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ABSTRACT: Poly(lactic acid) (PLA) fibers of submicron sizes encapsulating allyl isothiocyanate (AITC) (PfA) were made and electro-

spun onto the surfaces of PLA films. SEM examination confirmed the fusion of the two phases to form a bilayered fiber-grafted film

after the film underwent air blowing and water washing to remove the nongrafted fibers. The fiber-grafted PLA films (PfA-g-film)

retain the mechanical properties of PLA. The release of AITC from the fibers was temperature dependent. At temperatures lower than

48C, the incorporated AITC remained within the fibers without losing activity; at room temperature, AITC released in a sustained

manner over weeks. The release of AITC was also dependent on its initial concentration in the PLA electrospinning solution; samples

with more AITC incorporated showed a higher release rate. PfA-g-films significantly inhibited the growth of Listeria innocua and

Escherichia coli k12 when tested on package foods. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42475.
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INTRODUCTION

There is a growing interest in active packaging. The demand for

active and intelligent packaging in the US is projected to reach

$3.5 billion in 2017, according to a new report.1 Different from

conventional packaging materials and technologies that only

provide a physical barrier to passively protect enclosed items

from tampering or contamination from physical, chemical, and

biological sources, active packaging is an implement that

actively interferes with the biochemical or chemical processes in

the headspaces or on the surfaces of enclosed items, going

beyond environmental segregation. Perishable commodities,

such as fruits, vegetables, meats, sea food, and so on, were

noted as the largest market for active packaging. The applica-

tion of active packaging for fresh or processed foods offers sev-

eral advantages that include prolonging their shelf-life,

enhancing safety and sensory properties, while maintaining the

quality of the products, and reducing losses from unsaleable

products in the supply chain.

Natural bioactives—such as nisin, thymol, and allyl isothiocya-

nate (AITC)—have been examined for food preservation; these

substances are generally recognized as safe (GRAS) by the U.S.

Food and Drug Administration. (For AITC, see 21 CFR

172.515). The natural antimicrobial compound AITC is a color-

less oil with a volatile and pungent character. It was originally

extracted from mustard, radish, horseradish, or wasabi.2 AITC

can also be produced commercially by the reaction of allyl chlo-

ride and potassium thiocyanate that ensures the purity, quality,

and availability of the compound, and allows a low production

cost that extends its applications.3 AITC has been demonstrated

as an antibacterial and antifungal in the food industry. As for

VC 2015 Wiley Periodicals, Inc.
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making active packaging materials, AITC used alone or in com-

bination with modified atmosphere packaging has demonstrated

effectiveness in inhibiting bacterial growth in solid food models,

cheeses, and chicken meat.4–6 In these studies, packaging mate-

rials, in the form of films or sheets, were used as vectors for the

preservative’s retention. AITC was mechanically dispersed in

polymer solutions, the mixtures were then fabricated into films

or sheets by extrusion blowing or casting methods. Biopolymers

that have been investigated for AITC incorporation included

soy protein isolate, chitosan, and cyclodextrin, or poly(lactic

acid) (PLA), or cyclodextrin/PLA composites.4–7 The incorpora-

tion efficiency is limited due to the oily nature of AITC that is

not compatible with major food packaging materials; also some

of the included AITC loses activity during processing.8

PLA has been extensively studied for food packaging applica-

tions. PLA is a biomass-oriented polyester that can be synthe-

sized either from lactic acid or by ring-opening polymerization

from its dimer, lactide. Films or sheets from PLA possess rela-

tively strong mechanical properties suitable for food packaging.

