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a b s t r a c t

Athrixia phylicoides, an indigenous South African herbal tea, has potential as a source of nutraceutical
antioxidant extracts. Countercurrent chromatography (CCC) was employed as part of a multi-step process
to isolate one of the major antioxidant compounds in A. phylicoides extracts. Antioxidant activity of the
extracts was comparable to commercial nutraceutical extracts from Aspalathus linearis and Cyclopia spp. in
a range of assays. The extracts were tested for radical scavenging (2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) di-ammonium radical cation (ABTS•+) scavenging, 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH•) scavenging and oxygen radical absorbance capacity (ORAC)), ferric reducing antioxi-
dant potential (FRAP) and iron chelating activity, as well as inhibition of microsomal lipid and linoleic
acid emulsion oxidation. After extraction optimisation, the antioxidant activity of the major phenolic
compounds in an A. phylicoides extract was determined using the on-line HPLC-diode-array-DPPH• and -
ABTS•+ radical scavenging assays. Major compounds reported for the first time included chlorogenic acid,
1,3-dicaffeoylquinic acid, several hydroxycinnamic acid derivatives, including dicaffeoyl quinic acids,

and an unidentified flavone–hexose. Finally, CCC was used in conjunction with liquid–liquid partition-
ing and semi-preparative reversed-phase HPLC to isolate 6-hydroxyluteolin-7-O-�-glucoside (a major
antioxidant) and quercetagetin-7-O-�-glucoside (a minor compound present in CCC fraction containing
6-hydroxyluteolin-7-O-�-glucoside) from an A. phylicoides extract. The chemical structures of the iso-
lated compounds were confirmed by LC high-resolution electrospray ionisation MS, as well as 1H, 13C
and 2D NMR spectroscopy. This is the first report of the isolation of these compounds from A. phylicoides.
. Introduction

The success of rooibos (Aspalathus linearis) and honeybush
Cyclopia spp.) as herbal teas on the local and global markets
ed to commercial interest in another indigenous South African
lant, commonly known as bush tea or Zulu tea (Athrixia phyli-
oides DC., family Asteraceae, tribe Gnaphalieae) [1]. Cultivation
f A. phylicoides is currently under investigation [2] as harvesting
rom natural populations cannot be sustained. The dried leaves,
ne twigs and roots of the plant are traditionally used by some
ribes for medicinal purposes. However, recent surveys found that
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

he plant is now favoured as a tea for everyday use rather than
or medicinal purposes. Modern users claim improvement of circu-
ation and heart problems, as well as “cleansing” and revitalising
roperties [3]. Other uses include the treatment of coughs and

∗ Corresponding author. Tel.: +27 21 8093449; fax: +27 21 8093430.
E-mail addresses: debeer.dalene@gmail.com, dbeerd@arc.agric.za (D. de Beer).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.12.096
© 2011 Elsevier B.V. All rights reserved.

colds and as a gargle for throat infections and loss of voice [2]. Free
radical scavenging activity has been shown for aqueous extracts,
infusions and ethanolic extracts of A. phylicoides [4], indicating that
the plant could be a potential new source of antioxidants for the
food, beverage, cosmetic and/or nutraceutical markets.

With the entry of new plant products on the market, it is not only
important to be able to provide information on intended use such
as an antioxidant ingredient, but also information on safety of use
and composition. Toxicological assessment of a hot water extract
of the leaves and twigs of A. phylicoides in vivo in rats showed no
adverse effects up to very large doses [5]. The same extract also
showed no hepatotoxicity in vitro or in vivo in rats [6]. In another
study, its aqueous extract showed no cytotoxicity, whereas cyto-
toxicity was demonstrated for the ethanol extract of the leaves and
, doi:10.1016/j.chroma.2010.12.096

twigs [4]. Due to the link between polyphenols and antioxidant
activity efforts were made to elevate the total polyphenol con-
tent of the leaves through agronomic practices [7]. In spite of this
interest in its polyphenols, very little is known about the phenolic
composition of A. phylicoides. To date three phenolic compounds

dx.doi.org/10.1016/j.chroma.2010.12.096
dx.doi.org/10.1016/j.chroma.2010.12.096
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:debeer.dalene@gmail.com
mailto:dbeerd@arc.agric.za
dx.doi.org/10.1016/j.chroma.2010.12.096
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followed by air-drying before extraction with organic solvents and
Fig. 1. Phenolic compounds in Athrixia phylicoides.

ere isolated from A. phylicoides, namely p-hydroxyphenylpropan-
-ol coumarate [8] and its methoxy derivative [9] from the roots,
nd 5-hydroxy-6,7,8,3′,4′,5′-hexamethoxyflavon-3-ol (1) from the
erial parts (Fig. 1) [10]. Not only is its phenolic composition of
nterest from the perspective of antioxidant activity, but phenolic
ompounds also display many pharmacological activities, some of
hich are associated with their antioxidant activity [11]. Insight

nto the phenolic composition of A. phylicoides could help to iden-
ify specific biological targets and thus other potential medicinal
ses.

