of the image shown

later in Figure 3), the red color corresponded to a high concen-

tration of Zn element and so to ZnO concentration.

Mechanical Testing Measurements. Before tensile testing, the

average diameters of the filaments (50 measurements per sam-

ple) were obtained with an optical microscope (Axiolab Pol,

Carl Zeiss). From the diameter and density of PLA, it was then

possible to calculate the fineness (tex, g/km). Tensile tests of the

PLA and nanocomposite fibers were carried out according to

the standard NF EN ISO 5079 on a Zwick 1456 testing machine,

with the cell force used being 10 N. All of the tests were made

in a standard atmosphere (temperature 5 20 6 2�C and relative

humidity 5 65 6 5%). The length between the clamps was fixed

at 20 mm, and the speed rate of the crosshead was 20 mm/min.

All of the results represent an average value of 30 tests.

Antibacterial Properties. The standard JIS L 1902:2002 was

used to conduct antibacterial testing. It is an industrial standard

for antibacterial activity assessment on antibacterial textiles.

Here, all of the samples (knitted fabrics) were cleaned for 15

min in each solvent (petroleum ether, ethanol, and water)

thanks to an ultrasonic tank and were washed according to the

NF EN ISO 6330 standard to remove the spin finish. They were

then sterilized by steam for 20 min before bacterial inoculation.

The samples were seeded with Staphylococcus aureus (Gram-pos-

itive bacteria) or Klebsiella pneumonia (Gram-negative bacteria)

bacteria; two strains of bacteria are often responsible of nosoco-

mial infection.27 This quantitative test method involved the

direct counting of bacteria before and after incubation at 37�C
for 18 h. The obtained values were used to calculate the anti-

bacterial activity (A) according to eq. (1):

A5 logC18 2 logT18 (1)

where C and T are the numbers of bacteria counted from the con-

trol (unfunctionalized) and treated (functionalized) textiles and the

subscript 18 corresponds to the time of incubation, that is, 18 h.

The antibacterial performance was assigned according Table I.

Detection of Zinc Ions (Zn21). In the presence of moisture or

water, ZnO can release Zn21. The antibacterial action of ZnO is

often associated with these ions.22,28 Specific tests allow the

detection and quantification of zinc ions present in aqueous

solution when in contact with nanocomposites. The tested solu-

tions were prepared to approximate the conditions of antibacte-

rial testing. An amount of 2 g of fibers (unfunctionalized or

functionalized) were immersed in 100 mL of demineralized

water, and the whole was stored for about 18 h at 37�C.

Qualitative test. Previous prepared solutions were used to

detect the presence of Zn21. A specific color indicator, Erio-

chrome Black T (EBT), was used. In fact, at pH 9.5, EBT gives

a blue color to the aqueous solution in the absence of Zn21

and a pink color otherwise.

Quantitative test. Inductively coupled plasma (ICP) mass spec-

trometry (MS) was used for quantitative measurements. A

Quadrupole ICP-MS instruments (7500i Agilent) equipped with

Ni cones, a glass Scott chamber, and a Babington nebulizer was

used. The radio frequency (RF) generator was operated at

1300 W.

Detection of ZnO Defects (Oxygen Vacancies). ZnO is an

oxide able to form various defects in connection with the heat

treatment it undergoes. One of these defects concerns oxygen

vacancies. These vacancies can capture an electron and promote

paramagnetic defects. EPR has proven to be a valuable tool for

characterizing these kinds of defects.

The spectrometer used was a Bruker EPR ELEXYS E580 operat-

ing at the X band of the EPR (9.8 GHz). The microwave power

was set to 5 mW, and the amplitude modulation to 1 G. All of

EPR spectra were relative to a mass of about 1 mg of nanofillers

or nanocomposite filaments.

Detection of ROS [Hydroxyl Radicals (OH_)] by Spin-

Trapping Measurements Coupled with EPR Spectroscopy. EPR

coupled with the spin-trapping technique was used to demonstrate

the formation of HO_ radicals in water suspensions of nanocompo-

site filaments. Fresh distilled 5,5-dimethyl-1-pyrroline-N-oxide

(DMPO; 0.06M) was used as spin trap agent. The concentration

added to nanocomposites was 8 mM in pure-grade water. The sus-

pension was stirred for a few seconds. The aqueous suspension was

then removed and inserted in a narrow quartz tube. The tube was

then placed in the EPR cavity, and the spectra were recorded.

