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In  this  study,  ammonium  dithiocarbamate  chitosan  (ADTCCS)  and  triethylene  diamine  dithiocarbamate
chitosan  (TEDADTCCS)  derivatives  were  obtained  respectively  by  mixing  chitosan  with  carbon  disul-
fide  and  ammonia  (triethylenediamine).  Their  structures  were  confirmed  by  FT-IR, 1H  NMR,  XRD,  DSC,
SEM, and  elemental  analysis.  Antifungal  properties  of them  against  the plant  pathogenic  fungi Fusarium
eywords:
ithiocarbamate chitosan
ntifungal activity
ynthesis
haracterization

oxysporum  and  Alternaria  porri were  investigated  at concentrations  ranged  from  31.25  to  500  mg/L.  The
dithiocarbamate  chitosan  derivatives  had  enhanced  antifungal  activity  compared  with  chitosan.  Partic-
ularly,  they  showed  obvious  inhibitory  effect  on  Fusarium  oxysporum.  At  500  mg/L,  TEDADTCCS  inhibited
growth  of  F.  oxysporum  at 60.4%,  stronger  than  polyoxin  and  triadimefon  whose  antifungal  indexes  were
found  to be 25.3%  and  37.7%.  The  chitosan  derivatives  described  here  deserve  further  study  for  use  in
crop  protection.
. Introduction

Chitosan, a kind of natural polymer, has received great atten-
ion in the fields of agriculture, food industry, and biomaterial due
o its biocompatibility, biodegradability and bioactivity (Kumar,

uzzarelli, Muzzarelli, Sashiwa, & Domb, 2004; Muzzarelli, 1983).
articularly, it was proved to have a broad-spectrum antifungal
ctivity against a variety of fungi (Bautista-Baños et al., 2006). For
xample, Allan et al. found chitosan had better fungicidal activity
han chitin. Of the 46 tested fungi, chitosan had antifungal activ-
ty against 32 isolates (Allan & Hadwiger, 1979). Bautista-Baños,
ernández-López, Bosquez-Molina, and Wilson (2003) described

he fungicidal effect of chitosan on Colletotrichum C. gloeospori-
ides in vitro. 3% chitosan can completely inhibit growth of the
ungi. However, chitosan also presented some drawbacks: it is only
oluble in dilute acids, but insoluble in water and most organic
olvents. Additionally, it showed relatively low antifungal activity.
ence, many strategies were proposed to overcome these limita-

ions. A widely used approach is the combination of chitosan with
Please cite this article in press as: Qin, Y., et al. Synthesis and characterizati
activity. Carbohydrate Polymers (2012), doi:10.1016/j.carbpol.2012.03.018

ther bioactive group: NCB-chitosan were synthesized to over-
ome the solubility problems and used with 298 microbial strains
n the literature (Muzzarelli et al., 1990). N-alkyl chitosan (NAC)

∗ Corresponding authors. Tel.: +86 532 82898707; fax: +86 532 82968951.
E-mail addresses: yukunqin@hotmail.com (Y. Qin), xingronge@qdio.ac.cn

R. Xing), pcli@qdio.ac.cn (P. Li).

144-8617/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier Ltd. All ri
oi:10.1016/j.carbpol.2012.03.018
Crown Copyright ©  2012 Published by Elsevier Ltd. All rights reserved.

derivatives were reported to have good fungicidal activity against
Botrytis cinerea and Pyricularia grisea (Rabea et al., 2006). The most
active derivative was N-(2,2-diphenylethyl)chitosan, whose EC50
value against B. cinerea was 0.031 g/L. Quaternized chitosan deriva-
tives were also proved to have good antifungal activity (Guo et al.,
2007). This kind of chitosan derivatives had better antifungal activ-
ity against B. cinerea Pers and Colletotrichum lagenarium (Pass) Ell.et
halst in comparison with chitosan, and the max  inhibitory index
reached 86.7% in vitro.

Dithiocarbamates are a class of fungicides extensively used in
many crops worldwide due to their high efficiency in control-
ling plant pathogenic fungi and relatively low mammalian acute
toxicity (Pease & Holt, 1977). However, more and more studies
exhibited that this kind of fungicides were not easily eliminated
(Caldas, Conceiç ão, Miranda, de Souza, & Lima, 2001; Gustafsson &
Fahlgren, 1983). This may  represent a threat to human health and
environment. Therefore, how to make better use of the advantages
of dithiocarbamate-based fungicides and avoid their weakness is a
problem to be solved. Chitosan was  easily metabolized to residues
which are nontoxic and naturally eliminated (Coutinho et al., 2008).
Its derivatives were also proved to possess biodegradable proper-
ties of chitosan (Feng & Dong, 2006; Jameela & Jayakrishnan, 1995;
Xu, McCarthy, Gross, & Kaplan, 1996). This provided us a method to
on of dithiocarbamate chitosan derivatives with enhanced antifungal

obtain new chitosan derivatives which may  have the biodegradable
functions of CS and fungicidal properties of dithiocarbamates.

