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ABSTRACT: The natural antibacterial agent allyl isothiocy-
anate (AITC) encapsulated in either a- or B-cyclodextrin (CD)
has previously been evaluated as a slow-release additive in
polylactide-co-polycaprolactone (PLA-PCL) films designed
for use in cheese packaging. In the research described in this
article, thermogravimetric analysis (TGA) and thermogravi-
metric analysis in tandem with mass spectrometry (TGA-
MS) were used to explore the thermal properties of CD-
encapsulated AITC complexes as well as those of PLA-PCL
films containing these complexes. To our knowledge, this is
the first reported application of the TGA-MS technique to
explore the thermal stability of CD-entrapped AITC and the
first study to report differences in thermal stability of AITC
in a-and B-CD cavities in the solid state. Observed differences
in the thermal degradation profile of films containing the CD
complexes can be explained if AITC binds more strongly to

B-CD than to o-CD. This hypothesis has been reinforced by
gas chromatography (GC) and high performance liquid chro-
matography (HPLC) studies, the results of which suggest
that a new covalently bound AITC-CD complex may be
formed when incorporating the B-CD complex of AITC in
PLA-PCL films but not when incorporating the a-CD com-
plex of AITC. This finding means that the a-CD complex of
AITC would be preferred in situations where adequate long-
term controlled release of AITC from polymer films is
required, as for example in the case of active packaging
applications. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 105:
2850-2857, 2007
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INTRODUCTION

Allyl isothiocyanate (AITC), a major component of
mustard essential oil, has attracted interest as a natu-
rally derived preservative in active packaging of vari-
ous foodstuffs." AITC is a major flavor component
in Wasabi (Wasabia japonica Matsum) and black mus-
tard (Brassia nigra L.) and has been reported to have
antibacterial activity.*

In research, within the European Union Fifth
Framework BIOPACK project,” the concept of using
either a- or B-cyclodextrins or CDs to encapsulate
AITC was studied as a way of obtaining biopolymer
packaging that might be suitable for long shelf-life
storage of European cheeses. To prepare films for
evaluation as cheese packaging, CD-AITC complexes
were added at 5% w/w during extrusion of L-polylac-
tide-co-polycaprolactone (PLA-PCL). The extruded
films were tested for oxygen and water permeability
and mechanical properties and, in addition, their per-
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formance in controlling molds that might colonize
packaged cheeses by slow release of incorporated
AITC was assessed. The mold control tests were
undertaken using the complexes alone or, alterna-
tively, using films containing these complexes in indi-
rect contact with cheese, reflecting the normal situa-
tion in a packaged cheese product. In tests with the
complexes alone before film incorporation, the B-CD-
AITC complex was more effective in controlling rele-
vant mold fungi than the «-CD-AITC complex. How-
ever, in tests with films involving indirect exposure to
the fungi, the best performance was obtained with the
film containing 5% w/w o-CD-AITC and a stronger
antimicrobial effect was obtained in this case than
with films containing either 5 or 10% w/w B-CD-
AITC.

The research described in this article involved
experiments designed to obtain a better understand-
ing of the observed difference in antimicrobial effect
between a-CD-AITC and B-CD-AITC when incorpo-
rated in PLA-PCL films. For example, it is possible
that there might be greater loss of the AITC active in-
gredient from B-CD-AITC than from a-CD-AITC as a
result of thermal degradation during film extrusion.
There have been only a limited number of previous
studies on either the release rates of AITC from CDs
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or on the stability of AITC in the presence of CDs.
Furuta et al.° examined the release rate of AITC as
well as other flavor compounds at various tempera-
tures from B-CD as encapsulation material and found
that the rate was directly related to the surrounding
water vapor concentration. Shiga et al.” discovered
that the rate of release of AITC from a-, B-, or y-CDs
increased markedly with increasing relative humid-
ity, independent of the type of CD. Release time-
courses were well correlated with a modified version
of Avrami’s equation. There have been a number of
studies on thermal decomposition of AITC in the
presence of CDs®!; however, these studies have
dealt with AITC stability in solution rather than in
the solid state.

