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New controlled release water-soluble formulations of
sorbic (2,4-hexadienoic ) acid were prepared and their
inhibitory activity on mycelium growth of Fusarium
oxysporum f.sp. radicis-cucumerinum was evaluated.
The new products are epoxidized polymers of poly-
vinylpyrrolidone (PVP) containing covalently bonded
sorbic acid (polymeric esters of sorbic acid) and
complexes of PVP with hydrogen bonded sorbic acid,
characterized by controlled release of sorbic acid. It
was shown that the polymeric complexes of sorbic acid
with PVP were more effective fungicidal agents than
sorbic acid polymeric esters. In all cases the activity of
polymeric derivatives (esters and complexes) was in-
creased by lowering the molecular weight of the poly-
meric carriers. Controlled release formulations of these
polymeric derivatives are new promising products due
to their low toxicity, wide range of efficient concentra-
tions for application and ability to regulate lyophilicity.
Our data contribute to the understanding of the action
mechanism of various polymeric sorbic acid formula-
tions and can result in products which are particularly
suitable for food and feed protection applications.

Keywords : sorbic acid, polyvinylpyrrolidone, con-
trolled release formulations, Fusarium oxysporum
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Introduction

The problem of food contamination by fungi and
their toxic metabolites is quite common. Even now,
worldwide, 30-40% of food production tests positive
for mycotoxins each year. This has a negative effect
on the health of the population as well as on the
economy of the main animal feed and food producers
(Richard et al 1989). A way to deal with this problem
is to use organic acids with a small carbon chain, e.g.
sorbic acid and propionic acid, as food preservatives.
They have been proven to prevent fungal growth and
spore germination and to reduce mycotoxin biosynth-
esis by inhibiting the biological pathways responsible
for mycotoxin production and release. They inhibit
fungal growth by preventing the permeation of small
molecules across membranes as well as by inhibiting
some membrane-embedded enzyme systems (Gareis
et al. 1984, Lennox and Mcelroy 1984).

Sorbic (2,4-hexadienoic) acid is of special interest. It
is widely used in different kinds of products (e.g.
baked goods, beverages/soft drinks, cheese, fish, fruit
Juices, fresh fruits and vegetables, tomato juice, mar-
garine, wine, sausage, sea food cocktail, chocolate
syrup) for improving taste, for pH balance and as a
preservative. Sorbic acid (SA) (E200) and its salts
potassium sorbate (E202), sodium sorbate (E201) and
calcium sorbate (E203) are also used against bacterial
and fungal contamination (Sofos et al. 1985,
Mahjoub and Bullerman 1986, Skrinjar ez al. 1995).
SA is sparingly soluble in water (0.25g/100ml at
30°C), potassium sorbate is freely soluble and sodium
sorbate has better solubility than SA but its solid
form is unstable and very rapidly undergoes oxidation
upon exposure to atmospheric oxygen. The soluble
sorbates are preferred when it is desired to use them
as preservatives in liquids. SA and sorbates can be
directly added into the product. Dusting of food with
dry SA is also possible but is less recommended
because SA irritates the skin and mucous membranes
(Luck 1990). The fungicidal activity of SA is greater
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than that of other monocarboxylic acids (Tzatzarakis
et al. 2000).

SA possesses low toxicity (LDso = 7.36 g/kg after oral
administration in rat) and is devoid of carcinogenic
activity. It is non-mutagenic and non-clastogenic in
vitro and in vivo. The low toxicity is explained by the
fact that SA is metabolized rapidly by similar path-
ways to other fatty acids. In extreme conditions (high
concentrations and temperature) SA may react with
nitrite to form mutagenic products (Walker 1990).

Polyvinylpyrrolidone (PVP) is a polar, amphoteric
soluble polymer. It is used in medical and pharma-
ceutical fields as an excipient and plasma expander
(Seale et al. 1992). More specifically, it was found that
PVP may be used to improve the dissolution rate of a
poorly water-soluble drug, the bioavailability of
products (Sugano and Shinogi 1999, Tantishaiyakul
et al. 1999), the physicochemical stability of new
vesicle systems (Amemiya et al. 1999) and as a carrier
molecule for drug delivery systems (Chary et al. 1999,
Kamada et al. 1999).

