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bstract

The interest of many investigators in naphthoquinones is due to their broad-range of biological actions from phytotoxic to fungicidal. The main
im of this work was to investigate the influence of different pH values of cultivation medium on naphthoquinone content in Dionaea muscipula. For
his purpose, we optimized the simultaneous analysis of the most commonly occurring naphthoquinones (1,4-naphthoquinone, lawsone, juglone
nd plumbagin) by high performance liquid chromatography coupled with diode array detector (HPLC-DAD). The most suitable chromatographic
onditions were as follows: mobile phase: 0.1 mol l−1 acetic acid:methanol in ratio of 33:67 (%, v/v), flow rate: 0.75 ml min−1 and temperature:
2 ◦C. Moreover, we looked for the most suitable technique for preparation of plant samples (D. muscipula, Juglans regia, Paulownia tomentosa,
mpatience glandulifera, Impatience parviflora, Drosera rotundifolia, Drosera spathulata and Drosera capensis) due to their consequent analysis
y HPLC-DAD. It clearly follows from the results obtained that sonication were the most suitable technique for preparation of J. regia plants.
e also checked the recoveries of the determined naphthoquinones, which were from 96 to 104%. Finally, we investigated the changes in content
f plumbagin in D. muscipula plants according to different pH of cultivation medium. The content increased with increasing pH up to 5 and,
hen, changed gradually. The lower content of plumbagin at lower pH values was of interest to us. Therefore, we determined the content of this
aphthoquinone in the cultivation medium, what has not been studied before. We discovered that the lower tissue content of plumbagin was due
o secretion of this naphthoquinone into the cultivation medium.
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. Introduction

Interaction of species in an ecosystem is known to be deter-
ined by many factors, including the ability of microorgan-

sms or plants to excrete substances that affect the development
f other species. Such substances called allelopathic metabo-
ites cover a broad-range of metabolites including both sim-

le (organic acids, sugars, etc.) and complex (hormones, sec-
ndary metabolites, etc.) compounds inhibiting and/or stimulat-
ng metabolic processes [1].
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Naphthoquinones are one of the secondary metabolic groups
idespread in nature, where they mostly appear as chromatic
igments. They have been found in higher plants such as
lumbaginaceae, Juglandaceae, etc. [2–5], fungi (Marasmius
ramium and Verticillium dahliae) [1] and microorganisms
Streptomyces and Fusarium) [6]. Plant extracts containing
aphthoquinones have been used for a long time in traditional
edicines of number of nations for cancer and rheumatoid arthri-

is treatment, particularly extracts from Plumbago europaea for
itigation of toothache, extracts from Plumbago zeylanica for
reatment of diarrhoea, skin diseases and digestion malfunction
7,8].

The interest of many investigators in this class of compounds
s due to their broad-range of biological activities: phytotoxic
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dx.doi.org/10.1016/j.jchromb.2006.05.009
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ig. 1. Chemical structures of 1,4-naphthoquinone, lawsone, juglone and
lumbagin.

9–11], insecticidal [1], antibacterial [12–14] and fungicidal
13,14]. Besides that they have also cytostatic [13] and anti-
arcinogenic [1] properties. Their cytostatic and antimicrobial
ctivities emerge due to their ability to act as potent inhibitors of
lectron transport [15], as uncouplers of oxidative phosphory-
ation [16], as intercalating agents in the DNA double helix, as
ioreductive alkylating agents of biomolecules, and as producers
f reactive oxygen radicals by redox cycling under aerobic con-
itions [16,17]. An anticancer effect of naphthoquinones stimu-
ates an interest in determination and characterization of single
erivatives of 1,2- and 1,4-quinones in biological samples. High
erformance liquid chromatography with UV detection and elec-
rochemical techniques are the most commonly used methods for
hese purposes [18–21]. In addition de Paiva et al. [22] used mass
pectrometry as a tool for the study of plumbagin. The main aim
f this work was to investigate the influence of different pH val-
es of cultivation medium on naphthoquinone content in Venus’s
ytrap (D. muscipula). For these purposes it was necessary to
ptimize the simultaneous analysis of the most commonly occur-
ing naphthoquinones (1,4-naphthoquinone, lawsone, juglone
nd plumbagin; Fig. 1) by high performance liquid chromatog-
aphy coupled with a diode array detector (HPLC-DAD). The
ptimized technique was consequently used for detection and
uantification of naphthoquinones in plant materials (D. mus-
ipula, Juglans regia, Paulownia tomentosa, Impatience glan-
ulifera, Impatience parviflora, Drosera rotundifolia, Drosera
pathulata and Drosera capensis).