In our research, detailed investigations were under-
taken in which the thermal degradation profiles of
AITC, a- and B-CDs, a- and B-CD complexes with
AITC and PLA-PCL films containing these complexes
were determined using thermogravimetric analysis
(TGA) and thermogravimetric analysis—-mass spectrom-
etry (TGA-MS). A thorough search of the literature has
indicated that the TGA-MS analytical technique has
not previously been used to study the thermal stability
of CD-entrapped AITC. Gas chromatography (GC) and
high performance liquid chromatography (HPLC) were
also used to characterize the AITC complexes with a-
and B-CDs. This article summarizes the results from
these experiments and draws conclusions about the
implications for the use of CD-AITC complexes as pre-
servative additives in active packaging films.

EXPERIMENTAL
Materials

A PLA-PCL copolymer was synthesized by a ring-
opening polymerization procedure at Hycail b.V.
(Noordhorn, The Netherlands). Stannous-2-ethylhex-
anoate was used as a catalyst for this synthesis in a
specially configured laboratory extruder. The result-
ing product was a four-armed L-PLA-PCL copolymer
containing 3-4% caprolactone monomer units. Films
were prepared from the PLA-PCL copolymer granu-
late using a conventional flat die attachment on a
Haake Rheomex CTW100 twin-screw extruder and
were typically 150-200 pm in thickness and 130 mm
in width. Cyclolab (Budapest, Hungary) provided
samples of a- and B-CDs and also prepared AITC-
encapsulated o- and B-CDs for antimicrobial evalua-
tion and other tests.” The o- and B-complexes were
found by UV analysis to contain 8.7 and 9.2% AITC,
respectively. AITC (98% purity) was obtained from
Fluka. PLA-PCL films containing each of the AITC-
CD complexes were manufactured by dry blending of
the additives at 5% w/w with PLA-PCL granulate
before extrusion. Samples of AITC or the CD-AITC
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Figure 1 (a) TGA thermograms of AITC, CDs, and CD-
AITC complexes and (b) DTGA thermograms of AITC,
CDs, and CD-AITC complexes.

complexes were stored in a refrigerator at 4-6°C
when not in use and the polymer films were stored
under argon in a refrigerator to inhibit any polymer
degradation that might otherwise be caused by hy-
drolysis during storage.

Characterization

The polymer films as well as AITC, the CDs and the
AITC-CD complexes were examined by TGA and
TGA-MS using a TA Instruments Q 500 TGA instru-
ment in tandem with a bench-top MKS Mini-Lab
mass spectrometer having detection limits from 1 to
200 atomic mass units (AMU) and a speed of up to
150 data points per second. The different gases and
gas mixtures were analyzed by a newly developed
precision-built quadrupole-type analyzer incorporat-
ing a closed ion source, a triple mass filter and a dual
Faraday and secondary electron multiplier detector
system. The analyzer configuration was selected to
optimize detection level, performance, and long-term
stability.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 TGA and DTGA thermograms of PLA-PCL film
and PLA-PCL film containing CD-AITC complexes.

TGA experiments were performed under nitrogen
at a heating rate of 10°C/min. TGA-MS studies were
carried out under a helium flow rate of 90 mL min '
and heating rate of 10°C min'. Use of TGA-MS
allowed the thermal degradation of the various mate-
rials to be monitored in weight terms as a function of
temperature and correlated chemically with ions
detected on-line via a silica-lined capillary interface
heated to 150°C in the mass spectrometer.

GC for determination of AITC in CD complexes or in
films involved use of a Shimadzu GC 17A Ver. 3 gas
chromatograph equipped with advanced flow control-
ler, flame ionisation detector, AOC-5000 auto injector,
and a split/splitless injector port unit. Nitrogen was
used as carrier and make-up gas. The column was
fused silica (30 m x 0.32 mm i.d.) coated with 0.25 pm-
thick SPB™-5 (Supelco). The temperature of the injec-
tor and detector was 220°C and the oven temperature
program was 70°C for 1 min, increasing to 90°C at
1°C/min, and increasing again to 250°C at 50°C/min,
with this final temperature held for 3 min. An AITC
working standard for examination of linearity was pre-
pared by diluting 1 g of AITC in 100 mL of DMF and
injecting 1 pL of this solution into the gas chromato-
graph. Calibration was carried out by injecting 1 pL of
either the undiluted working standard solution or this
solution diluted by 2x, 2.5x, 5x, and 10x. An o-CD
stock solution was prepared by diluting 625 mg of
o-CD in 5 mL of DMF. Different amounts of the «-CD
stock solution (20, 50, 90, 110, 150, 200, and 400 pL)
were diluted to 5 mL with the undiluted AITC working
standard solution and 1 pL of these solutions injected
into the gas chromatograph to check the effect of
matrix. AITC validation samples were analyzed by
dissolving 50 mg of either a-CD-AITC or B-CD-AITC
complexes in DMF and injecting 1 pL of these solutions
into the gas chromatograph. Polymer samples contain-
ing CD-AITC complexes were dissolved in DMF
before injection.