The monomer, lactic acid, obtained from the fermentation of

corn starch, is also the final degradation product of PLA, and

considered as nontoxic and environmentally benign. Because of

these advantages, PLA has received increasing attention by the

food packaging industry.9,10 Incorporated bioactives were

released from the PLA at a predetermined rate driven by passive

diffusion; parameters influencing the release profile were the

concentration and nature of the bioactives, the surface areas,

and the three-dimensional structure of scaffold, or the thickness

of the film or sheet, and other physical properties of the poly-

mers, such as crystallinity, molecular weight, and molecular

weight distribution, and so on. In most cases, the release of

incorporated active agents was characterized with an initial

burst of the agents, with a large portion of the agents unable to

release from the PLA formulations.10,11

Besides film forming, PLA is suitable for electrospinning fibers

of nano or submicron sizes. The successful production of PLA

fibers with AITC and other bioactives incorporated has been

reported.12–15 The preincorporated active substances release at

faster rates from PLA fibers than PLA films or sheets, and the

release is more sensitive to environmental stimuli, such as tem-

perature and humidity, which can be attributed to the huge sur-

face areas that per unit PLA fibers provide, in comparison with

the same amount of PLA in films or sheets. For packaging pur-

poses, fibers or fibrous mats thus obtained are used with

another polymeric material that provides the physical barrier

and weight-bearing properties.

In this research, a new method to fabricate PLA films grafted

with electrospun PLA/AITC fibers was described. The physical

and antimicrobial properties of the bilayered films were eval-

uated for food packaging applications.

EXPERIMENTAL

Materials

PLA pellets (product No. 4060D) with a weight-average molecu-

lar weight of 148 kDa and a number-average molecular weight

of 110 kDa were obtained from NatureWorks LLC (Minnetonka,

MN). Dichloromethane (DCM), ethyl acetate (EA), and hexane

were purchased from Fisher Scientific (Fair Lawn, NJ). AITC

(98%, d 5 0.94 g/mL) was purchased from Sigma Aldrich (St.

Louis, MO), and stored at 4–78C for use. Listeria innocua

(ATCC 51742) and Escherichia coli K12 (ATCC 23716) were

obtained from the American Type Culture Collection (Manassas,

VA., USA.). Frozen stock cultures of each strain were cultured

independently in 30 mL Tryptic Soy Broth (BBL/Difco Labora-

tories, Sparks, MD, USA) in sterile 50 mL conical tubes at 378C

for 18 h.

Preparation of PLA Films and PLA/AITC Solutions

PLA films were cast from PLA/DCM (5%, w/v) solution that

was obtained by stirring PLA pellets in DCM in closed Erlen-

meyer flasks overnight. Five milliliters of the PLA solution were

loaded on a glass plate using a K-101 Control Coater apparatus,

spread over with a spiral wound meter bar (RK Print-Coat

Instruments Ltd, Royston, UK) at the speed setting of #3 as

described in the operation menu by the provider. The glass

plates with the spread solutions were placed in a hood for

� 15 min to allow the organic solution to evaporate. The films

were then peeled off from the supports, measured for thickness

and weight, and stored in a desiccator. PLA/AITC solutions

were prepared by the addition of the appropriate volumes of

AITC to PLA/DCM (5.0%, w/v) to achieve 5, 10, 15, or 25 wt

% AITC in relation to the PLA content. The mixtures were

stirred for about 20 min prior to electrospinning.

PLA/AITC Fibers Electrospun-Grafted to PLA Films

PLA fibers containing AITC (PfA) were electrospun-grafted

onto the surfaces of PLA films (PfA-g-film) in one step by the

electrospinning technique using the NaBond NEU-01 (NaBond

Technologies Co., Limited, China) with a tubeless spinneret

attached inside the chamber and connected to an external

syringe pump (model TCI-IV; Veryark Technology, Guangxi,

China). This type of spinneret allows the polymer solution to

be run inside a closed chamber with a proper vapor-exhaust

vapor system. A piece of the PLA film (20 3 5 cm) was placed

on aluminum foil covering a drum collector. The schematic rep-

resentation of the electrospinning setup used to perform the

experiments can be found elsewhere.16

To ensure the homogeneous distribution of the fibers on the

film surface, after several preliminary trials, the electrospinning

conditions were chosen as follows: flow rate, 0.5 mL/h; voltage,

20 kV; distance from the tip of the spinneret to the collector,

8 cm; spinneret operating at a constant X-axial sliding, while

the drum motor speed was set to zero.

All experiments were performed in triplicate and carried out at

room temperature.

Characterization of PLA/AITC Fibers-Grafted PLA Films

The PfA-g-films thus obtained were measured for thickness, and

characterized for morphology, evidence of fiber grafting,

mechanical properties, encapsulation, and release of AITC.