. Materials and methods

.1. Chemicals

Naphthoquinones (1,4-naphthoquinone, lawsone, juglone
nd plumbagin) were purchased from Sigma Aldrich Chemical
orp. (St. Louis, USA). Methanol for HPLC and other analyt-

cal reagents of ACS purity were also purchased from Sigma
ldrich. Solutions were prepared using deionised ACS water

Sigma). The stock standard solutions of naphthoquinones at
100 �g ml−1) were prepared in ACS methanol and stored in

he dark at 4 ◦C. The working standard solutions were prepared
aily by dilution of the stock solutions. All solutions were fil-
ered through a 0.45 �m Teflon membrane filter (MetaChem,
orrance, USA) prior to HPLC separations. The pH value was

e
q
t
s
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easured using WTW inoLab Level 3 (Weilheim, Germany)
ontrolled by a personal computer program (MultiLab Pilot;
eilheim, Germany).

.2. Plant materials

D. muscipula Ell. plants were originally established at the
epartment of Natural Drugs of the University of Veterinary

nd Pharmaceutical Sciences in Brno, and D. rotundifolia L., D.
pathulata Labill. and D. capensis L. at the Faculty of Science of

asaryk University in Brno, Czech Republic. The whole plants
ere cultivated on 20 ml of Murashige Skoog Medium (MS)
ith addition of sucrose (30 g/l) and activated carbon (1.5 g/l)

n Erlenmayer flasks (250 ml); the total volume of cultivation
edium was 50 ml. The plants were cultivated in cultivation

oxes (laminar box Aura Mini, BioTech Instruments, Prague,
zech Republic) for 1 month, 14 h long daylight per day (max-

mal light intensity was about 100 �Em−2 s−1) at a temperature
6 ± 0.5 ◦C and humidity 60 ± 5%. Sub-cultivation of stock cul-
ures was done at 2-month intervals. pH values of cultivation

edium (D. muscipula) was adjusted by addition of 1 M NaOH
nd/or 1 M HCl.

P. tomentosa (Thunb.) Sieb. & Zucc. ex Steud., J. regia L.,
. glandulifera Royle and I. parviflora DC. were grown in a
arden placed at the University of Veterinary and Pharmaceutical
ciences, Brno.

.3. HPLC analysis

An HP 1100 liquid chromatographic system (Hewlett
ackard, Waldbronn, Germany) was equipped with a vacuum
egasser (G1322A), a binary pump (G1312A), an auto sam-
ler (G1313A), a column thermostat (G1316A), and a UV–vis
iode array detector (model G1315B) working at 190–690 nm.
hemStation software (Rev. A 08.01) was used to control the
ntire liquid chromatographic system. Spectra were registered
n the range of 190–400 nm (SBW 100 nm). The wavelength
sed for simultaneous determination of the naphthoquinones
f interest was 260 nm. Naphthoquinones were separated on
reversed-phase Zorbax C18-AAA chromatographic column

150 mm × 4.6 mm, 3.5 �m particle size, Agilent Technologies,
SA) in an isocratic mode. Auto sampler injection was 5 �l.

nternal standard was 1,4-quinone. For other chromatographic
onditions such as composition of mobile phase, flow rate of
obile phase, see Section 3.

.4. Sample preparation

After weighing, leaves of J. regia were immediately chopped
nd extracted using hexane, methanol or acetonitrile. Accel-
rated solvent extraction (ASE) was performed using a PSE
xtractor (Applied Separations, USA) [23,24]. Briefly, the sam-
le (J. regia; 0.10 g ± 5 mg) was wrapped with filter paper (small

nvelope-like format) and sprinkled with SPE-edTM matrix. 1,4-
uinone was used as an internal standard and was pipetted onto
he top of the sample. The mixture was placed into a 10 ml
tainless steel extraction cell and extracted under controlled
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onditions with a pre-heating period (5 min), the solvent hex-
ne; temperature 40 ◦C, pressure 150 bar; two extraction cycles
5 min), and 90 s using pressurized nitrogen. The final extracts
ere collected in 30 ml glass vials with Teflon coated rubber caps

nd evaporated to dryness in a rotary vacuum evaporator (IKA
V 05-ST) with an HB 4 water bath (both, IKA-Werke GmbH
nd Co., Staufen, KG, Germany). The residue was reconstituted
n 1 ml methanol and filtered through a 0.45 �m Teflon mem-
rane filter (MetaChem, Torrance, CA, USA) prior to injection
nto the HPLC system.