Dithiocarbamate chitosan is a chitosan derivative in which
C2 amino groups are substituted by dithiocarbamate groups.

ghts reserved.
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uzzarelli, Tanfani, Mariotti, and Emanuelli (1982) first pre-
ared dithiocarbamate (DTC) chitosan as a metal cheating agent.
owever, there were no reports on antifungal activity of DTC
hitosan derivatives. In addition, no papers described the prepara-
ion of triethylene diamine dithiocarbamate chitosan (TEDADTCCS)
erivative. Hence, this study was to link dithiocarbamate groups
ith chitosan, to obtain more potent antifungal chitosan deriva-

ives, and to assay their antifungal activity against some common
lant pathogenic fungi.

. Experiment

.1. Materials

Chitosan (87% degree of deacetylation) with an average-
olecular weight of 230 kDa, was purchased from Qingdao

aicheng Biochemical Corp. Triadimefon (20% emulsifiable concen-
rates) and polyoxin (10% wettable powders) were purchased from
inan Wanda Biotechnology Co., Ltd and Kaken Pharmaceutical Co.,
td, respectively. Ammonia (25.0%), carbon disulfide, triethylene
iamine, and 95% ethanol (v/v) were purchased from Sinopharm
hemical Reagent Co., Ltd. All the chemical reagents were analyti-
al grade. Two crop-threatening pathogenic fungi (F. oxysporum and
lternaria porri) were obtained from Qingdao Academy of Agricul-
ural Sciences.

.2. Analytical methods

Fourier transform infrared (FT-IR) spectra range in the
000–400 cm−1 regions on a Thermo Scientific Nicolet iS10 FT-
R spectrometer in KBr discs. 1H NMR  spectra were investigated
y nuclear magnetic resonance (NMR) with a JEOL JNM-ECP600
pectrometer, using CD3COOD and D2O as solvents. The elemental
nalysis (C, H, N, and S) was performed using a Vario EL-III elemen-
al analyzer. The percentages of carbon, hydrogen, nitrogen, and
ulfur were estimated. X-ray diffraction (XRD) measurement of the
owder samples were performed with a D8 Advance diffractome-
er (Bruker) with Cu target (� = 0.154 nm)  at 40 kV and the scanning
cope of 2� was 5–40◦. The surface morphology of the samples was
nalyzed by scanning electron microscopy by using KYKY-2800B
EM.

.3. Synthesis of dithiocarbamate chitosan (DTCCS) derivatives

Dithiocarbamate chitosan (DTCCS) derivatives were prepared
ccording to the method described in the literature with minor
evision (Muzzarelli et al., 1982). A mixture of chitosan (16 g) and
mmonia (0.1 mol) was stirred in 95% ethanol (v/v) for half an
our at room temperature. Then carbon disulfide (8 mL)  was slowly
ropped into the mixture. After stirring for 2 h, the resulting mix-
ure was filtered through a Büchner funnel and the residue was
ashed with ethanol and dried at 60 ◦C. Finally ammonium dithio-

arbamate chitosan (ADTCCS) was obtained. Similarly, triethylene
iamine dithiocarbamate chitosan (TEDADTCCS) was prepared
Scheme 1).

.4. Antifungal assay

Antifungal assays were evaluated in vitro according to the lit-
rature (Guo et al., 2006). Chitosan and dithiocarbamate chitosan
DTCCS) derivatives were dissolved in 0.5% (v/v) acetic acid at an
Please cite this article in press as: Qin, Y., et al. Synthesis and characterizati
activity. Carbohydrate Polymers (2012), doi:10.1016/j.carbpol.2012.03.018

riginal concentration of 1% (w/v). The solutions were mixed with
terile molten potato dextrose agar (PDA) to obtain final concentra-
ions of 31.25 mg/L, 62.5 mg/L, 125 mg/L, 250 mg/L, and 500 mg/L,
espectively.
Fig. 1. FT-IR spectra of chitosan and dithiocarbamate chitosan (DTCCS) derivatives.