The last few decades have witnessed concerted efforts
to enhance the effectiveness of drugs used in thera-
peutic and preventive veterinary medicine by improv-
ing their selectivity and solubility and lowering their
toxicity and side biodegradation. The use of bioactive
substances in controlled release forms eliminates these
disadvantages. Diffusion systems, liposomes, systems
with hydrolysable bonds between a bioactive ligand
and a polymer carrier etc. are such formulations. The
aim of the present work was to investigate the activity
of two types of polymeric derivatives of SA with
controlled release  action—polyvinylpyrrolidone
(PVP) esters of this acid and its PVP complexes—on
mycelial growth of Fusarium oxysporum f.sp. radicis-
cucumerinum. Fusarium oxysporum 1is a common

. =CH2-CH-. . .-CH2-CH- ...

+ CICH2CONH; + CH3;CH,ONa ——»

mould that contaminates tomato and potato plants,
wheat and corn (Chu et al. 1995, Seo et al. 1996).

Materials and methods

Reagents and chemicals

The solvents used (acetone, dimethylformamide
(DMF), dimethylsulphoxide (DMSO) and ethanol)
were trade products of analytical grade. Dextrose
and agar were provided by Merck.
Chloroacetamide, SA and polyvinylpyrrolidone
(PVP) with molecular weights (MW) of 10kDa,
40kDa and 360kDa respectively were provided by

Sigma.

Water-soluble sustained release formulations of SA
(type A and type B)

Formulation of type A: SA covalent bonded to
PVP. Polymeric carriers for the covalent immobiliza-
tion of SA (PVP containing epoxy groups) were
prepared by the reaction of PVP with chloroaceta-
mide in the presence of Na ethylate in ethanol
(Devarajan et al. 1992) (figure 1). Twenty-five g (0.225
base moles) of PVP with Mw of 10kDa, 40kDa and
360kDa and 7.0g (0.076 moles) of chloroacetamide
were introduced in 200ml of dry ethanol and then
5.0g (0.217 moles) of sodium were introduced and the
reaction continued at 10-12°C for 4h. The resulting
precipitate was filtered, washed by ethanol, repreci-
pitated from dry DMSO in dry acetone and was

-CHz-C

A Cople

+ NoCl + C;H;OH

-CHz-CH-

Figure 1. The synthesis of epoxidized polyvinylpyrrolidone (PVP) after the reaction with chloroacetamide in the presence

of Na ethylate in ethanol.
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Table 1.  Molecular weight, content of epoxide groups in
epoxidized polyvinylpyrrolidone (PVP) and content of
sorbic acid (SA) in polymeric esters.

Epoxidized PVP

Molecular Content of Content of SA
Polymeric ~ weight epoxide group
esters (kDa) (mole %) (mass %) (mole %)
Polymeric 10 11.2 4.6 5.1
ester 1
Polymeric 40 10.1 4.5 49
ester 2
Polymeric 360 7.2 3.2 34
ester 3

finally dried in vacuum. Epoxide content was
determined by functional analysis (table 1).

Polymeric esters of SA were prepared by the reaction
of acid (5.0 g, 0.045 moles) with PVP (5.0 g, 0.045 base
moles) containing epoxy groups in dry DMF (50 ml)
at 90°C for 4 h. Polymeric esters were precipitated in
ethanol, washed by ethanol and dried in vacuum. The
content of SA was determined spectrophotometrically
at 254nm (figure 2).

Formulation of type B: SA complexes with PVP. The
SA complexes prepared contained SA attached to
the polymer via a hydrogen bond (figure 3).

Complexes were prepared in aqueous solution. One g
of SA in 50 ml of water and 40 g of PVP (MW =10 or
40 kDa) in 100 ml of water or 18 g of PVP (Mw = 360
kDa) in 100ml of water respectively were prepared
separately. Both solutions were heated until com-
pletely dissolved. The above solutions were mixed
and the temperature was adjusted to 100°C. The
reaction led to a clear solution after lowering the
temperature, which is an indication that all SA was
attached to the polymer.

In vitro experiment

Fungus. The isolate AFu-68 of Fusarium oxysporum
f.sp. radicis-cucumerinum, used in this study as a
model biological material, was obtained from a
cucumber plant with ‘root and stem rot’ symptoms
(Vakalounakis 1996).

...-CHz-FH-... -CH-CH-... ... -CHa-CH - ... + HOOC-R —
o)
o) (o)
CH,-CH- ... CH,- CH CH»-CH - ...
| o | 0
! | |
S SN Vo
o O OH
O-R
Type A Where R:-CH=CH-CH=CH-CH;

Figure 2. The proposed structure of polymeric ester of sorbic acid (SA) (SA covalent bonding to polyvinylpyrrolidone

(PVP)).
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Figure 3. The proposed structure of hydrogen bonding complex of sorbic acid (SA) with polyvinylpyrrolidone (PVP).

