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a  b  s  t  r  a  c  t

Eriocaulon  buergerianum  Koern.  is the  botanical  source  for  the  Chinese  herbal  medicine  Gu-Jing-Cao.
Other  Eriocaulon  species  are  also  used  as  the same  herb  in  local  areas  and  are  difficult  to  be  differenti-
ated.  In  order  to improve  the  quality  control  of Gu-Jing-Cao,  chemical  constituents  of E.  buergerianum  and
adulterating  species  were  analyzed  by  high-performance  liquid  chromatography  with  diode  array  detec-
tion  and  electrospray  ionization  tandem  mass  spectrometry  (HPLC-DAD-ESI-MSn).  The  70%  methanol
extracts  were  separated  on  a Zorbax  SB-C18 column  and eluted  with  acetonitrile–water  (each  contain-
ing  0.1%  formic  acid).  The  compounds  were  identified  by ion-trap  mass  spectrometry  in  both  positive
and  negative  ion  modes.  From  E. buergerianum, E.  faberi,  E.  sexangulare  and  E. cinereum,  a total  of 72
compounds  were  characterized,  including  37  flavonols,  6  flavones,  4 isoflavones,  6  xanthones,  14  naph-
thopyranones,  3 phenolic  acids,  and  2  other  flavonoids.  Chemical  variation  of  these  four  species  were
studied  at three  tiers,  HPLC  fingerprinting,  quantitation  of six major  flavonoids,  and  semi-quantitative
analysis  of  all characterized  compounds,  in  combination  with  principal  component  analysis.  E.  buerg-

erianum  contained  abundant  flavonols  and  naphthopyranones,  with  minor  flavones  and  xanthones;  E.
cinereum contained  abundant  isoflavones  and  flavones,  together  with  few  naphthopyranones;  E. sexan-
gulare was  rich  in  flavones;  and  E. faberi  contained  abundant  xanthones.  Based  on  the  above  chemical
analysis,  E.  buergerianum  could  be explicitly  differentiated  from  the  adulterating  species,  and  the botan-
ical species  of 13  commercial  batches  of  Gu-Jing-Cao  were  identified  correctly.  This  is  the  first  report  on

 analy
comprehensive  chemical

. Introduction

Eriocaulon buergerianum Koern. (Eriocaulaceae Family) is a
edicinal herb widely distributed in China. Its capitulae and scapes

re used as the Chinese herbal medicine Gu-Jing-Cao (Eriocauli
los), which is mainly used for the treatment of swelling eyes
1].  It contains flavonoids (flavonols, flavones, isoflavones, xan-
hones) and naphthopyranones as the major chemical constituents
2–4].

In the monograph of Chinese Pharmacopoeia, no effective ana-

ytical methods are available for its quality evaluation [1].  On
he other side, the quality of Gu-Jing-Cao crude drug materials
n Chinese herb market is bad [5]. A major reason is that mul-

∗ Corresponding author. Tel.: +86 10 82802024; fax: +86 10 82802024.
E-mail address: yemin@bjmu.edu.cn (M. Ye).

731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.08.033
sis  of  Eriocaulon  species.
© 2011 Elsevier B.V. All rights reserved.

tiple botanical species are used as the same herb. The genus of
Eriocaulon has 435 species throughout the world and 34 in China
[6,7]. Aside from the official E. buergerianum,  at least four other
Eriocaulon species are used as Gu-Jing-Cao in local areas [8]. Lit-
tle is known about chemical constituents of these species, so far.
Moreover, these adulterating species are very difficult to be dif-
ferentiated according to their morphological characteristics. The
capitulae of all Eriocaulon species are similar in size (3–8 mm
in diameter), color (greenish yellow to dark brown), and shape
(round, ovate, or cone). In order to guarantee therapeutic efficacy
in Traditional Chinese Medicine clinical practice, fast and reliable
analytical methods are demanded to improve the quality control of
Gu-Jing-Cao.
In this study, chemical constituents of E. buergerianum and
three adulterating species were analyzed by high-performance liq-
uid chromatography with diode array detection and electrospray
ionization tandem mass spectrometry (HPLC-DAD-ESI-MSn) and

dx.doi.org/10.1016/j.jpba.2011.08.033
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:yemin@bjmu.edu.cn
dx.doi.org/10.1016/j.jpba.2011.08.033
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Fig. 1. Structures of reference standa

iquid chromatography coupled with ion trap time-of-flight mass

pectrometry (LC/IT-TOF-MS). The four species were then com-
ared by HPLC fingerprinting, quantitative determination of six
ajor flavonoids, and principal component analysis based on semi-

uantification of all identified compounds. Differences among the
lated from Eriocaulon buergerianum.

species were summarized at a global level, rather than based on

a few marker compounds [9,10].  This study could not only reveal
the chemical composition of different Eriocaulon species, but also
allowed rapid and correct species identification of Gu-Jing-Cao
samples.
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Fig. 2. Inflorescence by microscopy (A), seed surface by scanning electron m