The thickness of the films was measured at five different points

using a Mitutoyo absolute thickness gage (Mitutoyo Corp.,

Kanagawa, Japan) with a 60.001 mm precision. Reported values

are the mean of the five measurements. The graft of fibers to
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the surfaces of the films was evaluated by blowing the film with

an air stream at the speed of 1.35 m/s from 20.0 cm distance

for 3.0 min. The graft of fibers to the surfaces of the films was

also evaluated by water washing; briefly, a film (5 3 5 cm) was

sandwiched within 2 pieces of metal plates with a square win-

dow (4 3 4 cm) in the middle of the top plate, then placed in

a 1.5 L beaker containing 800 mL D.I. water, and stirred at

280 rpm for 3.0 min using a Hei-Torque overhead stirrer (RZR

2041; Heidolph Instrument, Schwabach, Germany); the tip of

the turbine stirrer was set 10.0 cm above the films. The washed

films were air-dried followed by drying in a desiccator over

anhydrous calcium sulfate until no further weight change was

recorded in three subsequent measurements, using an analytical

balance.

For SEM examination, specimens of the films were mounted

with adhesive to specimen stubs, and the edges were painted

with colloidal silver adhesive. The specimens were then sput-

tered with a thin layer of gold and examined in the high-

vacuum/secondary electron imaging mode of a Quanta 200 FEG

scanning electron microscope (SEM, FEI, Hillsboro, OR). Digi-

tal images were collected at 500, 2500, and 50003.

Mechanical property measurements performed on the films

included tensile strength, tensile modulus, maximal elongation,

and fracture energy. These properties were measured using an

upgraded Instron mechanical property tester, model 1122,

equipped with Testworks 4 data acquisition software (MTS Sys-

tems Corp., Minneapolis, MN). Samples of PfA-g-films and

PLA films were cut to strips of 5 3 45 mm in size and tested at

the following settings: grip length (clamp distance), 25 mm;

strain rate (crosshead speed), 50 mm/min. Each test was per-

formed in triplicate and averages were taken.

GC was used to determine the stability and release profile of

AITC from the grafted PLA films under various conditions, in

terms of temperature and time periods. All samples were analyzed

using an SRI 8610C gas chromatograph (SRI Instruments, Tor-

rance, CA) equipped with a flame ionization detector and an

MXT-1 column (15 m 3 0.53 mm 3 5 lm film thickness;

RESTEK, Bellefonte, PA). The detector was operated at 2508C.

Helium was used as carrier gas to give a 4.0 mL/min column flow

and the oven temperature was programmed at 1158C isothermal.

For the AITC standard graph, 1 lL of liquid AITC was injected

to a 70 mL air-tight gas jar with a rubber septum (Fisher Scien-

tific, Fair Lawn, NJ), and converted to the gas form by heating

the whole jar at 808C for 15 min with stirring. A fraction of the

gas (1–40 lL) thus generated was taken and injected into the

GC to obtain a number of spots of different concentrations

(0.0132–0.528 lg) of AITC to develop the standard line.

To check the degradation of AITC in glass vials, 2 lL of liquid

AITC was added to each 2 mL by volume six air tight vials. The

vials were heated at 808C for 15 min with stirring. Gas (250 lL)

from the head space was injected into the GC from each vial at six

different times (1–90 h). GC area was recorded for each time.

To quantify the AITC content in PfA-g-films, a piece of film

with known amount of fiber (Wf, mg) was dissolved in a centri-

fuge tube with 3 mL of EA to obtain a clear solution. Hexane

was slowly added (1.5 mL) with stirring to precipitate PLA. The

tube was centrifuged for 15 min and 1 mL of sample was taken

from the top of the solution. The solution was filtered with a

0.2 lm syringe filter and stored in a GC vial. A 0.2 lL sample

was injected into the GC and the amount of AITC (Wg, lg)

was recorded, the AITC content in the PLA film was then calcu-

lated, according to % 5 (15Wg/Wf) 3 100.