An HP 1050 HPLC was used for the analysis of AITC
complexes. The HPLC was equipped with both evapora-
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TABLE I
TGA Data
Weight loss (%) at various temperatures (°C)

Sample ID ART-100 100 - 265 265 -600 Residue
AITC 99.38 - - 0.62
a-CD 6.27 0.21 88.75 4.77
B-CD 10.35 0.16 83.62 5.87
a-CD-AITC 6.52 6.83 81.12 5.53
B-CD-AITC 2.45 6.21 87.56 3.78
PLA-PCL 0.63 8.84 90.45 0.08
PLA-PCL/

o-CD-AITC 0.54 5.97 92.89 0.60
PLA-PCL/ 0.75 5.50 93.18 0.57

B-CD-AITC

# RT, room temperature.

tive light scattering and UV detectors and the column
was a Nucleosil NH, 1207 pm (100 x 4.0 mm?) oper-
ated at 30°C. The mobile phase was acetonitrile/water
(74 : 26) with a flow rate of 1.0 mL/min. Samples were
dissolved in acetonitrile/water (1 : 1) and injected dir-
ectly into the HPLC. Polymer films containing the
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Figure 3 (a) TGA/MS of AITC showing fragment ions of
mass 39 and 41 and (b) TGA/MS of AITC showing frag-
ment ions of mass 97-100.
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Figure 4 (a) TGA/MS of o-CD showing fragment ions of
mass 17 and 18 and (b) TGA/MS of a-CD showing frag-
ment ions in the mass range of 26—44.

CD-AITC complexes were dissolved in DMF and the
solutions were then used directly for HPLC analysis.
The residual equilibrium water content of the CD-
AITC complexes was determined by Karl Fischer titri-
metry. The complexes were dissolved in formamide
and the water content measured by dead-stop titration.

RESULTS AND DISCUSSION

The TGA and DTGA results for AITC, the CDs, and
the CD complexes with AITC are shown in Figure
1(a,b), respectively. As expected, the TGA thermo-
gram for pure AITC showed rapid weight loss
because of volatilization below 100°C. Clear differen-
ces in the pattern of weight loss can be seen below
100°C, which must be associated with loss of water in
the case of the CDs and might arguably be associated
with loss of AITC and/or water from the correspond-
ing AITC-CD complexes. The observed weight
changes because of loss of water from the CDs [see
inset in Fig. 1(a)] are in good agreement with Karl Fi-
scher analyses, which indicated that B-CD typically
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contains about 12% water by weight while o-CD con-
tains only about 7%.'> A comparison of the onset tem-
peratures for thermal degradation of the materials
studied in Figure 1(a) is shown in the matching differ-
ential thermogravimetric analysis (DTA) plots illus-
trated in Figure 1(b).

The TGA results for the PLA-PCL film and the
PLA-PCL film containing either 5% o-CD-AITC or
5% B-CD-AITC are shown in Figure 2. Incorporation
of the CD complexes in the films enhanced the ther-
mal stability of the polymer by about 30°C. A compar-
ison of the thermal properties of these samples is also
shown in the DTGA plots of Figure 2. The increase in
the thermal degradation onset temperature appears
identical for the two complexes. The weight losses of
all samples studied as a function of selected tempera-
ture range and percentage residue after thermal anal-
ysis are shown in Table L