. Experimental

.1. Chemicals

Acetonitrile and formic acid were of HPLC grade (J.T. Baker,
J, USA). De-ionized water was prepared by a Milli-Q sys-

em (Millipore, MA,  USA). Solvents for sample extraction were
f analytical grade. High purity nitrogen (99.9%) and helium
99.99%) were used for MS  analysis. Reference compounds
Fig. 1) were isolated from E. buergerianum by the authors as
reviously reported [2].  These compounds were protocate-
huic acid (1), vanillic acid (8), patuletin 3-O-ˇ-d-gentiobioside
18), patuletin 3-O-[ˇ-d-glucopyranosyl-(1→3)-2-O-E-
affeoyl-ˇ-d-glucopyranosyl-(1→6)-ˇ-d-glucopyranoside]
19), patuletin 3-O-ˇ-d-rutinoside (22), patuletin
-O-ˇ-d-glucopyranoside (27), hispidulin 7-O-ˇ-d-
lucopyranoside (38), 5,4′-dihydroxy-6,3′-dimethoxyflavone
-O-ˇ-d-glucopyranoside (40), (R)-semivioxanthin 9-O-ˇ-d-
llopyranosyl-(1→6)-glucopyranoside (41), (R)-semivioxanthin
-O-ˇ-d-glucopyranosyl-(1→6)-glucopyranoside (43), toralactone
-O-ˇ-d-glucopyranosyl-(1→6)-glucopyranoside (45), geron-
oisoflavone A (50), 7,3′-dihydroxy-5,4′,5′-trimethoxyisoflavone
51), (R)-semivioxanthin 9-O-ˇ-d-glucopyranoside (53), pat-
letin (55), 1,3,6-trihydroxy-2,5,7-trimethoxyxanthone (58),
ispidulin (61), 5,7,3′-trihydroxy-6,4′,5′-trimethoxyisoflavone
64), 1,3,6,8-tetrahydroxy-2,7-dimethoxyxanthone (65), (R)-
emixanthomegnin (67), and (R)-semivioxanthin (70).

.2. Crude drug materials

Thirteen commercial batches of Gu-Jing-Cao (Eriocauli Flos)
ere purchased from herb markets or pharmacies around China in

009–2010 (Table 1S).  Voucher specimens (GJC-Sx) were deposited
t the authors’ laboratory.

.3. Morphological identification
The capitulae of Eriocauli Flos were cleaned and examined under
n OLYMPUS SZX16 microscope (Olympus Corporation, Tokyo,
apan). The capitulae were then gently crushed, and the seeds were
opy (B) and chemical fingerprints by HPLC/UV (C) of four Eriocaulon species.

observed by scanning electron microscopy (SEM) under a HITACHI
TM-1000 tabletop microscope (Hitachi High-Technologies Corpo-
ration, Tokyo, Japan).

2.4. Sample preparation

Crude materials of Eriocauli Flos were dried, finely powdered,
sifted, and extracted in an ultrasonic bath for chemical analysis.
For HPLC fingerprinting analysis and LC/MS (liquid chromatogra-
phy coupled with mass spectrometry) analysis, 0.5 g of the dried
powder was  extracted in 5 mL  of 70% methanol (v/v) for 30 min.
For HPLC quantitative analysis, an amount of 0.5 g of the pow-
der was  extracted in 25 mL  of 70% methanol (v/v) for 60 min. The
sample was adjusted to the original mass with 70% methanol and
centrifuged at 8000 rpm for 20 min. An aliquot of 20 mL  of the
supernatant was  evaporated to dryness, and then reconstituted in
1 mL  of 70% methanol. For both methods, the resulting solutions
were filtered through a 0.22 �m membrane before use. A 10-�L
aliquot was injected for analysis.

2.5. HPLC quantitative analysis

HPLC analysis was performed on an Agilent series 1100 HPLC
instrument (Agilent, Waldbronn, Germany) equipped with a qua-
ternary pump, a diode-array detector, an autosampler, and a
column compartment. Samples were separated on an Agilent Zor-
bax SB-C18 column (5 �m,  ID 4.6 mm × 250 mm) protected with an
Agilent Zorbax SB-C18 guard column (5 �m,  ID 4.6 mm  × 12.5 mm)
(Agilent Technologies Inc., CA, USA). The mobile phase consisted
of acetonitrile (A) and water (B), each containing 0.1% (v/v) formic
acid. A gradient program was used for the elution: 0 min, 17% A;
12 min, 17% A; 12.5 min, 21% A; 20 min, 21% A; 32 min, 40% A;
40 min, 95% A. Flow rate, 1.0 mL/min; wavelength, 360 nm (scanned
from 190 to 400 nm); column temperature, 40 ◦C.

2.6. LC/MS analysis
The HPLC conditions were the same as described under Section
2.5 except for a few modifications. The gradient elution program
was 0 min, 10% A; 7 min, 13% A; 15 min, 18% A; 17–22 min, 19% A;
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Table  1
Identification of chemical constituents in Eriocaulon species by HPLC-DAD-ESI-MSn and LC/IT-TOF-MS.