Release of AITC from PfA-g Film

The AITC release kinetics were investigated at three temperature

segments: 22 6 28C, 2–48C, and 220 6 28C. Briefly, a piece of

film (10 6 0.2 mg) was placed in a 70.0 mL GC vial, immediately

sealed with the lid, and incubated in a chamber, which was main-

tained at one of the three temperatures. At predetermined time

periods, 0.2 lL of the gas was taken from the headspace of the

film and injected into the GC for AITC measurement; the data

thus obtained was used to calculate the amount of AITC released

from the film using the standard curve. After each sampling, the

vial was purged with dry N2 gas for 2 min to ensure that no AITC

residues in the headspace were left from the previous measure-

ment. The cumulative amount of AITC released was calculated by

combining the measured amount of each test with the sum of the

values of previous measurements. Three samples were measured

for each test.

Antibacterial Activity of PfA-g Film

The antimicrobial efficacy of the films was tested on real foods:

grapes and ready-to-eat (RTE) deli turkey meat. Grapes and

RTE meat were purchased at local grocery stores and stored at

48C until used. Meat samples were placed on a sterilized tray in

a biohood and the upper surface of each sample was inoculated

with 0.1 mL of L. innocua or E. coli. The inoculum was then

spread evenly over the meat surface using sterile spreaders.

Grapes were dipped in L. innocua or E. coli inoculum for

1 min. After inoculation, the grape and meat samples were kept

under the biohood for 2 h to allow bacterial attachment before

film treatments. A piece of PfA-g-films was placed above the

petri dish with inoculated food samples inside of a plastic bag

then sealed. The bags were stored at 228C for 40 h and samples

were transferred into individual sterile stomacher bags and then

hand-massaged in 20 mL of 0.1% peptone water for 1 min.

Serial dilutions of the resultant bacterial suspensions were made

in 0.1% peptone water and surface-plated (100 lL) onto Palcam

agar plates for Listeria and TSA for E. coli. All plates were incu-

bated at 378C for 24–48 h. The bacterial populations were

enumerated by counting the colony forming units (CFU). Bags

without PfA-g-films served as controls.

Statistical Analysis

All antimicrobial experiments were conducted independently

twice using two film samples per treatment, per the experimen-

tal design. Duncan’s multiple range test was used to determine

the significant differences of mean values. Significance was

defined at p� 0.05.

RESULTS AND DISCUSSION

Morphology and Physical Properties

The PLA films possessed smooth, nonwoven surfaces, and no

obvious defects or detrimental structures could be observed by
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SEM [Figure 1(A)]. The films used for grafting electrospun PfA

fibers were thin; the thickness was only 12 6 2 lm. Under pres-

ent experimental conditions, the electrospinning process was

hard to carry out with PLA films thicker than 12 lm, because

the electrical conductivity of the drum was dramatically reduced

by wrapping with a thicker film, and so electrostatic force in

drawing the polymer solution from the tip of the spinneret to

the PLA film lying on the drum. PLA is electrospinnable, and

PLA solution was used here as a carrier polymer for AITC

encapsulation. At low AITC content [Figure 1(B)], pure beadless

fibers were obtained that were smooth in morphology and large

in diameter (0.5–2.5 lm). As the AITC content increased from

5 to 15%, beaded fibers were produced, and the fiber diameter

reduced (<100 nm). The surfaces of the beads and fibers turned

rough as two separated phases could be observed, one continu-

ous phase of PLA with embedded islands that were thought to

be AITC and voids created by AITC escaping during process

[Figure 1(C)]. This trend was seen when the AITC content fur-

ther increased to 25% [Figure 1(D)]. It was also seen in other

cases, where electrospun fibers of PLA, poly(ethylene oxide)