Plant samples (D. muscipula, Drosera sp., Impatience sp.,
. tomentosa and J. regia) were lyophilized at −51 ◦C for
8 h (CHRIST-Alpha 1-2). Then the lyophilized samples were
omogenized by an Ika A11 basic grinder (IKA Werke GmbH
nd Co., Staufen, KG, Germany). The homogenized samples
0.02–0.10 g) were dissolved in 5 ml of 99.999% methanol and
onicated at the laboratory temperature for 30 min using a K5
onicator (Czech Republic) at 150 W, 38 kHz. The samples were
ltered through a 0.45 �m Teflon membrane filter (MetaChem)
rior to injection into the HPLC system.

.5. Accuracy, precision and recovery

Accuracy, precision and recovery of naphthoquinones were
valuated with homogenates of the analyzed plant tissues

piked with standards. Before extraction was carried out, 100 �l
aphthoquinone standards (concentrations varying from 10
o 2500 �g g−1), 100 �l water and 100 �l 1,2-quinone were
dded to the plant tissue sample. Precision (coefficient of

T
t
t
[

ig. 2. An influence of different methanol content in a mobile phase on retention tim
PLC-DAD chromatograms of 1,4-naphthoquinone, lawsone, juglone and plumbag
AD conditions were as follows: mobile phase: 0.1 mol l−1 acetic acid:methanol in ra
hromatograms were registered at 260 nm. For other details see Section 2.
gr. B 842 (2006) 28–35

ariation; % CV) of intra-day assay was performed using
ix homogenates. Inter-day precision was determined by ana-
yzing six homogenates over a 5-day period. Homogenates
ere assayed blindly and naphthoquinone concentrations were
erived from the calibration curves. Accuracy was evaluated by
omparing the estimated concentration with the known concen-
rations of naphthoquinones. Calculation of accuracy (% Bias),
recision (% CV) and recovery was expressed according to refs.
25–27].

.6. Statistical analysis

STATGRAPHICS® (Statistical Graphics Corp.®, USA)
as used for statistical analyses. Results are expressed as
ean ± S.D. unless noted otherwise. Value of p < 0.05 was con-

idered significant.

. Results and discussion

The development of new analytical techniques used for a
etermination of biologically active compounds is one of the
ost important tasks of analytical chemistry, biochemistry and

harmacy [24,27–35]. Here we wished to study the content of
aphthoquinones (1,4-naphthoquinone, lawsone, juglone and
lumbagin; Fig. 1) in different plant species by HPLC-DAD.

herefore, primarily it was necessary to optimize their simul-

aneous analysis. The HPLC-DAD chromatographic determina-
ion of naphthoquinones has been described by several authors
18,36,37]. Nevertheless, here we used a new technique for the

e, peak height, symmetry and peak area of the studied naphthoquinones (A).
in at three different concentrations of 6.75, 12.5 and 25 �g ml−1 (B). HPLC-
tio of 33:67 (%, v/v) except (A); flow rate: 0.75 ml min−1; temperature: 42 ◦C.
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Table 1
HPLC-DAD characteristics of analysed naphthoquinones (n = 5)

Naphthoquinone tR (min) Equationa R2 LOD (ng ml−1)b LOQ (ng ml−1)b R.S.D. (%)b

1,4-Naphthoquinone 3.78 y = 7.9563x − 0.7992b 0.9997b 8 26.6 1.91
y = 45.988x − 4.2282c 0.9999c

Juglone 4.67 y = 3.1169x − 0.5831b 0.9998b 21 69.9 2.25
y = 20.887x − 3.2387c 0.9997c

Lawsone 3.05 y = 2.3858x − 0.6076b 0.9998b 28 94.0 2.86
y = 15.716x − 2.4979c 0.9993c