No. tR (min) UV, �max (nm) Identification Formula Meas. (m/z) Pred. (m/z) Diff (mDa) Diff (ppm)

a1 6.83 230, 255, 295 Protocatechuic acid C7H6O4 – – – –
2  8.12 w Patuletin

3-O-hexosyl-hexosyl-hexoside
C34H42O23 817.2027 817.2039 −1.20 −1.47

3  9.07 235, 255, 325 Quercetin 3-O-hexosyl-
deoxyhexosyl-hexoside

C33H40O21 771.1977 771.1984 −0.70 −0.91

4  10.47 235, 325 Patuletin 3-O-hexosyl-(O-
deoxyhexosyl-)hexoside

C34H42O22 801.2100 801.2089 1.10 1.37

5  10.97 255, 335 Quercetin 3-O-hexosyl-(O-
caffeoyl-)hexosyl-hexoside

C42H46O25 949.2244 949.2250 −0.60 −0.63

6 11.46  235, 255, 335 Patuletin 3-O-hexosyl-(O-
caffeoyl-)hexosyl-hexoside

C43H48O26 979.2352 979.2356 −0.40 −0.41

7  12.04 240, 255, 320 Demethylsemivioxanthin
C-hexoside

C20H22O10 421.1124 421.1135 −1.10 −2.61

a8 12.72 230, 260, 290 Vanillic acid C8H8O4 – – – –
9  13.10 240, 325 Caffeic acid C9H8O4 – – – –

10 13.73  235, 250, 335 Quercetin
3-O-hexosyl-methylhexosyl-
(O-caffeoyl-)hexoside

C43H48O25 963.2358 963.2406 −4.80 −4.98

11  14.06 235,255, 275, 345 Quercetagetin
3-O-deoxyhexosyl-hexoside

C27H30O17 625.1429 625.1405 2.40 3.84

12  14.19 235, 270, 350 Patuletin
3-O-hexosyl-methylhexosyl-
(O-caffeoyl-)hexoside

C44H50O26 993.2477 993.2512 −3.50 −3.52

13  14.83 235, 270, 350 Quercetin
O-pentosyl-C-deoxyhexoside

C26H28O15 579.1341 579.1350 −0.90 −1.55

14  15.00 235, 255, 275, 345 Quercetagetin 3-O-hexoside C21H20O13 479.0835 479.0826 0.90 1.88
15 15.51  235, 270, 350 Quercetin

C-deoxyhexosyl-O-pentoside
C26H28O15 579.1333 579.1350 −1.70 −2.94

16  16.30 240, 270, 345 Quercetin C-deoxyhexoside C21H20O11 447.0916 447.0927 −1.10 −2.46
17  17.22 235, 275, 345 Quercetin

3-O-hexosyl-hexoside
C27H30O17 625.1364 625.1405 −4.10 −6.56

a18 17.73 255, 345 Patuletin
3-O-ˇ-d-gentiobioside

C28H32O18 655.1499 655.1510 −1.10 −1.68

a19 19.14 250, 335 Patuletin 3-O-[ˇ-d-
Glucopyranosyl-(1→3)-2-O-E-
caffeoyl-ˇ-d-Glucopyranosyl-
(1→6)-ˇ-d-Glucopyranoside]

C43H48O26 979.2311 979.2356 −4.50 −4.60

20  19.20 240, 270, 345 Patuletin 3-O-hexoside C22H22O13 493.0963 493.0982 −1.90 −3.85
21  20.36 255, 355 Quercetin

3-O-deoxyhexosyl-hexoside
C27H30O16 609.1430 609.1456 −2.60 −4.27

a22 20.56 255, 355 Patuletin 3-O-ˇ-d-rutinoside C28H32O17 639.1535 639.1561 −2.60 −4.07
23  21.10 235, 255, 350 Patuletin