Stock solutions. Stock solutions of the PVP-SA
complexes and polymeric esters of SA were prepared
with distilled water to a final concentration 10 mg/
ml. Oneg of SA was suspended in 10 ml of water.
All solutions were kept at 4°C.

Culture conditions. F. oxysporum f.sp. radicis-
cucumerinum was grown on potato dextrose agar
(PDA) in 9cm petri dishes containing 20ml of
nutrient medium adjusted to pH 6.4 with phosphate
buffer. The medium was sterilized by autoclaving at
121°C for 20 min. When PDA had been cooled down
to 50°C the growth inhibitors were added to give the
required concentrations. PDA without growth
inhibitors as well as PVP without SA served as
controls. The dishes were inoculated centrally with
Smm diameter agar plugs taken from the periphery
of young, 5-6-days-old cultures of the fungus grown
at 25°C in the dark. The cultures were incubated at
27°C for 6 days in the dark. Colony diameters were
measured daily in two directions. The experiment
was performed three times with four replicate dishes
per treatment.

Results and discussion

Characterization of SA-controlled release formula-
tions

Formulation of type A. The content of epoxide
groups in all the polymers prepared by the reaction
of PVP with chloroacetamide in the presence of Na
ethylate was 7.2-11.2 mole%, while the content of
SA attached to the epoxidized polymers ranged

between 3.4 and 5.1 mole% (table 1). All these
polymers were soluble in water. The epoxide group,
which did not participate in the reaction with SA,
was hydrolysed once the polymer had been dissolved
in water. Polymeric esters with greater amounts of
bonded SA can lose solubility as a result of cross-
linking of polymer via polymerization of bonds of
acid residues.

Formulation of type B. The content of SA in the
complexes of molecular weight 10kDa and 40 kDa
was 2.5 mass% while the content of the complex of
molecular weight 360 kDa was 5.5 mass%.

In vitro activity of SA and of SA sustained release
Jformulation

All complexes as well as the polymer ester with
MW = 10 kDa showed a higher inhibitory effect than
SA in water on linear growth of F. oxysporum f.sp.
radicis-cucumerinum at 800 ppm (figure 4). However,
all complexes were more effective than the polymeric
esters. In particular, the inhibition of mycelial growth
of SA at 800 ppm was 11.6% , while the inhibition of
polymeric ester 1 was 14.0%, of polymeric ester 2
1.7% and of polymeric ester 3 0.5%. In contrast, the
inhibition of complex 1 at 800 ppm was 39.4%, of
complex 2 33.0% and of complex 3 22.4%.

The dosage-mycelial growth inhibition curves of SA
and its complexes were linear. The EDsy (dosage for
50% inhibition of mycelial growth) value of complex
1 was 1089 ppm, of complex 2 1478 ppm and of com-
plex 32169 ppm, while the EDs, value of SA was
5592 ppm (table 2, figure 5). PVP without SA had
no effect on mycelial growth of F. oxysporum f.sp.
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radicis-cucumerinum. The slope of the curves de-
creased with increasing molecular weight of the com-
plex, while the smallest value was observed with SA
(table 2). In table 2 the EDs, values obtained from

three different experiments are illustrated. The %
values of the coefficient of variation (CV% ) are small
(4.58%-19.93%), confirming the good reproducibility
of the experiments. The EDs, values obtained by all

45
40 4 I
55 1 T
30 - J_
5
£ 251
2 T
< L
£ 201
R
]5' -|- T
104 ]
5_
0 T T T i T T T 1
rc —_— — —
— - o~ [ TP, - O ~ O MU
B % O 5 B 5 3 x S 5 9 xS
it w2 % g g7 2 e 32
2 s vsS g g =] £ o™
3 - T Dl gt oz S 3 5
” D 3 gz o1 0% % o 2
Ez £z £2 =
© © ° v
o o o.
Fungd inhibitors

Figure 4. Inhibitory effect of sorbic acid (SA) and the polymeric derivatives. Vertical bars indicate standard errors of the
mean on mycelium growth of Fusarium oxysporum f.sp. radicis-cucumerinum at 27°C for 6 days, pH = 6.4 at 800 ppm.

Table 2. EDs," values (in ppm) of the complexes of sorbic acid (SA) on linear growth of Fusarium oxysporum f.sp.

radicis-cucumerinum.

