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This study investigates the feasibility of using gamma irradiation for photodegradation of a common
residual fungicide, pentachloronitrobenzene (PCNB), in ginseng, and for microbial decontamination.
American ginseng, Panax quinquefolius, was subjected to gamma irradiation. PCNB residues were analyzed
by gas chromatography with electron capture detection and mass spectrometry. Eighty percent of PCNB
(100 ppm) in a methanol aqueous solution was degraded by 5 kGy irradiation, and the primary degra-
dation product was pentachloroaniline. Furthermore, contaminated PCNB (3.7 ppm) in ginseng were
reduced to 0.2 ppm after 20 kGy irradiation. The IC50 for treatment of Sclerotium rolfsii with 20 kGy irradi-
amma irradiation
inseng
icrobial decontamination

hotodegradation
entachloronitrobenzene

ated PCNB was about 2.7 times higher than that for treatment with unirradiated PCNB. The survival rate
of mouse fibroblast L929 cells treated with 20 kGy irradiated PCNB was about 12.9% higher than that of
L929 cells treated with unirradiated PCNB. Additionally, after 20 kGy irradiation, less than 5% reduction
of contents of ginsenoside Rb1 and Re were observed, and amounts of ginsenosides Rc, Rd, and Rg1 were
not reduced significantly. The minimal gamma dose for microbial decontamination was 10 kGy. There-
fore, gamma irradiation can be used for both PCNB photodegradation and microbial decontamination of

loses
ginseng without obvious

. Introduction

Ginseng is the dried root of several distinct species of the genus
anax in the family Araliaceae [1]. It has been used as an ingredi-
nt of traditional Chinese medicine for more than 5000 years in the
elief that it is a panacea and can promote longevity. More recently
inseng has gained popularity in the United States and Europe due
o its ability to improve energy and vitality [2,3]. However, microor-
anisms and pesticides pollutions have caused potential hygiene
nd safety concerns in the use of ginseng. In most ginseng prod-
cts, ginsenosides are the main bioactive components and are often

sed as marker components for indicating the type and quality of
inseng products. Until now, more than 30 ginsenosides have been
dentified, but ginsenosides Rb1, Rb2, Rc, Rd, Re, Rf and Rg1 are the

ost associated with ginseng’s pharmacological activity [4]. It has

∗ Corresponding author at: Nuclear Science and Technology Development Center,
ational Tsing Hua University, 101 Section 2, Kuang Fu Road, Hsinchu 300, Taiwan,
OC. Tel.: +886 3 5721962; fax: +886 3 5725974.
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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of ginsenoside contents.
© 2009 Elsevier B.V. All rights reserved.

been proved that the extracts of Asian ginseng improve the immune
system by enhancing phagocytosis and the activity of neutral killer
cell, increasing interferon production and total lymphocyte count
and providing antioxidant compounds [5,6].

Ginseng is susceptible to various fungal and insect diseases,
since its ecological cultivation condition is an undergrowth of
hardwood mixed deciduous forest. In order to protect ginseng
crop, pesticides such as fungicides, insecticides, and herbicides are
actively used. Among them, pentachloronitrobenzene (PCNB), also
named as quintozene, is a frequently used organochlorine fungicide
but also is the frequently found residue in ginseng [7,8]. Due to its
cumulative, persistent, hardly degradable characteristics, PCNB can
accumulate in the plants and then eventually become hazardous to
human health through the incidental intake of contaminated gin-
sengs [9,10]. Hence, safety issues of ginseng ingestion must always
be considered. In the European Union, the legal limit for PCNB is

1 ppm, it also is applied in Taiwan [11].