3-O-deoxyhexosyl-hexoside
C28H32O17 639.1536 639.1561 −2.50 −3.91

24 21.57  260, 350 Patuletin 3-O-pentosyl-(O-
caffeoyl-)hexoside

C36H38O21 805.1841 805.1827 1.40 1.74

25  21.85 w Quercetin
3-O-hexosyl-hexoside

C27H30O17 625.1403 625.1405 −0.20 −0.32

26  22.07 250, 335 Patuletin 3-O-caffeoyl-O-
hexosyl-hexoside

C37H38O21 817.1833 817.1827 0.60 0.73

a27 22.49 255, 350 Patuletin
3-O-ˇ-d-glucopyranoside

C22H22O13 493.0999 493.0982 1.70 3.45

28  23.95 250, 330 Quercetin
3-O-hexosyl-pentoside

C26H30O17 613.1378 613.1405 −2.70 −4.40

29  25.68 255, 330 Patuletin 3-O-caffeoyl-O-
hexosyl-hexoside

C37H38O21 817.1826 817.1827 −0.10 −0.12

30 26.28  255 Methylquercetin
3-O-deoxyhexosyl-hexoside

C28H32O16 623.1587 623.1612 −2.50 −4.01

31  26.28 255, 345 Methylpatuletin
3-O-deoxyhexosyl-hexoside

C29H34O17 653.1687 653.1718 −3.10 −4.75

32  26.28 250, 320 Patuletin 3-O-deoxyhexosyl-
(O-caffeoyl-)hexoside

C37H38O20 801.1858 801.1878 −2.00 −2.50

33  27.44 250, 335 Quercetin 3-O-methylhexosyl-
(O-caffeoyl-)hexoside

C37H38O20 801.1840 801.1878 −3.80 −4.74

34  27.44 250, 335 Patuletin 3-O-methylhexosyl-
(O-caffeoyl-)hexoside

C38H40O21 831.1979 831.1984 −0.50 −0.60

35  28.53 265, 340 6-Methoxyluteolin
7-O-hexoside

C22H22O12 477.1031 477.1033 −0.20 −0.42

36  28.88 240, 280, 335 6,4′-Dimethoxyquercetin
3-O-(trihydroxy-cinnamoyl-
)glucoside

C32H30O17 685.1367 685.1405 −3.80 −5.55

37  29.34 235, 270, 335 Methylquercetin
3-O-hexosyl-pentoside

C27H32O17 627.1558 627.1561 −0.30 −0.48

a38 30.83 240, 270, 335 Hispidulin
7-O-ˇ-d-glucopyranoside

C22H22O11 461.1092 461.1084 0.80 1.73

39  31.30 260, 355 Semivioxanthin
9-O-hexosyl-hexoside

C27H34O15 597.1790 597.1819 −2.90 −4.86
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Table 1 (Continued)

No. tR (min) UV, �max (nm) Identification Formula Meas. (m/z) Pred. (m/z) Diff (mDa) Diff (ppm)

a40 31.79 255, 270, 345 5,4′-Dihydroxy-6,3′-
dimethoxyflavone
7-O-ˇ-d-glucopyranoside

C23H24O12 491.1207 491.1190 1.70 3.46

a41 32.08 260, 355 (R)-semivioxanthin 9-O-ˇ-d-
allosyl-(1→6)-glucoside

C27H34O15 597.1792 597.1819 −2.70 −4.52

42  33.02 260, 355 Semivioxanthin
9-O-hexosyl-hexoside

C27H34O15 597.1801 597.1819 −1.80 −3.01

a43 33.52 260, 355 (R)-semivioxanthin 9-O-ˇ-d-
glucosyl-(1→6)-glucoside

C27H34O15 597.1790 597.1819 −2.90 −4.86

44 34.08  255, 335 Patuletin 3-O-caffeoyl-O-
deoxyhexosyl-hexoside

C37H38O20 801.1827 801.1878 −5.10 −6.37

a45 35.12 280, 385 Toralactone 9-O-ˇ-d-glucosyl-
(1→6)-glucoside

C27H32O15 595.1649 595.1663 −1.40 −2.35

46  35.55 255, 335 Quercetin 3-O-caffeoyl-O-
deoxyhexosyl-hexoside

C36H36O19 771.1751 771.1773 −2.20 −2.85

47 35.62  260, 310, 370 Semixanthomegnin
O-hexoside

C21H22O11 449.1098 449.1084 1.40 3.12

48  35.64 250, 335 Patuletin 3-O-caffeoyl-O-
deoxyhexosyl-hexoside

C37H38O20 801.1831 801.1878 −4.70 −5.87

49  36.36 280, 385 Toralactone
9-O-hexosyl-hexoside

C27H32O15 595.1635 595.1663 −2.80 −4.70

a50 36.53 255 Gerontoisoflavone A C17H14O6 313.0702 313.0712 −1.00 −3.19
a51 38.64 255 7,3′-Dihydroxy-5,4′ ,5′-

trimethoxyisoflavone
C18H16O7 343.0802 343.0818 −1.60 −4.66

52  39.33 255, 325 1,3,6-Trihydroxy-5,7-
dimethoxyxanthone

C15H12O7 303.0495 303.0505 −1.00 −3.30

a53 39.37 260, 325 (R)-Semivioxanthin
9-O-ˇ-d-glucopyranoside

C21H24O10 435.1294 435.1291 0.30 0.69

54  40.07 245, 300, 325 7, 4′-Dihydroxyflavone
O-hexoside

C21H20O9 415.1043 415.1029 1.40 3.37

a55 41.58 255, 370 Patuletin C16H12O8 331.0438 331.0454 −1.60 −4.83
56  42.38 280, 380 Toralactone 9-O-glucoside C21H22O10 433.1139 433.1135 0.40 0.92
57 44.26 245, 280, 325 1,3,6,8-Tetrahydroxy-2-

methoxyxanthone
C-hexoside-(O-benzoyl-O-2-
hydroxyphenol)