For irradiated samples, filaments were irradiated through EPR

cavity with polychromatic light (Lightning Cure LC8, Hama-

matsu, 100 W) for 20 min before the addition of aqueous solu-

tion and DMPO.

RESULTS AND DISCUSSION

The mechanism of the antibacterial activity of ZnO was investi-

gated when it was embedded in a polymeric matrix (PLA). The

antibacterial mechanism of ZnO is still discussed in the literature.

Some researchers19,22,24,29–31 think this property is due to the

presence of Zn21 and/or ROS (OH_) when ZnO is in contact of

water. We studied the relation between the antibacterial activity

of the nanocomposites and the presence of these reactive species

in view of evaluating their contribution to the antibacterial mech-

anism of the nanocomposites.

Some problems, such as a high loss of mechanical and thermal

properties, due to the intensive degradation of the polymer

matrix32 occurred with the addition of ZnO to the matrix. One

solution for decreasing the action of ZnO on the PLA matrix

during melt blending is to use ZnO with a specific surface treat-

ment (e.g., a silane, especially triethoxycaprylylsilane).32

Another solution found to decrease once again the negative

action of ZnO on the PLA matrix molecular weight is to work

Table I. Antibacterial Performance Based on A Values

A Antibacterial performance

<0.5 None

0.5 to <1 Slight

1 to <2 Medium

2 to <3 Good

�3 Very good
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with the MB process during the production of nanocomposite

filaments. This technique has already been used successfully to

improve the properties of other polymer blends.33,34 Its influ-

ence on the thermal and mechanical properties of the nanocom-

posite filaments was then investigated.

Studies of the PLA Degradation by the ZnONT Granular

Nanocomposites

Figure 1 shows the values of the degradation temperature for 5%

weight loss. This temperature is often considered to be the initial

decomposition temperature.35 From the TGA results in Figure 1,

we observed an initial decrease in the PLA thermal degradation

temperature after the extrusion process of this polymer (where

the sample was referred to as PLA E). This result could be

explained by the sensitivity of PLA to various phenomena (tem-

perature, shear, and hydrolysis) during processing in the molten

state.35,36 A slight depolymerization of the polymer was then

observed after the extrusion process (see Table II). We also

noticed a significant decrease in the degradation temperature

with the addition of ZnONT (see Figure 1) and a depolymeriza-

tion of PLA (see Table II) in the presence of ZnONT. These

results were supported by an article from Abe et al.,37 who

reported that under isothermal conditions, zinc compounds cat-

alyze both intermolecular and transesterification reactions and

generate PLA with lower molecular weights.

Improvement of the Thermal Degradation Temperature with

ZnOT Granular Nanocomposites

Figure 2 compares the thermal degradation temperatures of the

PLA nanocomposites with 1 and 3% ZnONT and ZnOT. For 1%

nanofillers, the temperature increased about 36�C with ZnOT

instead of ZnONT. For 3%, there was also a temperature increase

with ZnOT but less than previously (ca. 16�C). These results

were expected because Das et al.38 reported that a uniform dis-

persion of highly compatible filler led to a good interaction with

the polymer matrix and to improvements in the mechanical and

thermal properties of the resulting composite. We found ZnOT

was better dispersed in the PLA matrix (Figures 3 and 4) than

ZnONT. Therefore, this could explain the higher thermal degra-

dation temperatures of the composites including ZnOT. Also, the

siloxane network (triethoxycaprylylsilane) close to the inorganic

surface of ZnOT decreased the catalytic action of ZnO on PLA

through a decrease in the PLA depolymerization.32 Then, the

thermal stability of the nanocomposites increased. The previous

nanocomposite granules with ZnONT and ZnOT were used to

produce nanocomposite filaments. In addition to that, the MB

process with a high-loaded premix was explored for filament

manufacturing.