All tests were repeated three times and the results were aver-
aged. The Scheffe method was  used to evaluate the differences in
antifungal index in the tests. Results with P < 0.05 were considered
statistically significant.

3. Results and discussion

3.1. Preparation and characterization of dithiocarbamate
chitosan (DTCCS) derivatives

In the present study, chitosan was  mixed with carbon disul-
fide and ammonia (triethylenediamine) to obtain ammonium
dithiocarbamate chitosan (ADTCCS) and triethylene diamine
dithiocarbamate chitosan (TEDADTCCS). It was interesting that sol-
ubility of DTCCS improved visibly in aqueous acetic acid compared
with chitosan. The structures of DTCCS were well confirmed by
FT-IR, 1H NMR, elemental analysis, XRD and SEM.

Fig. 1 shows FT-IR spectra of chitosan, ADTCCS and TEDADTCCS.
For chitosan, the broad band around 3384 cm−1 attributed to OH
and NH stretching vibration. The weak band at 2879 cm−1 was
the characteristic absorbance peak of CH. The absorption peak
at 1596 cm−1 assigned to NH2 bending vibration. Additionally, the
absorption peaks of symmetric stretching of the C O C appeared
at 1156 cm−1, 1076 cm−1 and 1029 cm−1. Compared with chitosan,
new bands at 1468 cm−1 (N C S) and 937 cm−1 were observed
for ADTCCS. In addition, the peak at 1596 cm−1 of the primary
amine became weak which meant amino has been partly substi-
tuted. The results coincided with what reported before (Muzzarelli
et al., 1982). All of the above results exhibited ADTCCS had been
successfully obtained.

Similarly, new bands at 1466 cm−1 (N C S) and 935 cm−1 for
TEDADTCCS were also observed, respectively. Hence, the structure
of TEDADTCCS was  confirmed.

The 1H NMR  spectra of chitosan, ADTCCS and TEDADTCCS
are shown in Fig. 2. Spectra of chitosan were in accord with
what reported before (Zhang et al., 2010). The signals were well
separated and can be easily identified: (a) ı = 1.82 ppm repre-
sented the hydrogen of the methyl, meaning the chitosan sample
not fully deacetylated; (b) ı = 2.88 ppm attributed to H2; (c)
ı = 3.36–3.58 ppm assigned to H5 and H6; (d) ı = 3.59–3.70 ppm
on of dithiocarbamate chitosan derivatives with enhanced antifungal

attributed to H3 and H4; (e) ı = 4.50 ppm attributed to H1, whose
signal was  superimposed by the signals of solvent (D2O). Com-
pared with chitosan, a new weak signal for ADTCCS was  observed
at 3.34 ppm. It was  inferred that it was  the signal for substituted H2

dx.doi.org/10.1016/j.carbpol.2012.03.018
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Scheme 1. Synthetic route of dithiocarbamate chitosan (DTCCS) derivatives.
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tern of chitosan in terms of the peak position and relative intensity.
However, the reflection peak at 13.2◦ was not observed, it indi-
cated that the crystal structure of chitosan altered in the course of
Fig. 2. 1H NMR  spectra of chitosan and d

H2′). The chemical shift of H2 changed from 2.88 ppm to 3.34 ppm
ue to negative conjugation effect of dithiocarbamate group at C2
f chitosan. Additionally, the signal at 2.88 ppm was still observed.
t indicated that free amino groups at C2 were partly substituted.
his result was  also consistent with the FT-IR results we  discussed.
ence, the structure of ADTCCS was further confirmed.

For TEDADTCCS, a new strong peak for TEDADTCCS at
.21–3.34 ppm attributed to H2′ and TEDA-H showed TEDADTCCS
ad been obtained.

Elemental analysis results of dithiocarbamate chitosan (DTCCS)
erivatives are shown in Table 1. The degree of substitution (DS) of
TCCS was calculated on the basis of the percentage. As shown in
able 1, the DS of ADTCCS and TEDADTCCS were 18.0% and 13.5%,
hich was not so high. It meant that only few free amino groups of

hitosan were substituted by dithiocarbamate groups. This result
Please cite this article in press as: Qin, Y., et al. Synthesis and characterizati
activity. Carbohydrate Polymers (2012), doi:10.1016/j.carbpol.2012.03.018

lso coincided with the results mentioned above. It was inferred
hat the lower sulfur content may  result from relatively shorter
eaction time and heterogeneous reaction conditions.

able 1
lemental analysis results and degree of substitution of dithiocarbamate chitosan
DTCCS) derivatives.