Several methods have been developed for eliminating pesti-
cide residues from ginseng. A two-phase partition chromatography
with the use of soybean oil was developed to eliminate pesti-
cide residues in aqueous extracts of ginseng, but this method only

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fichou@mx.nthu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.11.025
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ould be applied in the aqueous extract of ginseng [12]. Another
echnique was CO2 supercritical fluid extraction method to extract
rganochlorine pesticides from ginseng, but each time only pow-
ered sample can be processed [13]. Therefore, the method is hard
o scale up. Radiation-induced degradation for pesticides has been
idely applied in water samples for environmental protection,

nd cobalt-60 radiation has been proved to have a degradative
ffect on both insecticides and herbicides [14–16]. In addition,
CNB showed a photo-sensitive property, since its half-life value in
unlight irradiation was much shorter than that of non-irradiated
ontrol samples [10,17]. Until now, no study has been done for
he photolysis of pesticides in ginseng. Therefore, the objective of
his study was to investigate the feasibility of gamma irradiation in
liminating PCNB residues from ginseng.

Gamma irradiation has been used for improving food safety for
resh foods and dried raw materials, and is proved as a safe and
ffective method to eliminate foodborne microorganisms and pests
y World Health Organization, U.S. Food and Drug Administra-
ion and Institute of Food Technologists [18,19]. Ginseng originally
s from natural raw products so it is easily contaminated by

icroorganisms during harvest, processing, transportation, stor-
ge, or post-harvest treatment, resulted in the loss of therapeutic
fficiency [20]. In the previous study, Byun’s group found that
insenosides (Rb1, Rb2, Rc, Rd, Re, Rf and Rg1) were very sta-
le to gamma irradiation [21]. Therefore, using gamma irradiation
o eliminate microorganisms can be one of optimal decontami-
ation ways to increase shelf life of ginseng without spoiling its
insenoside contents. Thus, in this study, while gamma irradiation
s applied to eliminate pesticides in ginsengs, simultaneously it is
n effective process to control microorganisms.

. Materials and methods

.1. Materials

Dried Panax quinquefolius roots (American ginseng) used in this
tudy were cultured in Wisconsin approximately 4 years old at the
ime of harvest and were provided by an importer (Juien Guien
rading Co., Ltd.) in Taiwan. Their authenticity was confirmed by
r. Y.S. Chung in the Institute of Chinese Pharmaceutical Sciences,
hina Medical University, Taiwan. Acetonitrile, acetone, methanol
nd dimethylsulfoxide (DMSO) were obtained from Merck (Darm-
tadt, Germany). Ginsenoside standards (Rb1, Rc and Re) were
ought from Sigma–Aldrich Co. (Missouri, USA). Ginsenoside stan-
ards (Rd and Rg1) were purchased from Indofine Chemical Co.

nc. (New Jersey, USA). Technical grade pentachloronitrobenzene
PCNB) was purchased from Supelco Inc. (Pennsylvania, USA).
otato dextrose agar (PDA), plate count agar (PCA), plate count
roth (PCB) and violet red bile glucose agar (VRBGA) were bought
rom Difico Laboratories (Michigan, USA).

.2. Gamma irradiation

PCNB standards were prepared by using 90% methanol/H2O
90/10, v/v) and were irradiated in a 1.8-mL Pyrex glass vessels
t room temperature (25–30 ◦C). American ginseng contaminated
.7 ppm of PCNB was ground to a powder and packed in poly vinyl
hloride (PVC) bags for gamma irradiation under aerobic condi-
ion. Gamma irradiation was performed according to a method
ublished previously [22].
.3. Analysis of PCNB

PCNB was extracted from contaminated ginsengs by grinding
nd packing ground material in a disposable column. Subse-
uently, PCNB residues were eluted with acetone/water (80/20,
s Materials 176 (2010) 280–287 281