C36H30O18 749.1331 749.1354 −2.30 −3.07

a58 46.09 244, 260, 326 1,3,6-Trihydroxy-2,5,7-
trimethoxyxanthone

C16H14O8 333.0607 333.0610 −0.30 −0.90

59  46.86 320, 365 1,3,6-Trihydroxy-2,5-
dimethoxyxanthone

C15H12O7 303.0520 303.0505 1.50 4.95

60  47.22 260 Emodin C15H10O5 269.0440 269.0450 −1.00 −3.72
a61 47.60 230, 275, 335 Hispidulin C16H12O6 299.0545 299.0556 −1.10 −3.68
62 48.63  250, 265, 345 4′ ,5,7-Trihydroxy-3′ ,6-

dimethoxyflavone
C17H14O7 329.0646 329.0661 −1.50 −4.56

63  49.34 265 Iristectorigenin A C17H14O7 329.0676 329.0661 1.50 4.56
a64 49.34 265 5,7,3′-Trihydroxy-6,4′ ,5′-

trimethoxyisoflavone
C18H16O8 359.0767 359.0767 0.00 0.00

a65 53.10 215, 260, 330 1,3,6,8-Tetrahydroxy-2,7-
dimethoxyxanthone

C15H12O8 319.0446 319.0454 −0.80 −2.51

66  53.33 250, 330 1,3,6,8-Tetrahydroxy-2-
methoxyxanthone

C14H10O7 289.0325 289.0348 −2.30 −7.96

a67 53.66 250, 330 (R)-Semixanthomegnin C15H12O6 287.0547 287.0556 −0.90 −3.14
68  54.09 250, 325 Semixanthomegnin isomer C15H12O6 287.0555 287.0556 −0.10 −0.35
69  59.04 w 3′ ,4′-Methylenedioxy-5,7-

dimethoxyflavan
C18H18O5 313.1058 313.1076 −1.80 −5.75

a70 60.37 260, 365 (R)-Semivioxanthin C15H14O5 273.0754 273.0763 −0.90 −3.30
71  60.65 w Hesperetin 7-methyl ether C17H16O6 315.0855 315.0869 −1.40 −4.44
72  61.32 w Patuletin isomer C16H12O8 331.0468 331.0454 1.40 4.23

w

3
w
p

m
i
p
d
a
p
m
m

,  signal too weak; –, not available.
a Identified by comparing with reference standards.

2 min, 24% A; 50 min, 40% A; 65 min, 95% A. Flow rate, 1.0 mL/min;
avelength, 262 nm (scanned from 190 to 400 nm); column tem-
erature, 20 ◦C.

A Finnigan LCQ Advantage ion trap mass spectrometer (Ther-
oFisher, CA, USA) was connected to the HPLC system via an ESI

nterface. Collision gas, high purity helium; nebulizing gas, high
urity nitrogen; post-column splitting ratio to source, 4:1. Source-
ependent parameters were as follows: sheath gas (N2), 50 arb;

uxiliary gas (N2), 10 arb; spray voltage, 4.5 kV; capillary tem-
erature, 330 ◦C; capillary voltage, 20 V/−10 V (positive/negative
ode); tube lens offset voltage, 60 V/−45 V (positive/negative
ode). MS  full scan range, m/z 150–1200; Collision energy for
collision induced dissociation (CID), 35%; Source-fragmentation
voltage, 0 V/15 V (positive/negative mode); isolation width, 2.0 Th.

For high-accuracy mass determination, an LC/IT-TOF-MS sys-
tem consisting of an LC-20AD pump, an SIL-20AC autosampler, a
CTO-20A column oven, an ESI source, and an IT-TOF mass spec-
trometer (Shimadzu, Tokyo, Japan) was used. The HPLC conditions
were the same as described above. The post-column splitting ratio
to ESI source was  2:1. The IT-TOF-MS parameters were set as fol-

lows: collision and cooling gas, high purity argon (Ar); nebulizing
gas, high purity nitrogen (N2, 1.5 L/min); curved desolvation line
temperature, 200 ◦C; electrospray ionization, negative mode; inter-
face voltage, −3.5 kV; detector voltage, 1.7 kV; endcap acceleration,
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ig. 3. ESI-MSn spectra of patuletin 3-O-glucosyl-(1→6)-(2-O-caffeoyl-)glucosyl-(1
he  negative mode; (A2) MS/MS  spectrum of m/z 979; (A3) MS3 spectrum of m/z 81

S/MS  spectrum of m/z 1003; (B3) MS3 spectrum of m/z 671 and (B4) MS4 spectru

.5 V; flight tube voltage, +7.0 kV; CID energy, 50%; CID gas, 50%. MS
ull scan range, m/z  220–2000; MSn range, m/z 220–1200; precur-
or ion isolation width, 3.0 Th. The mass analyzer was calibrated by
xternal standard method with a 0.05 mg/mL  methanol solution of
atuletin 3-O-glucosyl-(1→6)-glucoside (18, C28H32O18, [M−H]−

/z  655.1510).