Studies of the Thermomechanical Properties and Morphology

of the Nanocomposite Filaments

A draw ratio of 3 was considered for PLA, extruded PLA, and

nanocomposites filaments. Table III shows the degradation tem-

perature (at a 5% weight loss) of PLA, PLA E, and nanocompo-

sites granules and fibers. Figures 5 and 6 show the weight loss

versus the temperature.

Nanocomposite granules underwent a second heat and mechan-

ical treatment during the melt-spinning process to produce

fibers. This explained why the thermal degradation temperatures

of the fibers (Table III, column 3) were lower than those of the

granules (Table III, column 2).

Filaments made with nanocomposites containing ZnOT had

degradation temperatures higher than those obtained with

ZnONT (PLA/3% ZnONT: 244�C and PLA/3% ZnOT: 251�C).

This was due to the lower degradation and depolymerization

of PLA by ZnOT (see Table II).

The last column in Table II (column 4) concerns the nanocom-

posite filaments obtained from MB. A significant increase in the

mentioned temperatures for these filaments could be high-

lighted. The results obtained in this case were comparable to

those of the granules made with ZnOT. This reflected the low

degradation of PLA by this method and could be explained by

several factors:

Figure 1. Reduction of the PLA degradation temperature with the extru-

sion process and the addition of ZnONT.

Table II. Reduction of the PLA Molecular Weights with the Extrusion and

Addition of ZnONT

Mn(PLA0 ) (g/mol)

PLA0 55,000

PLA0E 49,900

PLA0/1% ZnONT 45,600

PLA0/3% ZnONT 31,300

PLA05 grade of PLA (Mn 5 55000 g/mol); PLA0E 5 extruded PLA0.

Figure 2. Improvement of the nanocomposite thermal degradation tem-

peratures with ZnOT.
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1. A large proportion of the PLA underwent only one thermal

cycle during melt-spinning.

2. This proportion was extruded with a single screw, which

was less aggressive than twin screws.

3. The nanofillers were first coated with a certain amount of

PLA (during MB production) before their dispersion in a

large proportion of PLA during the melt-spinning stage to

obtain the desired amount of nanofillers in nanocomposite

filaments. Thus, precoating decreased the direct contact

between ZnO and the large proportion of PLA and also

improved the affinity between the nanofillers and PLA.39

To compare properly different nanocomposites, the mechanical

test results are presented in terms of the percentage change in

the tenacity (resistance/linear density). This percentage (given in

Figure 7) expresses the reduction in the tenacity compared to

virgin PLA filaments.

The best tenacity was obtained with PLA/1% ZnOT MB. This

was due to the low quantity of ZnOT (1%) and the MB process

used; this resulted in the mitigation of PLA degradation (see

Table III). Figure 7 also shows the decrease of the tenacity with

the augmentation of the nanofiller content. The most fragile

filaments were obtained with PLA/3% ZnONT. This confirmed

the degradation of PLA by ZnONT (see Table III). The poor dis-

persion of ZnONT in PLA (see Figure 3) and the formation of

aggregates (represented by red dots in the Figure 3 online)

could also explain this decrease in the tenacity. With ZnOT, the

silane treatment (layers of ASiAOASiAOA) led to a lower

interfacial energy between the polymer matrix and nanofillers

and to the finest dispersion of the nanoparticles in the matrix

(see Figures 3 and 4). Das et al.38 reported that the uniform dis-

persion of highly compatible filler led to good interaction with

the polymer matrix and to improvements in the mechanical

and thermal properties of the resulting composite.

Antibacterial Properties of the Knitted Fabrics

Knitted fabrics were manufactured from the filaments for anti-

bacterial characterization. It was interesting that despite the deg-

radation of PLA by ZnO, the mechanical properties of the yarns

were sufficient to produce knitted fabrics.

Both Gram-positive and Gram-negative bacteria were tested.

The results for different nanocomposites are given in Figure 8.

All of the values are given as a logarithm (to base 10) and were

counted by colony-forming units for each sample. The reported

Figure 3. Electron probe microanalysis pictures: filaments (PLA, PLA/3% ZnOT, PLA/3% ZnONT, and PLA/3% ZnOT MB). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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results are the average values of three samples (see the Experi-

mental section on Antibacterial Properties).