v/v) and passed through a C18 SPE cartridge. The elute was
further extracted with 150 mL of acetone/methylene chloride
(1/2, v/v) and then 200 mL of acetone/methylene chloride (1/1,
v/v). The solvent of the extract was exchanged into acetone
and analyzed by a PerkinElmer Auto System XL gas chromato-
graph (GC) with electron capture detection and a Turbo mass
spectrometer. One microliter of extract was injected into a
DB-5 MS column (30 m, 0.25 mm I.D., 1.0 �m film thickness)
and run temperature conditions were as follows: 150 ◦C for
3 min, 150–250 ◦C at 20 ◦C/min, 250 ◦C for 20 min, 250–310 ◦C at
10 ◦C/min, 310 ◦C for 20 min. The carrier gas was helium (12 psi)
at a flow-rate of 1.5 mL/min. Effluents from the GC column were
transferred into a 70-eV electron impact ionization source with
the scan speed as 2500 scans/min and ion source temperature
as 200 ◦C. For analyzing PCNB, ions were monitored at m/z of
237 (quantitation ion) and m/z of 230 and 203 (qualifier ions)
[23].

2.4. Fungitoxic activity of PCNB to Sclerotium rolfsii

S. rolfsii has been widely used for investigating the activity of
pesticides, such as tebuconazole and PCNB [24]. In this study, PCNB
was dissolved in methanol and mixed with autoclaved PDA. The
final concentration of methanol in plates was 0.05% (v/v) and the
PCNB concentrations were 1–8 ppm (�g/mL). Fungitoxic activity
of PCNB was based on the inhibition of mycelial development of S.
rolfsii, and was assessed by measuring the radial growth of mycelial
on PDA plates. In petri dishes, 2-mm agar plugs were inoculated on
which S. rolfsii had been allowed to germinate. Five replicates were
used per treatment. Plates were incubated at 26 ◦C for 72 h, and
the diameters of mycelial colonies were measured to calculate the
half maximal inhibitory concentration (IC50) value. The IC50 value
was defined as the PCNB concentration causing a 50% reduction
in mycelial growth compared with the control (without adding
PCNB) and was obtained from a dose response curve by regress-
ing the percent of mycelial growth against PCNB concentrations
[24].

2.5. Cytotoxicity of PCNB

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay was performed with the L929 mouse
fibroblast cells (ATCC CCL-1) [25]. PCNB standards were prepared
by dissolved in 90% methanol and received 0, 10 or 20 kGy of
gamma irradiation, respectively. PCNB solutions were dried at
45 ◦C and re-dissolved in DMSO. Irradiated and unirradiated
PCNB standards were added into fresh culture medium, and
cells were cultivated in 24-well culture dishes for 24 h. After
replacing fresh culture medium (900 �L/well), 100 �L/well of
the PCNB containing media was added. The final concentration
of PCNB in media was 0–20 ppm. Each test was processed by
repeating 6 times, with samples without PCNB as the control
group. After 48 h, cells were subjected to MTT assay. The surviving
rate of L929 cells (%) related to the control, was calculated by
[Absorptiontest]/[Absorptioncontrol] × 100.

2.6. Determine the amount of ginsenosides by HPLC

Ginsenosides were extracted from samples by modification of
a published method [26]. Five grams of ginseng powders was
extracted in 50 mL of 70% methanol by sonication for 1 h at

room temperature. After centrifugation at 9500 rpm for 10 min,
the supernatants were filtrated by a 0.2-�m nylon filter. Through
an optimal dilution, a 20-�L sample was injected into a HPLC
(Waters model 2695 Separations Module) with a UV detector (set
at 203 nm). An column (Cosmosil 5C18-MS-II, 5 �m, 4.6 × 250 mm)
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rradiated with a 10-kGy gamma dose; (D) irradiated with a 15-kGy gamma dose; (

as used with a gradient of two solvents, (A) phosphate buffer
10.3 mM, pH 5.8) and (B) acetonitrile: 0–10 min, 81% A and 19%
; 10–30 min, 81–71% A and 19–29% B; 30–60 min, 71–60% A
nd 29–40% B, at a flow-rate of 1.0 mL/min at 25 ◦C. Ginsenoside
tandards were prepared right before HPLC analysis. Results are
eported as milligram of ginsenoside per gram of ginseng on a dry
eight basis.