Plumbagin 7.49 y = 2.4026x − 0.2810b 0.9997b 27 88.5 1.11
y = 24.814x − 4.2983c 0.9998c
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a The concentration range was from 0.1 to 35 �g ml−1.
b The equation was derived from the dependence of the peak height on the na
c The equation was derived from the dependence of the peak area on the naph

valuation of chromatographic parameters according to Pote-
il et al. [27]. We found that changing the ratio of aqueous
nd organic part of the mobile phase markedly influenced sep-
ration and detection of the studied naphthoquinones. To be
pecific, we changed the ratio of methanol and 0.1 mol l−1 acetic
cid (50, 60, 65, 70 and 80% of methanol; v/v) and observed
hanges in retention time, peak height, symmetry and peak area
Fig. 2A). The peak heights increased and peak area did not
hange with increasing methanol content. Moreover the reten-
ion times of naphthoquinones decreased, but the resolution of
awsone and 1,4-naphthoquinone signals was poor at a content
f methanol of more than 70% (Fig. 2A). It is evident that the
ost suitable content of methanol lies between 60 and 70%.
herefore, we thoroughly studied this interval (not shown). On

he basis of the obtained results we selected the ratio of acetic
cid:methanol of 33:67 (%, v/v) as the most suitable for the
imultaneous determination of naphthoquinones. We also inves-
igated the influence of other chromatographic conditions such
s flow rate of the mobile phase and temperature on the simul-
aneous determination of naphthoquinones and found out that
he most suitable conditions were as followed: mobile phase:
.1 mol l−1 acetic acid:methanol in ratio of 33:67 (%, v/v);
ow rate: 0.75 ml min−1; temperature: 42 ◦C. We obtained well

eveloped, separated, reproducible and symmetrical signals of
he studied naphthoquinones using the mentioned conditions
Fig. 2B). In addition the dependence of an absorbance on
aphthoquinone concentration were strictly linear in the stud-

(
w
M
n

able 2
ecovery of naphthoquinone compounds from Dionaea muscipula, Drosera rotundif

n = 3)

lant species Naphthoquinone Homogenate (�g g−1)a,b,c Sp
(�

ionaea muscipula Plumbagin 8267 ± 200 (2.4) 25
rosera rotundifolia Plumbagin 22.3 ± 0.7 (3.1) 9

uglans regia Juglone 4980 ± 160 (3.2) 10
mpatience glandulifera Lawsone 539 ± 14 (2.6) 1

Plumbagin 41.2 ± 1.4 (3.4) 10
aulownia tomentosa Plumbagin 29.1 ± 0.9 (3.1) 9

a Amounts of the naphthoquinones per gram of dry weight.
b Results expressed as a mean ± S.D. (CV %).
c Internal standard (quinone) was added.
quinone concentration.
inone concentration.

ed concentration interval (0.1–35 �g ml−1, Table 1). Relative
tandard deviations (R.S.D.) were about 3% (n = 5). The cali-
ration curve equations, LODs and LOQs are shown in Table 1.

.1. Extraction of naphthoquinones

As soon as we optimized the HPLC-DAD determination
f naphthoquinones, we applied this technique for the deter-
ination of the naphthoquinones in plants. Therefore, it was

ecessary to select the most effective technique for a prepara-
ion of a real sample. We have found that a number of authors
ave extracted the naphthoquinones by different organic solvents
sing different extraction conditions, but authors, which have
ompared the effectiveness of solvents, have not been found.
rimarily we tested the influence of hexane, methanol or ace-

onitrile on amounts of juglone extracted from leaves of walnut
J. regia), which contain higher amounts of this naphthoquinone
5,19]. When we analyzed the extracts, we observed the sig-
al of juglone at a retention time of 5 min (not shown). The
ighest yield of juglone was obtained when methanol was used
s an extraction solvent and the lowest when we used hexane
Fig. 3a). In addition we tested the influence of temperature
n the yield of juglone using accelerated solvent extraction