(PEO), or polyvinyl alcohol (PVA) containing organic or inor-

ganic particles, flavors, and living cells were produced. These

polymers also enable nonelectrospinnable polymers, such as

alginate or pectin, to form fibers by co-electrospinning.17–19

When a mixture of an electrospinnable polymer and a nonelec-

trospinnable material was subjected to electrospinning, there is

a threshold; beyond a certain composition ratio, the system is

dominated by nonelectrospinnability; while around the thresh-

old is the transition from fibers to beads. This could be attrib-

uted to the changes in solution properties of the carrier

polymers. The inclusion of AITC interrupted the intra- and

interchain reactions of PLA macromolecules, and the interaction

between the PLA and the solvent. Consequently, the electric

conductivity, surface tension, and solution viscosity of the mix-

ture are different from that of the pure polymer solution. Once

the electrostatic force induced by the high electric field is no

longer able to overcome the resistance of the solution drop, it

cannot draw the cone-shaped drop of PLA solution to a jet,

and then to a fiber toward the opposite electrode, and beads

were formed. Another assumption is that phase-separation may

occur during electrospinning, resulting in a PLA-rich phase of

fibers and an AITC-rich phase of beads.4

The grafting of the PfA fibers (beadless fibers and beaded fibers)

on PLA films was evaluated. No significant weight changes

(>1 mg) could be measured on samples that were either blown

with air jet or washed with water, in comparison with non-

treated samples. However, a slight removal of fibers from the

film surfaces were observed by SEM; the fibers found on the

Figure 1. Scanning electron micrographs of (A) PLA Film and (B–D) PfA-g-films. AITC/PLA in the electrospinning solutions were 5, 15, and 25% for B,

C, and D, respectively. Magnification, 25003.
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surfaces of air-blown film [Figure 2(B)] and water-washed film

[Figure 2(C)] were less dense than those of the nontreated film

[Figure 2(A)]. Most electrospun fibers remained firmly on the

surfaces of PLA films, regardless whether they included beads or

not. That was further confirmed by the cross-section view of

the films [Figure 2(D)], where no gaps or clear border lines

between the fibers and the films could be detected. Presumably,

under the experimental conditions, the solvent did not evapo-

rate completely from the PLA/AITC jet before accelerating to

the PLA film on the drum collector; the residual solvent “glued”

the fibers and beads onto the film by the dissolution of PLA of

the film at the “landing spots” of the PLA fibers. The graft pro-

cess described here is similar to the grafting procedure used in

horticulture—to insert the scion (the PLA fibers) onto the root-

stock (the PLA film) to form a new entity.

Nevertheless, a portion of the electrospun PfA fibers (and

beaded-fibers) were laced with the PLA film together by physi-

cal interactions, owing to the same chemical structure and sur-

face interaction from the huge surfaces areas of the submicron

fibers. Considering the end application, the films may undergo

mechanical fracturing, bending, striking, and collision during

packaging and transportation, the firm graft of the electrospun

PfA fibers to PLA film is an important property.

For use as packaging materials, the mechanical properties of the

PfA-g-film are of importance. Table I summarized the Young’s

modulus, tensile strength, maximal elongation, and the tough-

ness of PLA films grafted with and without PfA fibers. As

shown, the addition of the electrospun fibers seemed to have no

effect on the mechanical properties of the PLA films, which

have properties similar to those of the many commercially avail-

able packaging materials, such as PVC, PS, and low-density

PE20,21 and some of the cellulose derivatives21–23 such as

NatureFlexTM and CellophaneTM; e.g., unlike fibers or fibrous

mats alone4–8 that lack suitable mechanical and physical

Figure 2. Scanning electron micrographs of PfA-g-films (AITC/PLA, 15:100; w/w; in the electrospinning solutions). Top view: without treatment (A);

treated with air blowing (B) or water washing (C). View of cross-section (D): film layer (X); fibrous mats (Y), and fusion area (Z). Magnification: A–C,

25003; D, 50003.

Table I. Comparison of Mechanical Properties of PLA Films with AITC/PLA Fibers-Grafted PLA Films

Young’ modulus (MPa) Tensile strength (MPa) Elongation (%) Toughness (J/cm3)

Films before process 2727 6 761 74.7 6 5.7 4.2 6 1.1 2.3 6 1.1

Films grafted with fibers 2494 6 138 74.2 6 5.0 3.6 6 0.7 1.9 6 0.3
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functionalities, the PfA-g-films appear to be promising for food

packaging materials.

