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a b s t r a c t

Aristolochic acids (AAs) are a family of structurally related nitrophenanthrene carboxylic acids existing in
Aristolochia, Bragantia, and Asarum species. AAs have been proven to have nephrotoxic and carcinogenic
toxicity. In this study, a novel pre-column fluorescence derivatization procedure followed by high-
performance liquid chromatography-fluorescence detection (HPLC-FLD) is developed for the analysis
of AAs in medicinal herbs. The nitro group in the phenanthrene ring of AAs was removed by NaBH4

in water–THF (2:1, v/v), resulting in the corresponding aristolic acids. The analysis of AAs in medicinal
herbs was based of the sensitive fluorescence detection of aristolic acids after the chemical derivatiza-
tion. Because the produced aristolic acids are highly fluorescent the limit of detection (LOD) of AAI and
re-column fluorescent derivatization
igh-performance liquid chromatography
luorescence detection

AAII were lowered to 0.06 and 0.04 ng/mL, respectively, which is at least an order of magnitude lower
than those in the reported HPLC and LC–MS methods. Good linearity with correlation coefficients higher
than 0.997 were obtained for AAI and AII in the calibration ranges of 0.2–800 ng/mL. The derivatization
conditions such as reaction temperature, time and the amount of NaBH4 were optimized. The devel-
oped method provided satisfactory intra-day and inter-day precisions with RSDs less than 1.4% and 3.8%,
respectively. The relative analytical error was less than 7% for the analysis of AAI and AAII in spiked matrix

samples.

. Introduction

Aristolochic acids (AAs), derived from Aristolochia, Bragantia,
nd Asarum species, is a family of structurally related nitrophenan-
hrene carboxylic acids, mainly consisting of aristolochic acid I
AAI) and aristolochic acid II (AAII) (Fig. 1) [1–3]. AA-containing
erbs were traditionally used for the treatment of snake bites and
ere once promised in drug discovery and development due to

ts anti-inflammatory properties [4–6]. The use of herbal prod-
cts containing AAs, however, is now banned in the U.S., Australia,
anada and many European and many Asian countries because
f the awareness of nephrotoxic and carcinogenic toxicity [7–10].
evertheless, many herbal products sold on the market are still
ften found to be adulterated with Aristolochia species because of
he complexity of the pharmacopoeia and the similarity of their

hinese names [11]. Furthermore, the control measures in place in
any countries or regions do not cover all AAs-containing herbs.

everal AAs-containing herbs (e.g., Herba Asari or Xixin) may still
e sold on the market because of their “at lower dose or shorter
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duration” applications for anti-inflammatory and anti-virus. There
is already one recent report from Taiwan about AAN after taking
Xixin [12]. Although materials with “detectable level” of AAs may
be prohibited, the detection limits of current conventional methods
are too high. Prolong exposures to the AAs-containing medicinal
materials, even with low contents, have induced kidney disease or
cancer in Hong Kong [13].

Therefore, to minimize the risk of human exposure to aris-
tolochic acids, development of a high sensitive and specific method
for the trace analysis of AAs in herbal products is urgently required.
Compared to other reported analytical methods including CE-UV
[14,15], CE-ECD [16], HPLC-UV [17,18], HPLC–MS [19–21] and ELISA
[22], high-performance liquid chromatography with fluorescence
detection (HPLC-FLD) was shown to have better sensitivity for the
determination of AAs [23,24]. Because the presence of nitro group
strictly quenches the fluorescence of AAs, attempt to improve their
fluorescence characteristics by pre-column derivatization proce-
dure may play an important role in the HPLC-FLD analysis of AAs at

trace levels. To the best of our knowledge, derivatization strategy
was so far primarily directed at the conversion of AAs to aristo-
lactams with a Zn/Fe-reduction reaction in acidic medium [23,24].
In this paper, a novel approach with the fluorescence derivatiza-
tion of AAs is described. The non-fluorescent AAs were converted

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:zwcai@hkbu.edu.hk
dx.doi.org/10.1016/j.jpba.2010.03.014
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Fig. 1. Derivatization reaction of aristolochic acids (A

nto the highly fluorescent aristolic acids, which allowed a much
ore sensitive determination of AAs than the existing reported
ethods.