ASE). We found that the yield of juglone markedly decreased
ith increasing temperature (more than 60% at 60 ◦C, Fig. 3b).
oreover, we tried to extract 1,4-naphthoquinone, but free 1,4-

aphthoquinone does not occur in plant samples. The extraction

olia, Juglans Regia, Impatience glandulifera and Paulownia tomentosa plants

iking naphthoquinone
g g−1)a

Homogenate + spiked
naphthoquinone (�g g−1)a

Recovery (%)

08 ± 86.9 (3.5) 10379 ± 529 (5.1) 96
.9 ± 0.4 (4.0) 31.7 ± 1.1 (3.5) 98

98 ± 48.9 (4.5) 6325 ± 258 (4.1) 104
08 ± 3.9 (3.6) 665 ± 25 (3.8) 103
.4 ± 0.2 (1.9) 50.4 ± 1.6 (3.2) 98
.9 ± 0.2 (2.0) 40.1 ± 1.0 (2.5) 100
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Fig. 3. Sample preparation (leaves of Juglans regia). An effect of differ-
ent solvents (a) and temperature (b) on yield of juglone (a and b) and
1,4-naphthoquinone (b). Peak area of 111 mAU/s (a) and 223/246 mAU/s
(juglone/1,4-naphthoquinone, (b) corresponds to the 100%. For other details
see Sections 2 and 3.
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Table 3
Precision and recovery of naphthoquinones for Dionaea muscipula, Drosera rotundif

Plant specie Naphthoquinone Homogenate
(�g g−1)a,b,c

Dionaea muscipula Intra-day (n = 6) Plumbagin 8245 ± 196 (2.4
Inter-day (n = 30) Plumbagin 8185 ± 257 (3.1

Drosera rotundifolia Intra-day (n = 6) Plumbagin 22.1 ± 0.6 (2.7)
Inter-day (n = 30) Plumbagin 23.1 ± 0.9 (3.9)

Juglans regia Intra-day (n = 6) Juglone 5025 ± 135 (2.7
Inter-day (n = 30) Juglone 5145 ± 197 (3.8

Impatience glandulifera Intra-day (n = 6) Lawsone 518 ± 15 (2.9)
Inter-day (n = 30) Plumbagin 41.4 ± 1.6 (3.9)
Intra-day (n = 6) Lawsone 546 ± 25 (4.6)
Inter-day (n = 30) Plumbagin 42.4 ± 1.8 (4.2)

Paulownia tomentosa Intra-day (n = 6) Plumbagin 29.5 ± 1.1 (3.7)
Inter-day (n = 30) Plumbagin 30.0 ± 1.5 (5.0)

a Amounts of the naphthoquinones per gram of dry weight.
b Results expressed as a mean ± S.D. (CV %).
c Internal standard (quinone) was added.
gr. B 842 (2006) 28–35

f this naphthoquinone depends on the preparation of a sam-
le using ASE. Using higher temperatures and pressures in the
xtraction procedure caused release of the 1,4-napthoquinone
rom juglone. It clearly follows from the obtained results that
SE is not suitable for the preparation of plant tissues due to
ecomposition of studied naphthoquinone derivatives. There-
ore, we prepared the walnut leaves by sonication (for other
etails see Section 2). We obtained higher amounts of juglone
sing sonication in comparison with the ASE technique and,
oreover, did not detect any 1,4-naphthoquinone. Sonication

ppears to be more compatible with naphthoquinones and uses
ower volumes of extraction solvents. That is why sonication
as the most suitable method for extraction of naphthoquinones

rom plant tissues. In addition we determined the extraction effi-
iency of the studied naphthoquinones from D. muscipula, J.
egia, P. tomentosa, I. glandulifera, I. parviflora, D. rotundifolia,
. spathulata and D. capensis tissues. To be specific, recovery
as checked for the compounds of interest by addition of known

mounts of the determined naphthoquinone working standards
o homogenates (Table 2). Recoveries of the determined naph-
hoquinones ranged from 96 to 104% (Table 2). Reproducibility
f the procedure was tested by analyzing representative sam-
les in six replicates over 5 days (Table 3). Good precision was
btained for all naphthoquinones in plant samples with % CVs
anging from 2.4 to 4.9% in the intra-assay. The inter-assay %
Vs ranged from 3.1 to 6.8%; overall recoveries were from 95

o 105% (n = 30) and accuracy (% Bias) was about ±5%.