The aim of this study was to characterise the antioxidant activity
f A. phylicoides aqueous extract in a range of assays and benchmark
t against commercial extracts of rooibos and honeybush. Extrac-
ion was then optimised for total phenol content and antioxidant
ctivity in terms of extraction solvent, temperature and time. The
ntioxidants in the most potent extract were identified by high res-
lution antioxidant screening, using the on-line, post-column ABTS
adical cation and DPPH radical scavenging assays, combined with
igh performance liquid chromatography-diode array (HPLC-DAD)
nalysis. This strategy is increasingly being used by natural product
hemists for rapid profiling and identification of active compounds
n mixtures [12]. A “semi-quantitative” approach was employed to
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

dentify the antioxidant with the highest potency relative to caffeic
cid. Hydrodynamic counter-current chromatography (CCC), com-
ined with semi-preparative HPLC, was employed to isolate and
urify two flavones, namely 6-hydroxyluteolin-7-O-�-glucoside,
 PRESS
r. A xxx (2011) xxx–xxx

a major antioxidant, and quercetagetin-7-O-�-glucoside, a minor
constituent, for the first time from A. phylicoides. The identity of
the isolated compounds was confirmed by liquid chromatography
(LC–MS) and nuclear magnetic resonance (NMR) analysis.

2. Materials and methods

2.1. Reagents

Dimethyl sulphoxide (DMSO), DMSO-d6, ascorbic acid, potas-
sium persulphate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), Tween
20, linoleic acid, butylated hydroxytoluene (BHT), (±)-6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) and gallic
acid were purchased from Sigma Chemical Co. (St. Louis, USA),
while 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
di-ammonium (ABTS), fluorescein disodium, 3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-4′,4′′-disulphonic acid sodium (ferrozine),
glacial acetic acid (>99.8%), caffeic acid, chlorogenic acid, proto-
catechuic acid and quercetin dihydrate were obtained from Fluka
(Buchs, Switzerland). Acetonitrile (LiChrosolv, gradient grade for
liquid chromatography), methanol (LiChrosolv, gradient grade for
liquid chromatography), Folin-Ciocalteu’s phenol reagent, 2,4,6-
tris(2-pyridyl)-s-triazine (TPTZ) and trichloroacetic acid (TCA)
were obtained from Merck (Darmstadt, Germany), while anhy-
drous sodium carbonate, dichloromethane, methanol, acetone and
ethyl acetate were from Saarchem (Gauteng, South Africa), and
2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH)
and thiobarbituric acid (TBA) were from Aldrich (Steinheim,
Germany). 1,3-Dicaffeoylquinic acid was supplied by Phytolab
(Vestenbergsgreuth, Germany).

Deionised water was prepared by serial treatment of tap water
with Modulab carbon, reverse-osmosis and deioniser cartridges
(Continental Water Systems Corporation, San Antonio). Further
purification using a Milli-Q academic water purifier (Millipore, Bed-
ford, MA, USA) was performed to obtain HPLC grade water.

2.2. Plant material and sample preparation

A batch of air-dried A. phylicoides fine twigs and leaves, har-
vested in June 2005 in the Bushbuckridge area (Limpopo, South
Africa), was identified by the South African National Botanical
Institute (SANBI, Pretoria, South Africa) and supplied by Prof Jana
Olivier, University of South Africa (UNISA, Pretoria, South Africa).
An aqueous extract was prepared on a pilot-scale as previously
described [5]. Briefly, ca. 100 L extract was prepared by boiling
dried fine twigs and leaves in five batches of 1.4 kg/20 L water for
10 min. After filtration with a 125 �m mesh cloth (Polymer PES
D25/35 supplied by Swiss Silk Bolting Cloth Mfg. Co. Ltd., Zurich,
Switzerland), the extract was concentrated to 20 L using reverse
osmosis and freeze-dried. A laboratory-scale aqueous extract was
also prepared by infusing 20 g milled (Retsch type mill with 1 mm
sieve, Retsch GmbH, Haan, Germany) plant material for 10 min in
200 mL freshly boiled water. The warm extract was filtered through
a 125 �m mesh cloth (Polymer PES D25/35) and Whatman nr. 4
filter paper under vacuum and freeze-dried.