. Experimental

.1. Chemicals and reagents

Aristolochic acid (98% purity), containing AAI 97%, was pur-
hased from Acros (NJ, USA). Aristolochic acid II (98.75% purity)
as obtained from Hong Kong Jockey Club Institute of Chinese
edicine Limited (Hong Kong SAR, China). Herbal samples Madoul-

ng, Qingmuxiang, Tianxianteng and Xixin were purchased from local
hinese medicine market with special permission. Sodium boro-
ydride (NaBH4) and anhydrous sodium sulfate (Na2SO4) were
urchased from Acros (NJ, USA). Acetic acid and hydrochloric acid
ere obtained from Panreac (Barcelona, Spain).

Methanol of HPLC grade was purchased from Tedia (Fairfield,
H, USA). Tetrahydrofuran (THF) of analytical grade was obtained

rom Labscan (Bangkok, Thailand). Milli-Q water (18.2 M�) was
repared using a Milli-Q Ultrapure water purification system (Mil-

ipore, Billerica, USA).

.2. Synthesis and characterization of aristolic acids I and II

Aristolic acids I and II were synthesized from AAI and AAII. The
ynthetic pathway is shown in Fig. 1. In a round-bottomed flask
quipped with magnetic stirrer and condenser, a solution of AAI
r AAII (20 mg) in a mixture of water–THF (3 mL, 2:1, v/v) was
repared. NaBH4 (50 mg) was then added. The mixture was vig-
rously stirred for 1 h at 60 ◦C and THF was then evaporated under
acuum. The residue was acidified with hydrochloric acid to pH 4
nd extracted with ethyl acetate twice. The combined ethyl acetate
as washed with water, dried over anhydrous Na2SO4, filtered and

oncentrated. The aristolic acids product was purified with recrys-
allization from hot ethanol. The obtained aristolic acids I and II
ere characterized by 1H NMR and HRMS experiments. For aris-

olic acid I, 1H NMR (DMSO-d6, 400 MHz): ı (ppm) 8.82 (1H, d,
= 9.6 Hz), 8.65 (1H, d, J = 8.8 Hz), 8.05 (1H, d, J = 9.6 Hz), 7.83 (1H, s),
.62 (1H, t, J = 8.0 Hz), 7.24 (1H, d, J = 8.0 Hz), 6.6 5 (1H, s), 6.40 (2H,
), 4.00 (3H, s). HRMS (ESI): calcd for C17H12O5 ([M+Na]+) 319.0582,
ound 319.0597. For aristolic acid II, 1H NMR (DMSO-d6, 400 MHz):

(ppm) 13.18 (1H, s), 9.06 (1H, d, J = 9.6 Hz), 8.82 (1H, d, J = 9.6 Hz),
.99 (1H, d, J = 9.6 Hz), 7.89 (1H, s), 7.81 (1H, d, J = 9.6 Hz), 7.70
2H, m), 6.45 (2H, s). HRMS (ESI): calcd for C16H10O4Na ([M+Na]+)
89.0477, found 289.0486. The purity of the synthesized aristolic
cids was better than 98% from the HPLC analysis.
o aristolic acids with NaBH4 in water–THF (2:1, v/v).

2.3. Preparation and derivatization of herbal samples

Individual herbal samples were powdered and sieved before
use. For the analysis of individual sample, 80 mg of powder was
weighed and dissolved in 2 mL 70% (v/v) methanol aqueous solu-
tion. The solution was sonicated at room temperature for 30 min
and centrifuged at 13,000 rpm for 10 min. The supernatant was
collected and the residue was re-extracted in the same way. The
solvent extracts were combined. A portion of 1 mL of the combined
extracts was transferred to an HPLC vial for the direct determina-
tion of native aristolic acids. Another portion of 2 mL of the extracts
were transferred to polypropylene screw-capped glass tube for the
chemical derivatization. After being concentrated to dryness under
nitrogen gas stream at 40 ◦C, 3 mL of the mixture of water–THF
(2:1, v/v) and 10 mg of sodium borohydride were added. The solu-
tion was heated at 80 ◦C for 15 min. After being cooled, the solution
was acidified with 500 �L of 4 M hydrochloric acid and diluted to
the volume of 5 mL with water–THF (2:1, v/v). The solution was
centrifuged at 13,000 rpm for 5 min before the supernatant was
transferred to an HPLC vial for the HPLC-FLD analysis.