.7. Data processing and statistical analysis

HPLC and LC/MS data were processed with Agilent ChemSta-

ion (Agilent, Waldbronn, Germany) and XcaliburTM 2.0.7 software
ThermoFinnigan, San Jose, CA, USA), respectively. Accurate mass
ata were recorded and processed by LC/MS solution V3.41 soft-
are including a formula predictor (Shimadzu, Tokyo, Japan).
glucoside (19) in negative and positive ion modes. (A1) full scan mass spectrum in
) MS4 spectrum of m/z 331; (B1) full scan mass spectrum in the positive mode; (B2)
/z 583.

Principal component analysis was conducted with SPSS Statistics
17.0 (SPSS Inc., IL, USA), using peak areas in extracted ion chro-
matograms (EIC) for all identified compounds.

3. Results and discussion

3.1. Morphological identification by SEM

A total of 25 batches of Gu-Jing-Cao (Eriocauli Flos) were col-
lected from herb markets or pharmacies around China. Although

the inflorescence (capitulae) and scapes were slightly different
in shape, size and color, the botanical species were difficult to
be identified (Fig. 2A). Currently, scanning electron microscopy is
the most authentic method to identify Eriocaulon species [7,11].
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ig. 4. Differentiation of compounds 3 and 46 by time-of-flight mass spectrometry.

y using seed surface SEM, we found that 13 batches (Table 1S)
ere derived from four Eriocaulon species, i.e. E. buergerianum

7 batches), E. faberi (1 batch), E. sexangulare (3 batches), and E.
inereum (2 batches) according to seed shape and girds on seed
urfaces (Fig. 2B, Table 2S).  The other 12 batches contained mixed
pecies. Therefore, the 13 single-species batches were further stud-
ed in later chemical analysis. SEM ensured all analyzed samples as
enuine species which improved the reliability of chemical varia-
ion. Subsequently, the three-tier chemical analysis was  performed
o identify Eriocaulon species.

.2. HPLC fingerprinting analysis

Sample preparation and HPLC conditions were optimized.
or sample preparation, various solvents (methanol, aqueous
ethanol, chloroform, cyclohexane) and extraction methods (mac-

ration, heat-reflux, ultrasonic bath, Soxhlet extraction) were
ested. Peak areas of ten major constituents were compared.
he most efficient method was ultrasonic extraction with 70%
ethanol. For HPLC analysis, several C18 columns (Zorbax SB-C18,
gilent, Agilent Technologies Inc., CA, USA; Extend-C18, Agilent,
gilent Technologies Inc., CA, USA; Atlantis T3, Waters, Waters
orporation, MA,  USA) were tested. Atlantis T3 and Zorbax SB-C18
erformed similarly in chromatographic separation, and the latter
as selected because the analysis time was shorter. Moreover, col-
mn  temperatures of 20 ◦C, 30 ◦C and 40 ◦C were compared. The
0 ◦C condition provided desirable separation for hydrophilic con-
tituents, and was hence used. In addition, the ultraviolet (UV)
etection wavelength was optimized (230 nm,  262 nm,  300 nm,
60 nm,  and photo-diode array detection). Flavonoids quantitation

as monitored at 360 nm,  which was the absorption maximum

or flavonoids. HPLC fingerprints were monitored at 262 nm,  which
ould show more peaks other than flavonoids. Detailed data are
iven in the supplementary material (Fig. 1S–5S).
tracted ion chromatogram of m/z 771; (B, D) measured mass; (C, E) predicted mass.

HPLC/UV fingerprints for 13 batches of Gu-Jing-Cao were
established (Fig. 6S)  as the first step of the three-tier solution. Rep-
resentative fingerprints of the four species are shown in Fig. 2C.
The chemo-types of major peaks were labeled in different colors,
and their identification will be discussed later. Although differ-
ences in HPLC/UV fingerprints of these species were observable,
identities of the peaks were unknown, so far. Therefore, HPLC-
DAD-ESI-MSn was employed to characterize the HPLC peaks as a
complement.

3.3. Identification of Eriocaulon compounds by
HPLC-DAD-ESI-MSn and LC/IT-TOF-MS

Previous to the identification of unknown Eriocaulon com-
pounds, tandem mass spectrometry of 21 reference compounds
were studied to understand the fragmentation pathways. Each
compound (0.1 mg/mL  in methanol) was individually injected into
the ESI source by continuous infusion. The [M−H]−, [M+H]+ or
[M+Na]+ ions were selected to produce MS/MS and MSn fragments
(collision energy 30–40%).