Compounds Elemental analysis (%) Degree of substitution (%)

C N H S

Chitosan 40.05 7.29 6.41 – –
ADTCCS 38.68 7.49 6.22 4.53 18.0
TEDADTCCS 40.05 7.63 6.31 2.49 13.5
arbamate chitosan (DTCCS) derivatives.

Fig. 3 demonstrates the XRD spectra of chitosan and dithiocar-
bamate chitosan (DTCCS) derivatives. The XRD patterns of chitosan
show three characteristic crystalline reflections at 13.2◦, 19.8◦, and
29.0◦ (Klaykruayat, Siralertmukul, & Srikulkit, 2010; Zhang, Zhang,
Jiang, & Xia, 2012). The profiles of DTCCS were similar to the pat-
on of dithiocarbamate chitosan derivatives with enhanced antifungal

Fig. 3. XRD patterns of chitosan and dithiocarbamate chitosan (DTCCS) derivatives.

dx.doi.org/10.1016/j.carbpol.2012.03.018
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than that of ADTCCS, it had better antifungal activity than
ADTCCS. This may  due to strong ring tension and alkaline of
triethylene diamine. Considering the low DS of DTCCS, it was
Fig. 4. Surface morphology of chitosan (a), ammonium dithiocarbamate chitos

he reaction. X-ray diffraction exposed the differences among chi-
osan and DTCCS derivatives. The modification of chitosan changed
he elemental composition of the polymer and the macromolecu-
ar conformation was partly ruptured, which was consistent with
he results mentioned above (He et al., 2011; Klaykruayat et al.,
010).

Fig. 4 displays the surface structure of chitosan, ADTCCS and
EDADTCCS. As shown in Fig. 4, chitosan exhibits a smooth, dense
nd flat morphology (Trimukhe & Varma, 2008). This may  be
wing to high inter-molecular hydrogen density of chitosan. While
he dithiocarbamate chitosan derivatives, ADTCCS and TEDADTCCS
how a rough surface morphology which may  be due to the dithio-
arbamate groups partly grafted on the chitosan. The insufficient
ross-linking of the chitosan derivatives lead to uneven structures.
his was in accord with the XRD results. It was deduced that mod-
fication of the chitosan deceased its inter-molecular hydrogen
onding and increased the hydrophilicity of the copolymer.

.2. Antifungal activity of dithiocarbamate chitosan (DTCCS)
erivatives

Antifungal properties of dithiocarbamate chitosan (DTCCS)
erivatives against the plant pathogenic fungi F. oxysporum and
. porri were investigated at concentrations ranged from 31.25 to
00 mg/L.

It has been proved that antifungal activity of chitosan and its
erivatives are influenced by various factors such as molecular
eight, concentration, the pH value and so on (Bautista-Baños et al.,

006). In this study, chitosan and dithiocarbamate chitosan deriva-
ives (DTCCS) were dissolved in 0.5% (v/v) acetic acid at an original
oncentration of 1% (w/v). Then solutions were diluted with ster-
le molten potato dextrose agar (PDA). The presence of the acetic
cid might contribute to the antifungal action. So the inhibitory
ffect of different concentrations of acetic acid aqueous solution on
. oxysporum and A. porri corresponding to the investigated con-
entrations of samples was evaluated. As shown in Fig. 5(a), the
nhibitory effect of acetic acid on the selected fungi was influenced
y the concentrations. At low concentrations, no higher than 0.025%
corresponding to 500 mg/L), acetic acid aqueous solution had no
nhibitory effect on F. oxysporum and A. porri. That is to say, at con-
entrations ranged from 31.25 to 500 mg/L, the diluted acetic acid
ad no antifungal activity.

While at concentrations, higher than 0.025%, acetic acid would
nhibit the growth of the fungi. F. oxysporum was more sensitive to
cetic acid than A. porri. It was shown that 0.05% acetic acid aqueous
olution inhibited growth of F. oxysporum at 14.9%.