.7. Enumeration of microbes

Microbial enumeration of was mainly according to the method

ublished previously [22]. Ten samples of American ginseng were
urchased and stored under 4 ◦C before the use. The solid culture
edia used in this study included PCA, PDA and VRBGA. The spread

late count method was applied to count the microorganisms in
round ginseng samples. The microbial content of the samples
irradiation: (A) before irradiation; (B) irradiated with a 5-kGy gamma dose; (C)
diated with a 20-kGy gamma dose; and (F) irradiated with a 25-kGy gamma dose.

was measured immediately and 6 months post-irradiation storage.
Counts were recorded in colony forming units per gram (CFU/g).

3. Results

3.1. Observation of radiolytic degradation of PCNB standards by
gas chromatography

The feasibility of eliminating PCNB residues by gamma irradi-
ation was investigated by irradiating 100 ppm PCNB in solution
with various doses of gamma ray (5–25 kGy) and analyzed by

GC–MS. to evaluate PCNB radiolytic degradation efficiency (Fig. 1).
In unirradiated one (0 kGy), the main peak showed the retention of
8.7 min was PCNB (peak 1); while a small peak at 9.5 min (peak 2)
was pentachloroaniline (PCA) determined through a GC–MS proce-
dure (Fig. 1A). The presence of PCA might be owing to the natural
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Fig. 2. The radiolytic pathway of PCNB.

egradation of PCNB. Fig. 1B shows the chromatogram of 5 kGy
amma irradiated PCNB sample, the PCNB amount decreased with
n increase of PCA concentration, compared with the unirradiated
ne. At 10 kGy and 15 kGy irradiation (Fig. 1C and D), PCNB (peak
) is significantly lower than that at 5 kGy, and isomers of tetra-
hloronitrobenzene (TCNB) and tetrachlorobenzenamine (TCBA)
ere newly found and labeled as peak 3 (at 7.6 min) and peak 4

at 7.8 and 8.8 min). At 20 kGy, there is no presence of PCNB (peak
) and TCNB (peak 3). The main compound of degradation is PCA
ith small peaks identified as TCBA isomers (peak 4 at 7.8 and

.8 min) (Fig. 1E). At 25 kGy, a new degraded product was identified
t 6.4 and 7.2 min as the isomers of trichlorobenzenamine (Tri-
BA) and labeled as peak 5. Conclusively, the amount of 100 ppm
CNB decreased as irradiation dose increased and was eliminated at
0 kGy. Based on the identified degraded compounds, the pathways
f PCNB degradation can be proposed and are shown in Fig. 2. PCNB

as firstly degraded to PCA at 5 kGy, subsequently to TCNB and

CBA at 10–20 kGy, and further degraded into Tri-CBA at 25 kGy.
bout 80% of PCNB was decomposed at 5 kGy, more than 97% of
CNB was decomposed at 10 kGy, and no presence of PCNB was
bserved at 20 kGy.
Fig. 3. Radiolytic efficiency of PCNB in ginseng and in the methanol aqueous solu-
tion.

American ginseng contaminated with 3.7 ppm PCNB was irradi-
ated with various doses of gamma rays. The samples were analyzed
by GC–MS under selected ion monitoring conditions to evaluate
the radiolysis of PCNB in ginseng. Results revealed that the radi-
olytic product of PCNB in 5 kGy gamma ray-irradiated American
ginseng was PCA (data not shown). However, the American ginseng
extract has a complicated chemical system containing many types
of compounds. When 3.7 ppm PCNB-contaminated American gin-
seng was irradiated with 10 and 20 kGy gamma rays, the signal of
the radiolytic product (other than PCA) of PCNB in the extract was
not strong enough to be detected. Thus, spiking ginseng powder
with a higher concentration of PCNB for irradiation may be effective
for studying the radiolytic pathway and identifying the degraded
products of PCNB in ginseng.