Bioactive Exp. 1 Exp. 2 Exp. 3 Mean SD¢ CV(%)*  Slope r p
Complex 1 (MW =10kDa) 1147 1059 1063 1090 +49.9 4.58 0.0397 0.9702

< 0.001
Complex 2 (MW =40kDa) 1585 1701 1148 1478 +291.7 19.73 0.0310 0.9719
Complex 3 (MW =360 kDa) 2690 2188 1629 2169 +5304 2445 0.0204  0.9625
Sorbic acid 4515 5520 6742 5592 +£1114.8  19.93 0.0090 0.9802

*EDsy = dosages (ppm) for 50% inhibition of mycelial growth.

® The content of SA in the first two complexes is 2.5 mass %, while in the third complex is 5.5 mass %.

“Standard deviation.
4 Coefficient of variation.
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Figure 5. Inhibition of water solutions of sorbic acid (SA) and its polyvinylpyrrolidone—SA complexes on mycelium
growth of Fusarium oxysporum f.sp. radicis-cucumerinum ar 27°C, pH = 6.4.

the mycostatic agents were significantly different (by
one-way ANOVA, p < 0.001, Fops = 31.461 > Forit
= 4.066).

The inhibitory effect of polymeric esters and com-
plexes of SA on mycelial growth of F. oxysporum f.sp.
radicis-cucumerinum was increased in a manner de-
pendent on the molecular weight of PVP. The lower
the molecular weight the higher the inhibition. This is
probably due to the easier release of SA from PVP
with a lower molecular weight, which consequently
acts upon the fungus in a higher concentration. It has
been shown that in a polymeric system the bioactivity
is attributed to the release of the bioactive substance
(e.g. SA) from the polymer. The hydrolysis rate of the
bioactive ligand from the system is associated with the
entire expression of bioactivity. A moderate hydro-
lysis rate indicates optimum bioactivity results
(Shtilman et al. 1998).

The higher inhibitory effect of SA complexes than
that of polymeric esters on mycelial growth of F.
oxysporum f.sp. radicis-cucumerinum may be attrib-
uted to the structure of the hydrogen bonding in the
SA complex with PVP, which is weaker than the SA—
PVP covalent bond of the polymeric esters.

PVP is an mert molecule, but SA is an effective
fungistatic agent. Gareis (1984) suggested that afla-
toxin and T-2 toxin production may be stimulated by
an amount of SA near to the minimal inhibitory
concentration, but may be reduced at higher concen-
trations of SA. It is suggested that a specific concen-
tration of SA is able to decrease the activity of the
tricarboxylic acid cycle, leading to an increase of the
intracellular acetyl coenzyme A level, which is further
associated with fungal inhibition (Shantha and
Murthy 1981). The formulations of PVP-SA pre-
pared not only possess low toxicity to mammalian
cells, but increase the fungistatic activity of SA.

Conclusions

Polymeric formulations of SA, in which the bioactive
ligand is attached to the polymer carrier by different
hydrolysable bonds, exerted an inhibitory effect on
the mycelial growth of Fusarium oxysporum f.sp.
cucumerinum. It was shown that fungicidal activity
of polymeric complexes of SA with PVP, in which the
SA was connected with the polymeric carrier with
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hydrogen bond, was greater than that of polymeric
esters of SA prepared from PVP containing epoxide
groups. The bioactivity was higher for polymers with
lower molecular weight, probably because of the
higher hydrolysis rate of SA from the polymeric
systems.

Acknowledgements

We wish to thank the General Secretariat of Research
and Technology, Ministry of Development of Greece
(grant IPER, 679) and the Regional Administration
of Crete (grant PEP, 890) for financial support. The
authors also thank Maria Toutoudaki for technical
assistance.

References

AMEMIYA, T., MIZUNO, S., YUASA, H., and WATANABE, J., 1999,
Emulsion type new vehicle for soft gelatin capsule available
for preclinical and clinical trials: effects of PEG 6000 and
PVP K30 on physicochemical stability of new vehicle.
Chemical and Pharmaceutical Bulletin (Tokyo ), 47(4), 492-497.

CHARY, R. B, VANL, G., and RAO, Y. M., 1999, In vitro and in vivo
adhesion testing of mucoadhesive drug delivery systems. Drug
Development and Industrial Pharmacy, 25(5), 685-690.

CHU,Q., WU, W., CoOK,M.E., and SMALLEY, E. B., 1995, Induction
of tibial dyschondroplasia and suppression of cell-mediated im-
munity in chickens by Fusarium oxysporum grown on sterile
corn. Avian Diseases, 39(1), 100-107.