For the method development and validation, combined herbs of
Tianxianteng and Xixin were used as sample matrix. Similar amount
of each herb powder were mixed. 80 mg of the mixed sample was
extracted with 70% (v/v) methanol aqueous solution. The extract
was used for the investigations of method accuracy and precision.
The levels of AAs were determined before the herb matrix was used
for the method validation.

2.4. Instrument and conditions

HPLC-FLD analysis was performed on a Waters Alliance 2695
HPLC system equipped with a 2475 fluorescence detector. A
reverse-phase column (Agilent C18, 150 mm × 4.6 mm, 5 �m) was
used with a flow rate of 1 mL/min. The mobile phase consisted of
water containing 0.2% acetic acid (A) and methanol (B). The gra-
dient elution was programmed as follows: 0–10 min, 10–50% B
and 10–30 min, 50–60% B. The injection volume was 20 �L. Fluo-
rescence detection was performed at the optimized excitation and
emission wavelengths of 316 and 421 nm, respectively.

Steady-state fluorescence excitation and emission spectra were
recorded on a fluorescence spectrophotometer (F-4500, Hitachi,
Japan). Fluorescence quantum yield was measured using quinine

sulfates as the standard (˚F = 0.546 in 0.5 mol L−1 H2SO4) [25].
1H NMR spectra were obtained on a NMR spectrometer (AV400,
Bruker, Switzerland). High resolution mass spectrometric analysis
was performed on a quadrupole time-of-flight mass spectrometer
(QSTAR, Applied Biosystems, USA).
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ig. 2. Fluorescence excitation (left) and emission (right) spectra of aristolic acid
ercentage of water was increased from 20%, 50% to 80%.

.5. Quantitative analysis of AAI and AAII

The quantitative analysis of AAI and AAII was performed after
he AAs were converted to corresponding aristolic acids. The anal-
sis with the derivatization of AAs to aristolic acids was based on
he AAs calibration curves. Depending on the levels of AAs in each
ndividual herb sample, the extract might need to be diluted and
eanalyzed in order to locate the peak intensity of AAI and AAII
ithin the dynamic calibration ranges. The calibration curve was

stablished by using AAs standards with the same derivatization
rocedure as that used for the sample analysis. If native aristolic
cids were detected in herbal samples, the levels of the aristolic
cids converted from AAI and AAII were calculated by subtracting
he background levels of aristolic acids from the total aristolic acids
evels detected in derivatized samples.

For the analysis of AAs-spiked samples used in method valida-
ions, the final concentrations of AAI and AAII were calculated by
ubtracting the levels of AAs existing in the combined herb matrix
rom the total concentrations. The recovery of the entire sample
reparation including the chemical derivatization was determined
y the comparison with the analysis of the synthesized aristolic
cids.

. Results and discussion
.1. Fluorescence spectra of aristolic acids I and II

The excitation and emission spectra of aristolic acids I and II in
he mixture of methanol and water containing 0.2% acetate acid,
nd II (B) in the mixture of methanol and water containing 0.2% acetate acid. The

in accordance with the mobile phases used in the HPLC-FLD anal-
ysis, were acquired for investigating the optimal excitation and
emission wavelengths. As shown in Fig. 2, the aristolic acids exhib-
ited a maximal fluorescence around the emission wavelength 450
and 400 nm, respectively. With increasing the content of water in
methanol–water mixture from 20% to 80%, the fluorescence inten-
sity of aristolic acids I and II was attenuated by factors of 1.35 and
1.38, respectively, accompanied by a red shift of fluorescence emis-
sion. The results suggested that higher percentage of methanol in
mobile phases should be applied in order to increase the enhance-
ment of detection sensitivity. In contrast, solvent change exerts
little influence on the excitation spectra of aristolic acids I and II.
Therefore, excitation wavelength at 316 nm and emission wave-
length at 421 nm, instead of their maximum emission wavelength,
were selected in the HPLC-FLD analysis for the simultaneous sen-
sitive detection of the aristolic acids.