The TGA-MS plots, overlaying the thermogram for
AITC, are shown for AITC molecular fragments with
masses of 39 and 41 in Figure 3(a) and for fragments
with masses of 97-100 in Figure 3(b). Species with
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Figure 5 (a) TGA/MS of B-CD showing fragment ions of
mass 17 and 18 and (b) TGA/MS of B-CD showing frag-
ment ions in the mass range of 26—44.
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Figure 6 (a) MS traces of fragment ions of mass 41 in

TGA/MS of CD-AITC complexes alone or incorporated in
PLA-PCL films and (b) MS traces of fragment ions of
mass 99 or 100 in TGA/MS of CD-AITC complexes alone
or incorporated in PLA-PCL films.

masses of 58 and 59 were also observed and showed
the same trend as shown in Figure 3(a). Fragments at
mass of 39 or 41 may be assigned to allyl (C3HzZ) ions
while fragments with masses of 58 or 59 are assigna-
ble to isothiocyanate ions (N=C=S"). Molecular spe-
cies with masses in the range 97-100 are associated
with AITC parent ions.

TGA-MS plots for a-CD and B-CD are presented in
Figures 4(a,b) and 5(a,b), respectively. The peaks for
fragments with masses of 17 and 18 from either o-CD
or B-CD can be assigned to loss of water [Figs. 4(a)
and 5(a)]. Loss of water occurs as the CDs decompose
at temperatures over 300°C as well as at lower tem-
peratures. This finding can be interpreted in terms of
water being released as a product from thermal de-
gradation of CDs or through release of physicallly
trapped water as previously observed by Ehen et al."?
As shown in Figures 4(b) and 5(b), both «-CD and pB-
CD also display a number of fragments in the mass
range 2644 that are released during thermal degra-
dation at temperatures above 300°C, although there
are apparent differences in the release profiles charac-
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teristic of each CD. For example, there are fragments
occurring at mass units of 30, 31, 37, 38, and 42 in the
TGA-MS of B-CD that are not detected in the TGA-
MS of a-CD. Although not shown here, species in the
mass range of 45-96 were detected in the TGA-MS
results for B-CD but were not detected in the case of
-CD. These findings are in contrast to those of Ehen
et al."® who found that the thermal fragmentation pro-
files of a-CD and B-CD were practically identical
above 250°C and reported that the key fragments
assigned to breakdown products from o-b-glucopyra-
nose were found at mass units of 18, 22, 31, and 44.
Figure 6(a,b) present the TGA-MS traces of evolved
gases for a-CD-AITC and B-CD-AITC alone and for
the PLA-PCL films containing the complexes at load-
ings of 5% w/w. Figure 6(a) contains data for the allyl
fragment of mass = 41 and Figure 6(b) shows data for
AITC parent ions at mass = 99 or 100. The figures
show a significantly greater release of AITC on heat-
ing PLA-PCL copolymer film containing the o-CD-
AITC complex than when heating PLA-PCL film con-
taining the B-CD-AITC complex. The figures have not
been normalized on a weight basis and in fact slightly
less of the film containing the a-CD-AITC (8.34 mg)
was used in the experiments than the film containing
the B-CD-AITC (10.34 mg), which reinforces the con-
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Figure 7 (a) Gas chromatogram of PLA-PCL film loaded
with o-CD-AITC complex and (b) gas chromatogram of
PLA-PCL film loaded with B-CD-AITC complex.
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Figure 8 (a) HPLC chromatogram of a-CD-AITC complex obtained by evaporative light scattering (ELS) and UV detec-
tion and (b) HPLC chromatogram of the B-CD-AITC complex obtained by evaporative light scattering (ELS) and UV
detection.
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clusion that there is proportionally more AITC
released from the PLA-PCL film containing the o-
CD-AITC complex. The TGA-MS plots for o-CD-
AITC and B-CD-AITC alone are also shown in Figure
6(a,b) and confirm that AITC release appears greater
in the case of the a-form when the pure complexes
are heated before film incorporation, although the dif-
ference is not as significant as when the film samples
are examined. It should be noted that the peaks for
fragments of mass 41 and 99 or 100 referred to in Fig-
ure 6(a,b) and associated with AITC are not found to
any significant extent in the TGA-MS traces for the
unmodified PLA-PCL film or the pure CDs.