.2. Analysis of plant samples

We applied the optimized HPLC-DAD technique for analysis

f plant tissue samples (D. muscipula, J. regia, P. tomentosa, I.
landulifera, I. parviflora, D. rotundifolia, D. spathulata and D.
apensis). The obtained chromatograms of analysis of extracts
rom D. muscipula, D. rotundifolia, I. glandulifera and P. tomen-

olia, Juglans Regia, Impatience glandulifera and Paulownia tomentosa plants

Spiking naphthoquinone
(�g g−1)a

Homogenate + spiked
naphthoquinone (�g g−1)a

Recovery (%)

) 2478 ± 96 (3.9) 10496 ± 515 (4.9) 98
) 2 611 ± 100 (3.9) 10254 ± 635 (6.2) 95

10.0 ± 0.4 (4.0) 31.9 ± 0.7 (2.2) 99
10.2 ± 0.5 (4.9) 35.1 ± 1.1 (3.5) 105

) 1048 ± 34 (3.2) 6115 ± 189 (3.1) 101
) 1057 ± 59 (5.6) 6446 ± 324 (5.0) 104

111 ± 4.0 (3.6) 642 ± 28 (4.4) 102
10.6 ± 0.4 (3.8) 50.2 ± 1.9 (3.8) 97
115 ± 5.0 (4.3) 689 ± 34 (4.9) 104

10.6 ± 0.6 (5.7) 54.1 ± 2.7 (5.0) 102

9.9 ± 0.3 (3.0) 39.8 ± 1.4 (3.5) 101
10.3 ± 0.7 (6.8) 41.5 ± 1.8 (4.3) 103
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Fig. 4. HPLC-DAD chromatograms of plant samples (A): Dionaea muscipula (a), Drosera rotundifolia (b), Impatience glandulifera (c) and Paulownia tomentosa
( lone s
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d). Diode array spectrums (B) of plumbagin standard and a sample (a), of jug
etails see Fig. 2 and Section 2.

osa are shown in Fig. 4Aa–d, respectively. The amounts of
aphthoquinones detected in plant samples are shown in Table 4.
o be specific, in D. rotundifolia we detected plumbagin (DAD
pectrum is shown in Fig. 4Ba) and a compound, which we
alled a juglone-derivative, because the DAD spectrum of this
ompound is very similar to that of juglone (Fig. 4Bb). Except for
lumbagin and lawsone, we determined that I. glandulifera also
ontained a compound, whose DAD spectrum is very similar to

awsone (Fig. 4Bc). Therefore, we denoted this compound as a
awsone derivative. A detailed identification of the “derivative”
ompounds will be published elsewhere. In addition, we have

able 4
mounts of the naphthoquinones in plant tissue samples (n = 3)

lant species Amounts of a naphthoquinone
(�g per gram of dry weight)

Lawsone Juglone Plumbagin

uglans regiaa – 4980 ± 160 –
awlovnia tomentosaa – – 29.1 ± 0.9
mpatience gladulifera 539 ± 14 – 41.2 ± 1.4
mpatience parviflora 254 ± 5 – 45.4 ± 1.5
rosera rotundifolia – – 22.3 ± 0.7
rosera spathulata – – 19.6 ± 0.6
rosera capensis – – 11.1 ± 0.3
ionaea muscipula – – 8267 ± 200

a Leaves were the analyzed plant tissue.
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M
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tandard and a sample (b) and of lawsone standard and a sample (c). For other

ot evaluated the possibility of interference of isoflavonoids or
ome other phenolics in our assay [38], because we evaluated
electivity of the analysis by standard additions and by compar-
ng of diode array spectrums obtained with standards.
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Fig. 5. Morphological changes of Dionaea muscipula caused by increasing pH of cultivation medium (A). Dependence of dry weight and plumbagin content in
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. Conclusions
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ultivation at different conditions. Here, we optimized and used
PLC-DAD to simultaneously determine of naphthoquinones in
ifferent plant species. Plumbagin was determined in almost all
f the analyzed samples except J. regia, where we quantified mil-
igrams of juglone per gram. Moreover, we studied the changes
n the content of plumbagin in D. muscipula plants with regard

o pH of cultivation medium. We found that the carnivorous
lant secretes plumbagin at lower pHs (2–3) of the cultivation
edium, which probably relates to their ability to survive in an
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