DEVARAJAN, R., ARUNACHALAM V., KUMARASHVAMY, M. D. K.,
TAJUDDIN, I., and IOGHER, T., 1992, Darzan’s glycidic ester
condensation reaction on poly-(N-vinylpyrrolidone). Journal
of Applied Polymer Science, 44, 1473—-1475.

GAREIS, M., BAUER, J., MONTGELAS, A., and GEDEK, B.; 1984,
Stimulation of aflatoxin B1 and T-2 toxin production by sorbic
acid. Applied Environmental Microbiology, 47(2), 416-418.

KAMADA, H., TSUTSUMI, Y., TSUNODA, S., KIHIRA, T., KANEDA; Y .,
YAMAMOTO, Y., NAKAGAWA, S.; HORISAWA, Y., and
MAYUMI, T., 1999, Molecular design of conjugated tumor ne-
crosis factor-alpha: synthesis and characteristics of polyvinyl

pyrrolidone modified tumor necrosis factor-alpha. Biochemical
and Biophysical Research Communications, 257(2), 448-453.

LENNOX, J. E., and MCELROY, L. J., 1984, Inhibition of growth and
patulin synthesis in Penicillium expausum by potassium sorbate
and sodium propionate in culture. American Society of
Microbiology, 48(2), 1031-1033.

LUCK, E., 1990, Food applications of sorbic acid and its salts. Food
Additives and Contaminants, 7(5), 711-715.

MAHJOUB, A., and BULLERMAN, L. B., 1986, Effects of natamycin
and potassium sorbate on growth and aflatoxin production in
olives. Archives of Institute Pasteur Tunis, 63(4), 513-525.

RICHARD, J. L., COLE, R. J.; ARCHIBALD, S. O., et al. (Task Force
Members), 1989, Mycotoxins, economic and health risks.
Council for Agricultural Science Technology, Report No. 116.

SEALE, L., LOVE, W. G ., AMOS, N., WILIAMS, B. D ., and KELLAWAY,
I. W., 1992, Accumulation of polyvinylpyrrolidone within the
inflamed pows of adjuvant-induced arthritic rats. Journal of
Pharmacy and Pharmacology, 44, 10-14.

SEO,J. A.,KIM,J. C., and LEE, Y. W., 1996, Isolation and character-
ization of two new type C fumonisins produced by Fusarium
oxysporum. Journal of Natural Products, 59(11), 1003—1005.

SHANTHA, T., and MURTHY, V. S., 1981, Influence of tricarboxylic acid
cycle intermediates and related metabolic on the biosynthesis of
aflatoxins by resting cells of Aspergillus flavus. Applied and
Environmental Microbiology, 42(5), 758-764.

SHTILMAN, M. 1., TSATSAKIS, A. M., VLAHOS, J. C.; DRAGASSAKIS,
M., SHASHKOVA, M., and LOTTER, M. M., 1998, Bioactivity
of polvinyl esters of 2,4-dichlorophenoxyacetic acid. Russian
Journal of Plant Physiology, 45(1), 92-95.

SKRINJAR, M., DANEV, M ., and DIMIC, G ., 1995, Interactive effects of
propionic acid and temperature on growth and ochratoxin A
production by Penicillium aurantiogriseum. Folia Microbiology,
40(3), 253-256.

SoFos,J. N ., FAGERBERG, D . J., and QUARLES, C. L., 1985, Effects of
sorbic acid feed fungistat on the intestinal microflora of floor-
reared broiler chickens. Environment and Health, 64, 832-840.

SUGANO, M., and SHINOGI T., 1999, Superovulation induction in
Japanese Black cattle by a single intramuscular injection of
hMG or FSH dissolved in polyvinylpyrrolidone. Animal
Reproduction Science, 55(3-4), 175-181.

TANTISHAIYAKUL , V., KAEWNOPPARAT, N., and INGKATAWORN-
WONG, S., 1999, Properties of solid dispersions of piroxicam
in polyvinylpyrrolidone. International Journal — of
Pharmaceutics, 181(2), 143-151.

TZATZARAKIS, M. N., TSATSAKIS, A. M., LIAKOU, V., and
VAKALOUNAKIS, D . J., 2000, Effect of common food preserva-
tives on mycelial growth and spore germination of Fusarium
oxysporum. Journal of Environmental Sciences. Part B, 35(4),
527-537.

VAKALOUNAKIS,; D.J.; 1996, Root and stem root of cucumber caused
by Fusarium oxysporum f.sp. radicis-cucumerinum. Plant
Disease, 80, 313-316.

WALKER, R., 1990, Toxicology of sorbic acid and sorbates. Food
Additives and Contaminants, 7(5), 671-676.