3.2. Radiolytic efficiency of PCNB in ginseng and in methanol
solution

The powder of American ginseng contaminated with 3.7 ppm
PCNB was irradiated with 5–20 kGy of gamma doses, with the
standard PCNB (3.7 ppm) in 90% methanol aqueous solution as
the control. The radiolytic degradation efficiency of PCNB both in
ginseng and methanol solution increased as the irradiated dose
increased (Fig. 3). At 5 kGy irradiation, PCNB degradation efficiency
in methanol solution was found to be 80%, compared to 64% in gin-
seng. At 15 kGy, more than 99% of PCNB was eliminated in methanol
solution, resulted in less than 0.1 ppm PCNB residues. Up to 20 kGy,
about 94% of PCNB in ginseng samples was decomposed, resulted
in less than 0.25 ppm of PCNB residues; while, PCNB residue in the
methanol solution cannot be detected. Hence, this result demon-
strated gamma irradiation can be an efficient method to eliminate
PCNB from ginseng.

3.3. Effects of gamma irradiation on PCNB fungitoxic activity on
the mycelial growth of S. rolfsii

The mycelial growth and colony morphology of S. rolfsii after
a 72-h growth on PDA were shown in Fig. 4. The mycelia were
extensively grown in the PDA plate without the addition of
PCNB (Fig. 4A). However, the mycelial growth of S. rolfsii was
strongly inhibited in 3 ppm of unirradiated PCNB amended PDA

plate (Fig. 4B). The mycelial on this PDA plate was condensed
and restricted within the central local area of the inoculated
plug of agar, and could not spread out to the PCNB contained
agar. Among the PDA plates spiked with unirradiated or irra-
diated PCNB, the mycelial growth was more restricted in the
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ig. 4. The mycelial growth and morphology of S. rolfsii colonies on PDA plates a
mended with 3 ppm of unirradiated PCNB, (C) PDA plate amended with 3 ppm of 10
rradiated PCNB.

DA containing the unirradiated PCNB (Fig. 4B) than that con-
aining irradiated PCNB samples (Fig. 4C and D). The mycelial
rowth inhibition on 10 kGy irradiated PCNB amended plate was
ore significant limited than that in 20 kGy irradiated PCNB

mended ones. Hence, gamma irradiation could reduce the fun-
itoxicity of PCNB on S. rolfsii and this reduction was dose
ependent.

Fig. 5 shows the dose–response curves of S. rolfsii grown on the
DA plates with serial dilutions of different irradiated PCNB sam-
les. Mycelial growth was strongly inhibited by the unirradiated
CNB with an IC50 value as 1.7 ppm. The irradiated PCNB sam-
les showed less fungitoxicity to S. rolfsii than unirradiated PCNB
amples, and the level of PCNB fungitoxicity was inversely related
o the irradiation does. Compared to the IC50 value of the unir-
adiated PCNB (1.7 ppm), the IC50 value of the 10 kGy (3.4 ppm)
nd 20 kGy (4.6 ppm) irradiated PCNB was 2 and 2.7-fold higher,

espectively. In the unirradiated PCNB treated PDA plate, the inhibi-
ion of mycelial growth of S. rolfsii immediately observed at 1 ppm
f PCNB. However, in the 10 and 20 kGy irradiated PCNB treated
lates, shoulders were present in the dose–response curves, rep-

ig. 5. Comparison of the growth of S. rolfsii colonies on (×) PDA plate amended with
CNB, (�) PDA plate amended with PCNB irradiated with 10-kGy gamma radiation,
nd (�) PDA plate amended with PCNB irradiated with 20-kGy gamma radiation.
-h incubation. (A) PDA plate without the addition of 3 ppm PCNB, (B) PDA plate
gamma irradiated PCNB, and (D) PDA plate amended with 3 ppm of 20-kGy gamma

resenting a reduction of PCNB fungitoxicity of these irradiated
PCNB. Especially in the 20 kGy irradiated PCNB treated ones, even
through PDA plates were treated with 2 ppm irradiated PCNB,
no obvious growth inhibition was observed; while, 2 ppm unir-
radiated PCNB already caused about 70% reduction of mycelial
growth. Furthermore, the completely growth inhibition happened
at 5.0 ppm for unirradiated PCNB treated curve; while it happened
about at 6.0 ppm and 8.0 ppm for 10-kGy and 20-kGy irradiated
PCNB samples, respectively. Therefore, gamma irradiation treat-
ment could efficiently reduce the fungitoxicity of PCNB on S.
rolfsii.