F. oxysporum, is a pathogen which causes fusarium wilt and foot-
ot of cucumber, watermelon and so on (Larkin, Hopkins, & Martin,
Please cite this article in press as: Qin, Y., et al. Synthesis and characterizati
activity. Carbohydrate Polymers (2012), doi:10.1016/j.carbpol.2012.03.018

993; Woo  et al., 1996). As shown in Table 2, both of the deriva-
ives exhibited much better antifungal activity compared with
riginal chitosan and the antifungal activity enhanced with increas-
ng of concentration. Antifungal index of the DTCCS derivatives
TCCS) (b) and triethylene diamine dithiocarbamate chitosan (TEDADTCCS) (c).

ranged from 44.1% to 62.0% at 500 mg/L, while the index of chi-
tosan only reached 26.3%. The inhibitory effect followed a sequence
of TEDADTCCS > ADTCCS > triadimefon > polyoxin > chitosan. It was
interesting that both TEDADTCCS and ADTCCS had stronger
inhibitory effect than polyoxin and triadimefon (Fig. 4(b)). At
500 mg/L, TEDADTCCS inhibited F. oxysporum at 60.4%, and was
stronger than polyoxin and triadimefon whose antifungal indexes
were 25.3% and 37.7%, respectively. Thereby, it was concluded
that chemical modification was an efficient method to enhance
antifungal activity of chitosan. The combination of dithiocarba-
mate groups with chitosan increased both the antifungal activity
and solubility of CS. For TEDADTCCS, although its DS was lower
on of dithiocarbamate chitosan derivatives with enhanced antifungal

Fig. 5. (a) Inhibitory effect of different concentrations of acetic acid aqueous solution
on F. oxysporum and A. porri. (b) Antifungal activity of chitosan and dithiocarbamate
chitosan (DTCCS) derivatives against F. oxysporum.

dx.doi.org/10.1016/j.carbpol.2012.03.018
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Table 2
Antifungal activity of dithiocarbamate chitosan (DTCCS) derivatives at different
concentrations.

Sample Concentrations (mg/L) F. oxysporum A. porri

Chitosan 31.25 12.3 13.9
62.5 14.9 17.1

125 17.8 23.9
250 18.8 24.4
500 26.3 28.8

ADTCCS 31.25  16.2 8.58
62.5 20.4 10.2

125 27.6 16.3
250 27.9 18.0
500 44.1 34.8

TEDADTCCS 31.25  16.5 5.66
62.5 18.2 16.3

125 25.3 16.7
250 42.5 19.6
500 60.4 34.5

Polyoxin 31.25  8.44 12.3
62.5 15.6 44.5

125 19.5 46.3
250 21.1 50.6
500 25.3 80.6

Triadimefon 31.25  18.8 20.6
62.5 26.0 37.4

125 26.3 40.1
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250 33.4 45.3
500 37.7 47.1

ecessary to enhance their DS for improving the antifungal prop-
rties.

Onion purple blotch disease, caused by A. porri, can bring serious
osses in onion (Bock, 1964; Meredith, 1966). Table 2 represents
he antifungal results of the DTCCS derivatives against A. porri.
ompared with chitosan, antifungal activity of DTCCS derivatives
lightly enhanced. The antifungal index ranged from 8.58% to 34.8%.
EDADTCCS and ADTCCS had no obvious difference on the antifun-
al activity against A. porri and both of them exhibited lower activity
han polyoxin and triadimefon. It meant that grafting dithiocarba-

ate groups into C-2 position of chitosan did not obviously enhance
he antifungal activity of CS. A. porri was not so sensitive as F. oxys-
orum to DTCCS.

Based on the above bioassay results, it was found that dithio-
arbamate chitosan (DTCCS) derivatives had enhanced antifungal
ctivity in comparison with chitosan. The graft of dithiocarbamate
roups into C-2 position of chitosan could improve the solubility
nd antifungal activity of chitosan in general.

. Conclusion

Ammonium dithiocarbamate chitosan (ADTCCS) and tri-
thylene diamine dithiocarbamate chitosan (TEDADTCCS) were
repared and their structures were well characterized by FT-IR,
H NMR, elemental analysis, XRD, and SEM. It was  shown that
oth ADTCCS and TEDADTCCS had enhanced inhibitory effects on F.
xysporum and A. porri. The antifungal activity was  affected by con-
entration of the derivatives and fungal species. F. oxysporum was
ore sensitive than A. porri to the DTCCS derivatives. Addition-

lly, the DTCCS derivatives even had stronger inhibitory effect on
. oxysporum than polyoxin and triadimefon. Hence, it was inferred
hat chemical modification of chitosan was an efficient method to
mprove its antifungal activity. Although the DS of the derivatives
Please cite this article in press as: Qin, Y., et al. Synthesis and characterizati
activity. Carbohydrate Polymers (2012), doi:10.1016/j.carbpol.2012.03.018

as relatively low, their antifungal activity was significantly bet-
er than that of chitosan. Thus, further study to enhance DS of the
TCCS derivatives should be carried out and more microbial strains
eed to be investigated.
 PRESS
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