AITC Encapsulation to and Released from Electrospun

AITC/PLA Fibers

We measured the GC peak areas of gaseous AITC samples from

1.0 lL up to 40.0 lL. The AITC standard curve was obtained

by plotting the amounts of AITC in the gaseous samples against

the correlative GC peak areas (Figure 3). In separate experi-

ments, the AITC gaseous samples were measured after the sam-

ples were stored at the temperatures of 220, 4, and 258C up to

400 h. There were no significant differences in GC measure-

ments that could be detected (data not shown), indicating

AITC gaseous samples were stable in the airtight GC vials, and

no degradation, nor absorption to the glass walls of the vials

occurred. Therefore, in following experiments, AITC measure-

ment was carried out using the same standard curve and the

same type of GC vials.

The efficiency of AITC encapsulation is shown in Table II. For

the electrospinning solution containing 5% AITC, about 95% of

the AITC was incorporated in the resultant fibers. However, the

encapsulation rate decreased as the initial concentration of

AITC increased. We observed during operation that, for the

PLA mixture with higher AITC content, more of the jets flew

“horizontally”, instead of toward the drum. This can probably

be attributed to phase separation of the nonelectrospinnable

AITC from PLA. More experiments are needed to verify this

hypothesis.

We then investigated the kinetics of the release of volatiles from

PfA-g-films (AITC/PLA, 5% in electrospinning solution) at

three different temperatures. As shown in Figure 4, for samples

incubated at 2208C for 300 h, no AITC release could be

detected; for samples incubated at 48C for the same time

period, a negligible amount of AITC was detected; while for

samples incubated at room temperature, a sustained release

curve was identified, where AITC released at the highest rate at

the first three measuring points (up to 6 h) that were followed

by a relatively slower rate for two continuous measurements

taken at 24 and 48 h, after that AITC released at much slower

rates.

The same trend was seen for other two PfA-g-films with AITC/

PLA of 10 or 25% in the electrospinning solutions, respectively

(Figure 5). The cumulative concentrations of AITC released

from each sample can be divided into three zones: at the first

6 h, during the successive 42 h, and the following 400 h; about

one-third of the total released AITC was found for each seg-

ment. AITC’s bactericidal effect is concentration dependent; the

higher the concentration used, the higher the antimicrobial

activity obtained.24 It has also been reported that the minimal

inhibition concentration for bacteria of gaseous AITC is 30–110

Figure 3. Standard curve of gaseous AITC measured by GC. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table II. Encapsulation Rate of AITC in Electrospun PLA Fibers

AITC/PLA in
PLA solution
(%)

AITC found
in electrospun
fibers (%)

Calculated
encapsulation
rate (%)

5 4.5 6 0.2 94.5

10 7.7 6 0.5 84.7

15 7.8 6 0.7 59.8

25 9.7 6 0.4 48.5

Figure 4. Fractional amount of AITC released from PfA-g-films (AITC/

PLA, 5:100; w/w; in electrospinning solution) at 2208C (square), 48C

(circle), and room temperature (triangle). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Cumulative amount of AITC released from PfA-g-films at room

temperature. AITC in the fibers: 10% (open triangle) and 25% (solid tri-

angle). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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lg/L.25,26 This requirement could be met by using the PfA-g-