3.4. Effects of gamma irradiation on cytotoxicity of PCNB

PCNB cytotoxicity for L929 cells treated with different concen-
trations of irradiated or unirradiated PCNB samples was evaluated,
with 1% DMSO without PCNB as the control (100% survival frac-

tion), as presented in Fig. 6. All samples affected the metabolic
activity in a concentration-dependent manner when they were
added in 0–20 ppm of PCNB. However, the cytotoxicity of irradiated
PCNB samples to L929 cells was lower than that of unirradiated
PCNB. Surviving fraction of L929 cells treated with 10 ppm PCNB

Fig. 6. Cytotoxicity of PCNB before and after 10 and 20 kGy gamma irradiation.
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ith 20 kGy irradiated, 10 kGy irradiated, and the unirradiated ones
ere 72.7%, 69.3% and 64.2%, respectively. While the surviving frac-

ion of 20 ppm PCNB with 20 kGy irradiated, 10 kGy irradiated, and
nirradiated ones were 56.6%, 52.0% and 43.7%, respectively. Hence,
amma irradiation could reduce PCNB cytotoxicity in L929 cells
nd the reducing efficiency of PCNB cytotoxicity to L929 cells was
ncreased as the increase of irradiation dose.

.5. Effects of gamma irradiation on microbiological quality of
inseng

As shown in Table 1, ginseng specimens contained total aero-
ic bacterial counts of 3.2 × 103 to 7.5 × 104 CFU/g, mold and yeast
ounts of 1.7 × 102 to 3.8 × 102 CFU/g, and enterobacterial count of
.3 × 101 to 4.6 × 101 CFU/g. For all of unirradiated samples, total
acterial counts significantly exceeded mold and yeast counts. As
he increase of radiation dose, the microbial profiles in ginseng
hanged significantly. A dose of 4 kGy reduced the total aerobic
acterial counts to 2.1 × 102–4.1 × 102 CFU/g, the mold and yeast
ounts to 1.1 × 101–3.2 × 101 CFU/g, and the Enterobacterial counts
o below the detectable level. Hence, Enterobacteriaceae was more
ensitive to gamma irradiation and 4 kGy was efficient to elimi-
ate Enterobacteriaceae from ginseng. At 6 kGy, the total aerobic
acterial counts were reduced to 1.1 × 101–3.2 × 101 CFU/g, and
he mold and yeast counts were reduced to less than 101 CFU/g.
fter 8 kGy of irradiation, 9 of the 10 specimens were decontami-
ated and the bacterial count in the remained sample was less than
01 CFU/g. Finally, 10 kGy of gamma irradiation could effectively
educe bacterial and mold/yeast counts to below the detectable
evels. Moreover, unirradiated and irradiated samples were placed
t room temperature (25 ± 5 ◦C) for 6 months and then analyzed
heir microbial amounts. Counts of molds and yeasts were sig-
ificantly higher than samples without the 6-month storage. The
old/yeast counts were higher than the total aerobic bacteria

ounts and the Enterobacterial counts of all ginseng samples after
he 6-month storage. No microbial growth was observed in the 10-
Gy irradiated samples after the 6-month storage. Thus, 10 kGy of
rradiation was sufficient for ginseng decontamination and could

aintain sterile condition of ginseng at room temperature for 6
onths.