Figure 8 shows that the incorporation of 1% zinc oxide (here

ZnOT) was not sufficient to provide antibacterial properties to

the nanocomposites against both tested bacteria. At 3%, the

action of ZnO increased, and we noticed a difference in the

antibacterial activity depending on the type of bacteria strain

and nanofillers (ZnOT and ZnONT).

The results obtained (see Figure 8) show that the antibacterial

activity of the nanocomposites with ZnO (ZnOT and ZnONT) was

better on the Gram-positive strain. This result was in agreement

with the studies of Sawai et al.40 and Zhang et al.41 In fact, Gram-

negative bacteria have lipopolysaccharides in their cytoplasmic

membrane that protects them against certain chemical species.2

When tested on the Gram-positive bacteria, there was no signif-

icant difference between the values of the antibacterial activities

of the knitted fabrics realized with PLA/3% ZnOT (3.3) or PLA/

3% ZnONT (3.2). However, with Gram-negative bacteria, there

was a marked increase in the antibacterial activities for PLA/3%

ZnOT (2.9) compared to PLA/3% ZnONT (1.2). Indeed, because

the Gram-negative bacteria were less sensitive to ZnO, the

differences in the antibacterial activity between samples were

more noticeable and helped us to detect the most efficient type

of nanofillers to impart antibacterial activities to PLA.

Study of the Mechanism of the Antibacterial Properties

of the PLA/ZnO Nanocomposites

Crystal Structure and Crystal Defects (Oxygen Vacancies) of

Both ZnOs. It is well known that the photocatalytic properties

of ZnO are essentially linked to its crystallographic structure

and its defects.42

A crystallographic difference between the two types of ZnO could

explain any difference in the photocatalytic behavior. Figure 9 presents

the XRD curves of both ZnO. It showed that two types of ZnO had a

w€urtzite crystal structure. In fact, the distribution of the intensity

peaks was consistent with the standard for hexagonal crystals of

ZnO,43,44 and there were no impurities in the crystalline phases.

As mentioned by Tang et al.,45 surface treatment does not affect

the ZnO crystal structure. A difference in the crystalline

Figure 4. Transmission electron microscopy pictures of the filaments (PLA/3% ZnOT and PLA/3% ZnONT).

Table III. Degradation Temperatures at 5% Weight Loss (Granules and

Filaments of PLA, PLA E, and Nanocomposites)

Degradation temperature at 5% weight
loss (�C)

Granules Filaments Filaments (MB)

PLA 341 321 —

PLA E 315 310 —

PLA/1% ZnONT 252 — —

PLA/1% ZnOT 288 258 283

PLA/3% ZnONT 251 244 —

PLA/3% ZnOT 267 251 276
Figure 5. TGA curves of the nanocomposite granules (G) after the

extrusion process.
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structure could, therefore, not explain any photocatalytic behav-

ior between both ZnOs in this study.

Figure 10 shows the EPR spectra of the nanofillers and qualitatively

compares the oxygen vacancies present in the two nanofillers. The

spectra consisted of a 9 G line centered at the land�e g factor value

of 1.96 typical of oxygen vacancies defects. The quantity of vacan-

cies was, in fact, related to the area under the peaks of the EPR

spectrum. However, we only refer to the intensities of the peaks

because their widths were identical. The higher the peak intensities

were, the higher was the quantity of oxygen vacancies in the nano-

fillers; this was important. Figure 10 shows a greater quantity of

oxygen vacancies in the case of ZnOT. Contrary to Guo et al.46 sug-

gested that the intrinsic defects of ZnO nanoparticles could be pas-

sivated by capping agents; instead, this study showed that the

surface treatment (triethoxycaprylylsilane) performed on ZnOT

increased the amount of oxygen vacancies (and also its defects).

On the basis of this result, we established that the surface treatment

(triethoxycaprylylsilane) performed on ZnOT increased the num-

ber of oxygen vacancies.