3.2. Optimization of derivatization conditions

Investigations on the derivatization conditions were performed
to achieve the best yield of aristolic acids I and II. Reaction time was
varied from 5, 10, 15, 30, 45, to 60 min and reaction temperature
was ranged from 60, 70 to 80 ◦C. The results illustrated in Fig. 3
indicated that the reaction yield of aristolic acids highly depended

on the reaction temperature and time. Generally, higher reaction
temperature and prolonged reaction time favored the formation of
aristolic acids I and II. At 80 ◦C, however, the yield of the aristolic
acids decreased after 15 min, indicating the probable occurrence of
side reaction. Therefore, the reaction conditions at 80 ◦C and 15 min



40 L. Guo et al. / Journal of Pharmaceutical and

F
A

w
s
t
r
A
i

3

m
c
c
a

tization of AAs to aristolic acids was based on the quantitation

T
A

ig. 3. Effect of reaction temperature and time on the derivatization efficiency of
AI (a) and AAII (b).

ere selected. It has been reported that the herbs of Aristolochia
pecies include a large number of aristolochic acid derivatives [3]
hat contain a nitro group in the phenanthrene ring and thus may
eact with NaBH4. To ensure the complete derivatization of AAI and
AII in herbal samples, a 200-fold molar excess of NaBH4 was used

n the reaction.

.3. Method validation
The spiked matrix samples were analyzed for evaluating the
ethod accuracy and precision by using the developed analyti-

al method using AAs calibration curves. AAI and AAII at different
oncentrations were prepared and produced aristolic acids were
nalyzed by using the optimized derivatization procedure and

able 1
ccuracy and precision for the quantitative analysis of AAI and AAII.

Spiked level (ng/mL) Accuracy

Found level a (ng/mL)

AAI 0.10 0.11
1.5 1.49 −

15 15.6

AAII 0.10 0.11
1.5 1.44 −

15 14.1 −
a n = 3.
b n = 7.
Biomedical Analysis 53 (2010) 37–42

separation conditions. The peak areas of aristolic acids from the
HPLC-FLD determination were plotted against the concentrations
of AAI and AAII. Calibration curves with AAs concentrations from
0.2 to 800 ng/mL were separately established for AAI and AAII with
correlation coefficients better than 0.997.

Limit of detection (LOD) and limit of quantification (LOQ) were
obtained at levels giving signal-to-noise ratio (S/N) of 3 and 10,
respectively. The LOD was 0.06 ng/mL for AAI and 0.04 ng/mL for
AAII, which is an order of magnitude lower than those reported
based on the reduction of aristolochic acids (AAs) to aristolactams
by Zn or Fe powder in acidic medium [23,24]. The higher native
fluorescence efficiency of aristolic acids than the corresponding
aristolactams provided the enhanced sensitivity of HPLC-FLD anal-
ysis in the current method with the derivatization of AAs to aristolic
acids. For aristolic acids I and II, ˚F was 0.38 and 0.26. For aristo-
lactams I and II, ˚F was 0.17 and 0.12, respectively.

Sample preparation recovery of AAI and AAII during the sam-
ple preparation procedure including the derivatization yield of AAI
and AAII to aristolic acids was evaluated. Herbal sample extracts
spiked with known amounts of AAI and AAII at 0.3 ng/mL were ana-
lyzed. The produced aristolic acids or derivatization products were
quantified by using the synthesized aristolic acids as the calibration
standards. The levels of aristolic acids were compared to their cor-
responding theoretical amounts that could be calculated from the
known amounts of spiked AAI and AAII for obtaining the sample
preparation recovery data. The results indicated that the recovery
was better than 87% for both AAI and AAII.

The method accuracy expressed by relative error was deter-
mined by adding a standard mixture of AAI and AAII to herbal
sample extract at low, medium and high concentrations (Table 1).
Matrix blank was analyzed prior to the experiments for method
accuracy and precision. The matrix blank and matrix spiked
samples were derivatized and quantified. A typical HPLC-FLD chro-
matogram obtained from the analysis of a derivatized matrix spiked
sample with AAI at 0.29 nM and AAII at 0.32 nM is shown in Fig. 4A.
Because the matrix blank contained AAI and AAII, the added levels
of AAs were determined by subtracting background levels in matrix
blank from the total measured concentrations. The obtained data
showed that analytical error was ranged from −0.7% to +6.9% for AAI
and from −3.9% to +6.3% for AAII. Intra-day precision was assessed
by replicate measurements (n = 7) of the derivatized aristolic acids
I and II within one day and inter-day precision was evaluated
by analysis of the samples on seven different days. As shown in
Table 1, intra-day precisions (RSD) were within 0.6–1.3% for AAI and
0.6–1.4% for AAII. Inter-day precisions (RSD) were within 2.0–3.8%
for AAI and 1.4–3.5% for AAII.