.6. Effect of gamma irradiation on the contents of major
insenosides of American ginseng

Quantitative results of five major ginsenosides (Rb1, Rc, Rd, Re
nd Rg1) were shown in Table 2. Among them, ginsenoside Rb1
as the most abundant, followed by ginsenoside Re, Rd, Rc and
g1. Ginsenoside Rc, Rd, and Rg1 were quiet stable with gamma

rradiation treatment even up to 20 kGy since no significant reduc-
ion of their ginsenoside amounts were found between before and
fter treatment. After 20 kGy irradiation, less than 5% reduction
f contents of ginsenoside Rb1 and Re were observed. This small
mount of reduction for ginsenosides was acceptable, consider-
ng the contributions of gamma irradiation on eliminating PCNB
esidues and microbial decontamination. Hence, gamma irradia-
ion can be an alternative method to eliminate PCNB residues and

icrobes from ginseng without the significant loses of ginseno-
ides.

. Discussion
In this study, PCNB irradiated by Co-60 gamma ray showed sig-
ificant reduction in concentration. The main degradation product
f PCNB is PCA and such decomposition corresponded to the pho-
odegradation reaction done in referred studies [27]. PCNB has a
ider spectrum to against microorganisms and its inhibition to
s Materials 176 (2010) 280–287 285

soil microorganisms is at lower concentration than PCA. Thus, the
conversion of PCNB into PCA can be considered as a detoxification
step [28]. Results showed that at 5 kGy the nitro group of PCNB
in solution was firstly reduced to amine group to become PCA,
and as the increase of irradiation doses (10–25 kGy) one to two
chloride groups were removed from the benzene ring to become
isomers of TCNB (1,2,3,4-tetrachloro-5-nitrobenzene and 1,2,4,5-
tetrachloro-3-nitrobenzene) at 10–25 kGy, isomers TCBA (2,3,4,5-
tetrachlorobenzenamine and 2,3,5,6-tetrachlorobenzenamine) at
10–15 kGy, and isomers of Tri-CBA (2,3,4-trichlorobenzeamine,
2,4,5-trichlorobenzeamine, 2,4,6-trichlorobenzeamine, and 3,4,5-
trichlorobenzeamine) at 25 kGy. Moreover, the radiolytic product
of PCNB in 5 kGy gamma ray-irradiated American ginseng was also
pentachloroaniline (PCA). However, due to that the American gin-
seng extract has a complicated chemical system containing many
types of compounds; the signal of the radiolytic product (other
than PCA) of 3.7 ppm PCNB in higher doses of gamma ray-irradiated
American ginseng was not strong enough to be detected. Thus, the
radiolytic product of PCNB in higher doses of gamma ray-irradiated
American ginseng needed further investigation. Moreover, spiking
ginseng powder with a higher concentration of PCNB for irradi-
ation may be effective for studying the radiolytic pathway and
identifying the degraded products of PCNB in ginseng. In addi-
tion, whether an increase in the dose of radiation causes Tri-CBA
to be degraded or to be dechlorinated requires further investiga-
tion. Although the individual toxicity of each degraded product
still needs further investigation, the results of microbial growth
inhibition test showed that the total toxicity of residual PCNB and
its degraded products after the irradiation was significantly lower
than that of untreated PCNB. In addition, PCNB cytotoxicity to the
L929 cells decreased after PCNB was irradiated. Hence, the cyto-
toxicity and fungicide activity of irradiated PCNB were lower than
unirradiated PCNB.