Detection of the HO_ Radicals. It is well known that ZnO

presents photocatalytic properties under the action of UV

rays.47 Fujishima et al.48 reported that these properties existed

even under normal lighting (light intensity 5 10 mW/cm2),

which contains a certain quantity of UV rays (intensity 5 1

mW/cm2). This quantity was sufficient to cause ZnO photoca-

talysis, and this led to the formation of ROS, which are harmful

to bacterial cells.

Sawai et al.21,24 suggested that hydrogen peroxide (H2O2) was

responsible for the ZnO antibacterial activity. Zhang et al.41 even

suggested that it would be the dominant mechanism. However,

Gedanken and coworkers19,20 identified the formation of HO_
radicals in an aqueous suspension of ZnO and attributed to

them the antibacterial activity of ZnO. HO_ radicals have indeed a

strong oxidizing power,49 approximately 1.58 times greater than

that of H2O2.50 HO_ is, therefore, more bactericidal than H2O2.

Reactions leading to the formation of HO_ are given below:21,51

Free electrons generated during ZnO photocatalysis react with

oxygen to form superoxide ions. In the presence of moisture,

these form hydroperoxyl radicals. Then, the disproportionation

of the previous radicals gives H2O2. Finally, H2O2 reacts with

another free electron to form HO_ radicals. HO_ radicals are very

reactive with bacteria52 and destroy them by the peroxidation of

lipids contained in the cell membrane.53

The presence of HO_ radicals in aqueous suspensions of nano-

composite filaments (especially, PLA/3% ZnOT and PLA/3%

ZnONT) were checked and qualitatively compared to better

understand the difference in the antibacterial effectiveness

between these two nanocomposites.

To detect the presence of OH_, which had a very short lifetime,

a spin-trap DMPO was added to the aqueous suspension to

form a more stable radical species [DMPO–OH]_. The latter

could be detected by EPR spectroscopy and could be recognized

by four characteristic peaks because of hyperfine coupling with

the nitrogen and proton of DMPO. The hyperfine constant

value A related to the electron/nuclei due to electron delocaliza-

tion on proton and nitrogen atom coupling were respectively

AH 5 AN 5 14.5 G.54 The quantity of radicals formed was

Figure 6. TGA curves of the nanocomposite filaments (F) versus the

virgin PLA filaments.

Figure 7. Percentage tenacity reduction of the nanocomposite filaments

versus the virgin PLA filaments.

Figure 8. Antibacterial activities results: assessment of the nanocomposite

antibacterial activity for both bacterial strains.
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proportional to the area under the peaks. The higher the inten-

sities were, the higher the quantity of HO_ radicals was. Figure

11 shows that the intensity of the RPE spectrum of PLA/3%

ZnOT was slightly higher than that of PLA/3% ZnONT. This

means that there were more HO_ radicals formed in the aqueous

solution that was in contact with PLA/3% ZnOT. This explained

the higher antibacterial performance of the fabrics with PLA/3%

ZnOT filaments.

The release of the HO_ radicals was compared for the nanocom-

posites irradiated by a polychromatic light (for 20 min). We

observed an exceptional increase in the release of OH_ radicals

in the case of PLA/3% ZnOT (see Figure 12). This study showed

the effectiveness of the nanocomposite system with ZnOT for

bacterial decontamination.

The best antibacterial activity obtained with PLA/3% ZnOT

could be explained by the increase in oxygen vacancies; this

resulted from the surface treatment of ZnO (see Figure 10) and

the good dispersion of ZnOT in PLA (see Figure 3). Kubacka

et al.55 and Heine et al.56 already reported that a good disper-

sion of nanofillers in the matrix led to better antibacterial activ-

ity in the nanocomposite systems. In our case, this statement

could be explained by the fact that when the nanofillers were

well dispersed, small aggregates with important specific surface

areas were formed. It is well known that when nanoparticles

have important specific surface areas, they have more active

sites on their surface, and therefore, the rate of reaction on its

surface increases.6,57

Detection of Zn21. Brunner et al.22 attributed the antibacterial

activity of ZnO to dissolved ions (Zn21). Their presence (quali-

tatively and quantitatively) was checked in aqueous solutions

that had been in contact with filaments (virgin and nanocom-

posites), and the correlation with the antibacterial activity was

verified.