The tandem mass spectrometry fragmentation pathways of
flavonoids and their glycosides were consistent with literature
reports [12–14].  Both positive and negative ion modes were used
because they provided complementary structural information.
Here we  discuss the fragmentation of patuletin 3-O-glucosyl-
(1→6)-(2-O-caffeoyl-)glucosyl-(1→3)-glucoside (19, MW 980) as
an example. In the negative mode, the [M−H]− ion at m/z 979
yielded m/z 817 by losing 162 u, which could be attributed to
either the glucosyl- or the caffeoyl-group at the terminal position.
This neutral loss was  finally confirmed to be glucosyl group by
high-resolution mass spectrometry. The parent ion m/z 979.2311

(C43H48O26, � = −4.50 ppm) yielded m/z 817.1847 (C37H38O21,
� = 2.45 ppm) by losing C6H10O5 (Fig. 3A). In the MS3 spectra,
the m/z 817 ion could lose the sugar moiety to yield the agly-
cone ion at m/z 331, which could further lose a methyl group to
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Fig. 5. Peak areas of 67 compounds in extracted

roduce m/z  316. The loss of 15 Da was common for flavonoids
ith methoxyl groups [15]. In the positive mode, the [M+Na]+ ion

t m/z 1003 was the base peak (Fig. 3B). It could lose the aglycone
art to yield the sugar moiety ion at m/z 671, which could fur-
her fragment into m/z 583 possibly due to 1,4X cleavage of the
lucose ring. Similar fragmentation (neutral loss of 88 u) was  also
bserved in compound 43.  Further fragmentations of the sugar moi-
ty took place at the glycosidic bonds to produce m/z  527, 365, and
47. The combination of positive and negative modes was pow-
rful for flavonoid glycosides and allowed their identification. For
aphthopyranones, (R)-semivioxanthin 9-O-ˇ-d-glucosyl-(1→6)-
lucoside (43) was taken as an example and the fragmentation
athways are illustrated in Fig. 7S.

Based on UV spectra and ESI-MSn fragmentation pathways
f reference compounds, chemical constituents of the four
riocaulon species were characterized. The same procedure as
hose in our previous reports was used for structural eluci-
ation [16–18].  Compounds of different chemotypes could be
xplicitly differentiated by UV (Fig. 8S, 1) and MS  (Fig. 8S, 2–5)
pectral data. Isomeric compounds were identified on the basis
f: (a) consistency in chromatography, UV and MS  spectrome-
ry with reference compounds; (b) fragmentation pathway and
hromatographic behavior. A total of 72 compounds (1–72)
ere identified from four species, including 37 flavonols, 6
avones, 4 isoflavones, 6 xanthones, 14 naphthopyranones, 3
henolic acids, and 2 other flavonoids (Table 1). Except for
1 compounds with reference standards, the other compounds
ere tentatively characterized (Table 3S)  referring to literature

eports [19–26].
The proposed chemical formulae were further confirmed
y high-accuracy mass spectrometry using an LC/IT-TOF-MS
nstrument. The measured accurate masses and isotopic mass dis-
ribution patterns matched the predicted values well (Table 1). For

ost of the compounds, the mass error values were below 5 ppm.
hromatograms (EIC) of four Eriocaulon species.

For instance, a pair of isobaric compounds (3 and 46)  were suc-
cessfully differentiated, as shown in Fig. 4. Their high-accuracy
[M−H]− ions were m/z 771.1977 and 771.1751, corresponding to
the elemental composition of C33H40O21 and C36H36O19, respec-
tively. In combination with tandem mass spectrometry data, 3 was
identified as quercetin O-trisaccharide, and 46 was  quercetin O-
caffeoyl-disaccharide.

According to the first tier of chemical analysis, structural fea-
tures of the Eriocaulon compounds were revealed. Flavonols were
mostly di- or tri-glycosides of patuletin and quercetin, and the
sugar chain was  sometimes substituted by a caffeoyl group. Naph-
thopyranones were mostly diglycosides of (R)-semivioxanthin.
Xanthones and isoflavones were mainly present in free form.

3.4. Quantitative analysis of selected flavonoids

The second level of the three-tier strategy is to understand
the contents of Eriocaulon compounds. A fast HPLC/UV method
was established to simultaneously determine six representative
flavonoids, 18,  22,  27, 38,  55,  and 61.  The analytes were selected
on the basis of previous phytochemical studies. 6-Methoxylated
flavonols form E. buergerianum were reported for antibacterial
activity [2,27],  and was  relatively abundant than other active com-
pounds (phenolic acids and xanthones). Moreover, 6-methoxylated
flavonols and flavones were characteristic for Eriocaulaceae fam-
ily [28]. Therefore, six 6-methoxylated flavonoids were chosen
for quantitative analysis. The method was fully validated. All the
six analytes showed good linearity (r2 > 0.9998), and the limits of
detection ranged from 0.95 to 12.8 ng/mL (Table 4S). The intra-
day (n = 5) and inter-day (n = 5) precision, as well as reproducibility

(n = 6) of the method was  good with a relative standard devia-
tion (RSD) lower than 5% (Tables 5S and 6S). The recoveries were
93.12–100.83% (Table 7S). All the six flavonoids were stable within
24 h after sample preparation (RSD 0.58–3.86%) (Table 8S). Detailed
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• Appendix A. Supplementary data
Fig. 6. PC1-PC2 projection plot of different Gu-Jing-Cao samples.