The analysis of AAI and AAII in herb samples through the deriva-
using AAI and AAII calibration curves. Due to the available of the
synthesized standards of aristolic acids or derivatization products,
however, the analysis of AAI and AAII could also be performed by
using the calibration curves of aristolic acids.

Precision

Rel. error (%) Intra-day b (RSD, %) Inter-day b (RSD, %)

+6.9 1.3 3.8
0.7 0.7 2.4

+4.1 0.9 2.0

+6.3 1.4 3.5
3.9 0.8 1.4
5.8 0.6 2.3
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Table 2
Concentration of aristolochic acids determined in the herbal samples.

AAI, �g/g AAII, �g/g

Madouling 289.1 ± 53.6a 7.9 ± 0.1
Qingmuxiang 796.2 ± 74.5 197.5 ± 14.9
ig. 4. Typical HPLC-FLD chromatograms of the extract of Tianxianteng spiked with
AI and AAII at 0.1 ng/mL (A), underivatized Tianxianteng extract (B) and derivatized
ianxianteng extract (C). The retention times of aristolic acid I and II were 29.3 and
7.4 min, respectively.

For the purpose of results comparison and further method val-
dation, analysis of AAI and AAI were also performed by directly
sing the corresponding aristolic acids as the calibration stan-
ards. The synthesized aristolic acids were separated, purified and
sed as the calibration standards for the method validation. When
he aristolic acids were used in the calibration, the obtained peak
reas were plotted against the concentrations of aristolic acids.
he detected levels of aristolic acids were then calculated back to
hose of AAI and AAII. The two analytical approaches using either
As or aristolic acids as calibration standards gave similar results
ith variation of less than 12%. However, it should be pointed out

hat the analysis based on the calibration curves of AAI and AAII
as more practical because it did not require the availability of

tandards of aristolic acids.

.4. Analysis of AAI and AAII in herbal medicines

The applicability of the developed derivatization method was
urther investigated by analyzing real herb samples. The concentra-
ions of AAI and AAII in four commercial herbs, namely Madouling,
ingmuxiang, Tianxianteng and Xixin were determined. Typical
hromatograms obtained from the analysis of underivatized and
erivatized extracts of Tianxianteng are illustrated in Fig. 4B and C,

espectively. Compared with the retention time of aristolic acids
hown in Fig. 4A, the peaks at 29.3 and 27.4 min in the herb sam-
le analysis were attributed to aristolic acids I and II, respectively
Fig. 4B). Despite of the relatively complicated matrices, a good sep-
ration of aristolic acids I and II was achieved within 40 min on the
Tianxianteng 8.7 ± 0.8 2.3 ± 0.2
Xixin 8.7 ± 0.1 0.58 ± 0.07

a n = 3.

C18 column by using methanol and water containing 0.2% acetate
acid as the mobile phases. Due to the presence of the native aristolic
acids in herbal samples, the concentrations of AAI and AAII were
calculated by subtracting the endogenous concentrations of the
aristolic acids in herbs from the total concentration of aristolic acids
I and II in derivatized herbal samples. Similarly, the concentrations
of AAI and AAII in other three herbs were also determined and sum-
marized in Table 2. The successful determination of AAI and AAII in
less than one gram of Xi Xin demonstrated the good applicability
of the developed HPLC-FLD method for the trace quantification of
AAI and AAII in complex herbal matrices.

4. Conclusion

A novel and simple pre-column fluorescence derivatization of
non-fluorescent aristolochic acids (AAs) to highly fluorescent aris-
tolic acids with NaBH4 was developed. The analysis of AAs in
medicinal herbs was based of the sensitive fluorescence detec-
tion of aristolic acids after the chemical derivatization. The high
fluorescence efficiency of the produced aristolic acids allowed a
more sensitive and specific analysis of AAs. The high-performance
liquid chromatography-fluorescence detection method provided
more than 10-fold better sensitivity that other reported HPLC and
LC–MS methods [19] for the determination of AAs in medicinal
herbs. The method was successfully applied for the analysis of AAs
in 4 medicinal herbs including Xixin that contained trace levels of
AAs. The quantitative results were comparable to those obtained
when using the synthesized aristolic acids as calibration standards.
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