In the qualitative analysis, a color indicator (EBT) was placed in

the solutions. A blue color was observed for the solution with

virgin PLA filaments, and a pink color was observed for solu-

tions with nanocomposite filaments (see Figure 13). This means

that

1. There are no Zn21 ions in the reference solution (solution

with virgin PLA filaments). This was normal and allowed us

to validate the qualitative test method.

2. There were Zn21 ions in the other solutions that were in

contact with the nanocomposites.

We used ICP to quantitatively detect the amount of Zn21 in the

aqueous solutions that were in contact with the nanocomposites.

Figure 11. EPR spectra of solutions in contact with the nanocomposites:

detection of OH_.

Figure 12. EPR spectra of solutions in contact with the irradiated nano-

composites: detection of OH_.

Figure 10. EPR spectra of the nanofillers: detection of oxygen vacancies

on both ZnO.

Figure 9. XRD patterns of ZnO on both nanofillers (ZnONT and ZnOT).
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Table IV presents the results for ICP analysis. Rigorously, ICP

analysis quantifies the quantity of zinc element (Zn) rather than

Zn21 ions. However, taking into account the qualitative results,

we equated Zn with Zn21.

As expected, there were no traces of Zn21 ions in the aqueous

solution containing PLA fibers.

The two solutions gave positive qualitative results and contained

Zn21 ions. The solution with PLA/3% ZnONT filaments con-

tained 1813 mg/L Zn21, and the other with PLA/3% ZnOT con-

tained 497 mg/L Zn21. The low formation of Zn21 ions in the

second case could be explained by the hydrophobic surface

treatment (with silane) on ZnOT. This decreased the effect of

the aqueous solution on ZnO and led to fewer Zn21 ions

formed.

We have, however, already shown that the antibacterial activity

was better with PLA/3% ZnOT (see Figure 8). Because of this

result, the antibacterial performance of the samples could not

be related to the presence of Zn21. The solution with PLA/3%

ZnOT contained, in fact, less Zn21.

Moreover, the quantity of ions measured in solutions with both

nanocomposites was very low. These low concentrations were

probably far from the minimum inhibitory concentration for

antibacterial activity of Zn21. Indeed, Applerot et al.19 reported

that a concentration of 25 mg/L Zn21 had no effect on certain

bacteria, including S. aureus bacteria. These bacteria were used

during antibacterial testing in this study (see Figure 8) and were

more sensitive to the action of ZnO than the other bacteria,

K. pneumonia. We, hence, deduced that the antibacterial proper-

ties of the studied nanocomposites were not due to Zn21 ions.

Dutta and coworkers58,59 already reported the negligible release

of zinc ions from ZnO nanoparticles (NPs) in aqueous medium

and also concluded that the inhibition of bacterial growth due

to released zinc ions was ruled out.

CONCLUSIONS

An antibacterial and inorganic nanoadditive (ZnO) was used to

functionalize PLA by an extrusion process. The obtained gran-

ules were used to process multifilament yarns before the charac-

terization of their antibacterial properties (knitted structure).

We showed the initial degradation of the PLA matrix by ZnONT.

However, the addition of ZnOT led to a decrease in this degra-

dation. Then, the better thermal and mechanical properties

were achieved on nanocomposites containing ZnOT. In fact,

ZnOT was better dispersed in PLA and had a lower impact on

its degradation through depolymerization.32

The MB process was used to produce multifilaments to better

protect PLA against the action of ZnO during melt-spinning

process. This resulted in an increase in the degradation temper-

ature and the tenacity of these filaments.

We found better antibacterial properties with the nanocompo-

site containing 3% nanofillers (instead of 1% nanofillers). Also,

better antibacterial activity was achieved with PLA/3% ZnOT

thanks to the good dispersion of ZnOT into PLA. This higher

dispersion promoted nanocomposite photocatalysis and led to

the formation of an important quantity of HO_ radicals, which

had a strong bactericidal action. Also, we found that at a meas-

ured concentration of Zn21 ions, they had some impact on the

antibacterial activity of the studied nanocomposites.
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