xperimental procedures were provided in the supplementary
aterial.
Contents of six flavonoids varied significantly among different

pecies (Table 9S).  Total amounts of these flavonoids in Eriocaulon
pecies were not higher than 1.2 mg/g, and E. sexangulare was  the
owest (lower than 0.3 mg/g for all three batches). The flavonoid
atterns were also different. Among the six determined flavonoids,
8,  22 and 27 are glycosides of 55 (patuletin), and 38 is a glycoside
f 61 (hispidulin). It was noteworthy that E. sexangulare contained
elatively high amounts (>75% relative abundance) of hispidulin
roup and low amounts of patuletin group flavonoids, which was
ice versa for the other three species (Fig. 9S).  E. buergerianum and E.
aberi contained less than 25%, and E. cinereum 40–50% of hispidulin
roup flavonoids. In addition, flavonoids content also varied intra-
pecies. For instance, flavonoid content of S19 was 3-fold higher
han S11, which were both derived from E. buergerianum.

.5. Semi-quantification and principal component analysis

To better reflect the complicated chemical composition of Erio-
aulon plants, a global semi-quantitative analysis as the third level
f the three-tier manner was conducted using LC/MS. Chemical
omposition of the four Eriocaulon species was  compared based
n the abundances of all detected compounds. The abundance was
btained from the extracted ion chromatogram (EIC) for each iden-
ified compound (listed in Table 1). To ensure the accuracy and
eproducibility of the relative abundance, mass ranges for all EICs
ere 3 mass units, centered at [M−H]− of the compound. It should

e noted that three phenolic compounds, protocatechuic acid (1),
anillic acid (8) and caffeic acid (9) were not counted due to their
oor MS  response. Also, one flavan (69) and one flavanone (71)
ere not counted due to their fairly low contents. The remain-

ng 67 compounds could be classified into five groups, flavones,
avonols, isoflavones, xanthones, and naphthopyranones. Their EIC
eak areas were reconstructed in Fig. 5, from which the chemical
atterns of different Eriocaulon species could be summarized:

E. sexangulare mainly contains flavones, and its major

characteristic compounds are 3′-methoxyhispidulin 7-O-ˇ-
d-glucopyranoside (40) and toralactone hexosyl-hexoside
(49).
iomedical Analysis 57 (2012) 133– 142 141

• E. cinereum contains abundant flavones and isoflavones, as both
glycosides and aglycones. The amount of naphthopyranones in
E. cinereum is relatively low. Its major characteristic compounds
are hispidulin (61), iristectorigenin A (63), and irigenin (64).

• E. buergerianum contains abundant isoflavones and naphthopyra-
nones, mainly as glycosides. Amounts of flavones and xanthones
are much lower. The major characteristic compound of E. buerg-
erianum is semivioxanthin 9-O-ˇ-d-glucosyl-glucoside (43).

• E. faberi contains remarkably more xanthones than other species.
Its major characteristic compounds are 1,3,6,8-tetrahydroxy-2,7-
dimethoxyxanthone (65), quercetin 3-O-hexosyl-hexoside (17),
and patuletin 3-O-ˇ-d-gentiobioside (18).

Subsequently, relative abundance values of same structural
group were added, averaged within species, and the mean values
were compared among the inter-species. Chemical profile of each
Eriocaulon species could be summarized in Fig. 10S.

The results of semi-quantification were then used for princi-
pal component analysis (PCA). Calculation was preformed with the
standard-projection plot of 1–2 principal component sized correla-
tion matrix (extraction, univariate initial PC; method, correlation;
fixed number of factors, 2; maximum iterations for convergence,
25; rotation, none; missing listwise). The principal factorial plane
summarized 77.82% of the whole variability, and two PCA axes
explained 59.88% and 17.94% of the variance, respectively. As
shown in the distribution plot, the 13 batches could be explicitly
clustered into four groups (Fig. 6). Interestingly, these four groups
were consistent with the four species very well. These results
indicated that chemical differences between the Eriocaulon species
are greater than those within species. Thus these Eriocaulon plants
could be distinguished by PCA analysis as well. In addition, we
found that all the five classes of Eriocaulon compounds were statis-
tically significant in chemotaxonomy, according to the correlation
circle plot (Fig. 11S).

The above studies compared the chemical constituents at a
global level rather than based on a few marker compounds, and
thus led to more reliable results. This is the first systematic chem-
ical analysis for Eriocaulon plants, in which the chemical profile of
Eriocaulon plants was depicted. Importantly, chemical difference
among species was elucidated for the first time. Moreover, each
level of this method, i.e. HPLC fingerprints, quantitative analysis,
and semi-quantification with PCA analysis, could be used for quality
control and species authentification.

4. Conclusions

A three-tier chemical analysis, including HPLC fingerprints,
quantitative analysis, and global semi-quantification in combina-
tion with PCA analysis, was established to differentiate official E.
buergerianum with its adulterating species, E. faberi, E. sexangulare,
and E. cinereum. From these four species, a total of 72 compounds
were characterized by HPLC-DAD-ESI-MSn. This is the first report
on comprehensive chemical analysis of Eriocaulon species. The
HPLC fingerprinting and quantification methods could be used for
the quality control of Gu-Jing-Cao.
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