The degradation reactions of PCNB by gamma ray might be
mainly caused by free radicals that attacked the benzene ring
and nitro group of PCNB through the electrophilic addition reac-
tion [29]. The free radical in the degradation process in this
study was measured. The radical concentrations that produced
the EPR signals detected in non-irradiated, 10 kGy irradiated and
25 kGy irradiated samples were 1.1092 × 1016, 7.8162 × 1016 and
1.3469 × 1017 spins/g, respectively. For the rise of radicals dur-
ing irradiation mainly resulted from the reaction between water
and radiation, the water content of Chinese herbals also would
affect the amount of radicals formed as well as the effectiveness
of PCNB decomposition and microbial inactivation. Generally, the
water content of dried ginseng roots was about 10–12% (w/w).
Thus, in this study, the standards of PCNB solutions were pre-
pared by using 90% methanol/H2O (v/v) for irradiation. In addition,
oxygen molecules may combine with free radicals to form the oxy-
genized free radicals and extend the lifetime of the free radicals.
Thus oxygen molecules inside the packaging might also enhance
the efficiency of free radicals on PCNB degradation or microbial
inactivation. This is the so-called the effects of oxygen enhance-
ment ratio [30]. Therefore, the water content and oxygen content
should be taken into consideration for irradiation. Compared with
the extraction methods used for decreasing the pesticides, gamma
irradiation is much easier to perform and has no requirement of
adding chemicals. For the future work, we will focus on the factors
affecting radiolytic efficiency of gamma irradiation on pesticides for
ginseng: irradiation dose-rate, packing condition (oxygen or nitro-
gen concentration in the package), moisture contain of ginseng, and

source of radiation.

As seeking the methods of microbial decontamination and PCNB
decomposition of Chinese herbals, the major effective ingredi-
ents of Chinese herbs should be preserved as much as possible.
The results indicated that after 20 kGy of radiation treatment, the
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Table 1
Effect of different doses of gamma irradiation on microbial contents in ginseng (CFU/g).

Irradiation dose (kGy) Total aerobic bacteria Molds and yeast Enterobacteriaceae

0 montha 6 montha 0 montha 6 montha 0 montha 6 montha

0 3.2 × 103–7.5 × 104 2.2 × 102–3.8 × 102 1.7 × 102–3.8 × 102 8.1 × 104–5.8 × 106 1.3 × 101–4.6 × 101 <101

2 1.4 × 103–7.4 × 103 1.6 × 102–2.9 × 102 2.1 × 102–2.9 × 102 7.6 × 105–9.7 × 105 <101 <101

4 2.1 × 102–4.1 × 102 9.1 × 101–1.4 × 102 1.1 × 101–3.2 × 101 1.8 × 104–4.3 × 104 ND ND
6 1.1 × 101–3.2 × 101 <101 <101 2.7 × 103–7.7 × 103 – –
8 <101 ND ND ND – –

10 ND – – – – –

ND indicates no microbe detected on plates; – indicates no determination of microbial growth.
Counts are average of five replication plates, and data are ranges of microbial contents from analyzed of ten samples of American ginseng.

a Storage period.

Table 2
Effects of gamma irradiation on major ginsenoside compositions of American ginseng.

Ginsenosidesa (mg/g) Irradiation dose (kGy)

0 5 10 15 20

Rb1 23.36 ± 0.74ab 23.79 ± 0.28a 23.37 ± 0.09b 22.68 ± 0.36c 22.26 ± 0.21c
Rc 3.28 ± 0.12a 3.33 ± 0.05a 3.30 ± 0.04a 3.27 ± 0.02a 3.21 ± 0.03a
Rd 5.05 ± 0.15a 5.19 ± 0.06a 5.13 ± 0.03a 5.01 ± 0.12a 5.21 ± 0.06a
Re 12.61 ± 0.41ab 12.82 ± 0.12a 12.42 ± 0.05b 12.21 ± 0.27ab 12.03 ± 0.12c
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Rg1 1.66 ± 0.14a 1.81 ± 0.03a

a Data are means ± standard deviation of three independent determinations, an
ignificantly different p < 0.05.

mounts of ginsenoside Rc, Rd and Rg1 did not decrease signifi-
antly, and less than 5% reduction for ginsenoside Rb1 and Re were
bserved that never reported previously. Hence, gamma irradia-
ion is an optimal method to decompose PCNB without obvious
eduction of ginsenosides. This preliminary study of using gamma
rradiation for photolysis of PCNB not only affords a useful way to
tudy pesticide degradation, but also provides an alternative way
or the treatment of other PCNB-contaminated Chinese medicines.
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