films presented in this study. As shown in Table II and Figure 5,

by incubating a piece of grafted film with AITC content higher

than 7% (in fiber phase) in a closed system at room tempera-

ture, the AITC concentration in the head space reached the

minimum value in a few hours, and then continued increasing

and was maintained at this value for weeks, which is much lon-

ger than that made by film casting method.10 This could be

attributed to the larger surface area owned by the fibers that

facilitated the continuous and completed release of incorporated

bioactives in this case. In a separate experiment, two samples,

both containing 7.8% AITC in the fiber phase, were measured

at room temperature for the AITC cumulative release after stor-

age at 48C for different time periods. As shown in Figure 6, the

length of preincubation at 48C showed no effect on the AITC

release profile. It was also found that higher content of AITC in

the electrospinning solution correlated with a larger amount of

AITC release and a sharper initial release (Figures 4–6). More

AITC may accumulate on the surface areas of the fibers that

were electrospun from PLA solutions with higher AITC content,

in comparison with other electrospinning solutions with lower

AITC. An alternative approach to reduce the initial burst of

AITC is the pre-encapsulation of the volatile in a second vehi-

cle, such as cyclodextrin prior to electrospinning with PLA,

although it adds one step to the process.4 It is worthwhile notic-

ing that the release of AITC was a function of storage tempera-

ture (Figure 4), AITC released from PLA fibers at room

temperature, but not at 48C or lower. At lower temperature, the

movement of PLA molecular segments was limited that

enhanced the level of chain–chain packing and reduced intersti-

tial spaces among the macromolecular chains. The interstitial

space is a measure of fiber-free volume, which determines the

mass permeability. Meanwhile, at lower temperature, the move-

ment of the low-molecular-weight AITC was also restricted.

These properties should be interesting for the application of the

films as active packaging materials for meats, fishes, fruits, and

other perishable commodities. Temperatures are controlled at

different points for different stages of the supply chain for fresh

foods and produce to address the concerns of safety and quality,

and the cost. As shown by the present research, AITC encapsu-

lated in PLA fiber is able to maintain its quantity and activity

at low temperature. The combination of temperature control

and AITC release is expected to further enhance the efficiency

of AITC and broaden the utility of the PfA-g-films in the pack-

aging industries.

Antimicrobial Activity

The antimicrobial activity of the PfA-g-films on foods was

tested using samples prepared from 25% AITC/PLA in electro-

spinning solutions. The results are shown in Figure 7. Popula-

tions of E. coli k12 cells on grape without AITC films increased

to 3000 CFU/g after 40 h storage at 228C while the grape sam-

ple with PfA-g-film only had 30 CFU/g. During the same stor-

age period, populations of E. coli cells on turkey RTE meat

without PfA-g-film treatment increased to 63,000 CFU/g, but

the samples with PfA-g-film treatment increased to 630 CFU/g.

The PfA-g-films significantly reduced the populations of E. coli

in grape or meat products [Figure 7(A)]. Similarly, PfA-g-film

significantly inhibited the growth of L. innocua on grape and

meat samples, as compared 10,000 CFU with 63 CFU for grape

and 100,000 CFU with 800 CFU for meat [Figure 7(B)].

Our previous studies demonstrated that AITC coated onto bio-

degradable composite films exhibited strong antimicrobial activ-

ities against food-borne pathogens, such as Salmonella and

Listeria monocytogenes.10,27 Other studies also showed that AITC

is an effective inhibitor of various pathogens in food.13,20,28,29

This study provides a new approach demonstrating use of elec-

trospun PLA/AITC fibers-grafted PLA films as a new type of

Figure 6. Cumulative amount of AITC released from PfA-g-films at room

temperature after storage at 48C for 3 weeks (open circle) or a day (solid

circle). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 7. Populations of E. coli K12 (A) and L. innocua (B) in grape and RTE meat after storage at 228C for 40 h.
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active packaging materials for food packaging via delivering gas-

eous antimicrobials.

CONCLUSIONS

In this research, AITC and PLA were co-dissolved in DCM and

electrospun onto a PLA film, resulting in bead-free or beaded-

PLA fibers with AITC encapsulated, depending on the AITC

content. The resultant fibers were permanently grafted on the

PLA films, were able to retain the quantity and activity of the

encapsulated AITC, when stored at the temperatures lower than

48C for at least 2 weeks as the experiment ended, and release it

in a temperature-dependent manner for up to 3 weeks. The

released AITC was active in suppressing the growth of E. coli

K12 and L. innocua. Under experimental conditions, the electro-

spinning/grafting process did not alter the mechanical proper-

ties of PLA films. The PLA/AITC fibers-grafted PLA films

showed potential for the applications of antimicrobial food

packaging.

This research describes a new method to fabricate PLA films

grafted with PLA fibers; the substrate film functions as mechan-

ical barrier and the fibrous layer controls the release of encapsu-

lated bioactives. The method can be applied for making other

bilayered materials, in which the substrate material and the fiber

material share the same good solvent. The electric conductivity

of the substrate materials is one of the elements determining

the properties and morphology of the fibers and the characteris-

tics of the final products, and remains for continuous research.
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