The results presented in Figure 6(ab) can be
explained if AITC is bound in different ways within
the o-CD-AITC and B-CD-AITC complexes, which
might lead to differences in both AITC release at low
temperatures and release of AITC during thermal
degradation at higher temperature. Supporting evi-
dence for this suggestion is provided by data in Table
I and illustrated in Figure 1(a,b), showing that addi-
tion of AITC to B-CD results in much less weight loss
observed during heating to 100°C than is the case
when AITC is added to a-CD. The results in Figure
6(a,b) confirm that AITC is released to a more signifi-
cant extent from o-CD-AITC than from B-CD-AITC
below 100°C as well as at temperatures in the 100-
265°C range.

Our findings provide a possible explanation for the
antimicrobial test results previously obtained when
the CD-AITC complexes or PLA-PCL films contain-
ing either of the two CD-AITC complexes were
exposed to fungi known to colonize cheese products.’
Although the B-CD-AITC complex appeared more
effective than the o-CD-AITC complex in an indirect
fungal exposure test, the reverse was the case when
PLA-PCL film samples containing the complexes
were tested, even though films were prepared with
the same targeted loading of each complex. A higher
content of AITC present in PLA-PCL films incorpo-
rating o-CD-AITC than in similar films containing B-
CD-AITC or more strongly bound AITC in films con-
taining B-CD-AITC, as suggested by Figure 6(ab),
would mean greater availability of AITC to volatilize
in a package headspace and therefore greater antimi-
crobial activity when evaluating PLA-PCL films
loaded with the a-CD-AITC complex.

The results from GC analyses are shown in
Figure 7(a,b) for DMF extracts from films containing
either o-CD-AITC or B-CD-AITC. These figures
clearly suggest that the film containing the f-CD com-
plex contains much less available AITC than the film
containing the a-CD complex. This is despite the fact
that the amount injected was three times greater in
the case of the film containing the f-CD complex than
in the case of the film in which the a-CD complex was
incorporated.
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The results from HPLC analyses are shown in
Figure 8(a,b) for DMF extracts isolated from the films
containing either o-CD-AITC or B-CD-AITC. Figure
8(a) shows that the a-CD-AITC in the PLA-PCL film
remains chemically intact since the observed peak is
identical to that of an o-CD standard. In contrast, the
chromatogram in Figure 8(b) shows not only a peak
for the intact parent B-CD but also a peak with a
retention time of 5.3 min that may be associated with
a previously unreported covalent B-CD-AITC conju-
gate. Further research is now required to confirm the
structure and the true nature of this conjugate.

CONCLUSIONS

TGA and TGA-MS analyses were employed to exam-
ine the thermal stability and the chemistry of thermal
breakdown of AITC, CDs, CD-AITC complexes, and
PLA-PCL films containing CD-AITC complexes. In
addition, GC and HPLC were used to examine com-
plexes extracted from PLA-PCL films. The motivation
for this research was a better understanding of the
performance of CD-AITC complexes within PLA-
PCL films when used in trials aimed at inhibiting
mold growth on packaged cheeses. The main conclu-
sions from the research were as follows:

1. From thermal analyses, o-CD-AITC appears to
have a higher percentage of less-strongly or sur-
face-bound AITC species than f-CD-AITC. This
is especially the case when the complexes are
loaded in PLA-PCL films and, to the authors’
knowledge, represents the first time that a mass
spectrometric analytical method has been used
to differentiate between lost water and lost
AITC guest upon heating CD complex samples
and polymer films containing such complexes.

2. GC studies show that PLA-PCL films prepared
with o-CD-AITC contain chemically intact
AITC but that the films loaded with B-CD-
AITC contain much less volatile AITC. HPLC
experiments suggest that a possible reason for
the low AITC content in films loaded with (-
CD-AITC, as indicated by GC, is that a covalent
conjugate is formed between AITC and B-CD.
The results of further research aimed at con-
firming the structure of the covalently bound B-
CD-AITC conjugate will be released in a future
publication.

3. The different behavior of AITC in terms of com-
plexation with either a-CD or f-CD can provide
an explanation for the greater effectiveness of
films containing o-CD-AITC than films contain-
ing B-CD-AITC as demonstrated in earlier anti-
microbial tests involving indirect exposure to
selected cheese-colonizing fungi.
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