The aerial parts of A. phylicoides were also harvested in June
2007 from the Haenertzburg area (Limpopo, South Africa) and air-
dried. The plant material was identified by SANBI and supplied by
Prof Jana Olivier, UNISA. The plant material was milled as described
and used “as-is” for water extractions. Milled plant material was
defatted by exhaustive Soxhlet extraction with dichloromethane,
, doi:10.1016/j.chroma.2010.12.096

water–organic solvent mixtures. Extraction yield, phenolic con-
tent and antioxidant activity (ferric reducing antioxidant potential
(FRAP) and DPPH• scavenging activity) were optimised in terms of
extraction solvent (experiment A: hot water, cold water, ethanol,

dx.doi.org/10.1016/j.chroma.2010.12.096
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0% ethanol, methanol, 50% methanol, acetone, 50% acetone, ethyl
cetate), temperature (experiment B: 30, 40, 50, 60, and 70 ◦C) and
ime (experiment C: 10, 20, 30, 40, 60, and 80 min) in three exper-
ments. For experiment A, 6 g plant material was extracted using
00 mL solvent for 30 min at 30 ◦C, except for the hot water extrac-
ion (70 ◦C). All extracts were filtered through a 125 �m mesh cloth
Polymer PES D25/35) and plant material rinsed with 20 mL addi-
ional solvent before filtering through Whatman nr. 4 filter paper. In
he case of hot water extracts, filtration was performed before cool-
ng of the extract. Organic solvents were evaporated (if used) and
he extracts freeze-dried. In experiment B, the same basic protocol
as used and extraction performed with 50% ethanol for 30 min

t different temperatures. In experiment C, the effect of extraction
ime was investigated at 50 ◦C using 50% ethanol.

Commercial extracts of indigenous South African herbal teas
roduced for the food and cosmetic markets included spray-dried
ot water extracts of fermented rooibos (A. linearis) and honey-
ush (Cyclopia spp.), as well as unfermented rooibos (A. linearis)
upplied by Afriplex (Paarl, South Africa) and flavonoid-enriched
owdered extracts from unfermented rooibos, Cyclopia subternata
nd Cyclopia genistoides supplied by the Raps Foundation (Freising-
eihenstephan, Germany).

.3. HPLC diode-array (DAD) analysis

An Agilent 1200 HPLC system consisting of a quaternary
ump, autosampler, on-line degasser, column oven and diode-
rray detector (Agilent Technologies Inc., Santa Clara, CA, USA) with
hemstation 3D LC software was used for HPLC-DAD analysis. Sep-
ration was achieved on a Gemini C18 column (150 mm × 4.6 mm,
�m particle size) (Phenomenex, Santa Clara, CA, USA) protected
y a guard column with the same stationary phase using 0.1% formic
cid (A) and acetonitrile (B) at 0.8 mL/min in the following gradi-
nt: 0–30 min, 10–27% B; 30–32 min, 27% B; 32–35 min, 27–30% B;
5–45 min, 30–52% B; 45–50 min, 52–80% B; 50–55 min, 80–10%
; 55–65 min, 10% B. UV–vis spectra were recorded for all samples

rom 200 to 400 nm. Chromatograms were recorded at 255, 288,
20 and 350 nm. Peaks were tentatively identified by comparing
etention times and UV–vis spectra from HPLC-DAD analysis with
hose of authentic standards. Stock solutions of chlorogenic acid,
affeic acid, 1,3-dicaffeoylquinic acid and quercetin were prepared
n DMSO and aliquots frozen at−20 ◦C until required. Dried aqueous
xtracts were dissolved in deionised water prior to analysis, while
he organic solvent extracts, fractions and isolated compounds
ere dissolved in DMSO. The standard calibration mixtures (caffeic

cid, chlorogenic acid and quercetin) and sample solutions were fil-
ered using 0.45 �m pore-size Millex-HV hydrophilic PVDF syringe
lter devices (Millipore) with 4 and 33 mm diameter, respectively,
rior to HPLC analysis.

.4. LC–MS and –MS2 analysis

LC–MS and –MS2 analyses were performed on a Waters Acquity
ltra Performance LC (UPLC) system (Waters, Milford, MA) with
uaternary pump and autosampler connected to a Waters API QTOF
ltima MS detector using electrospray ionisation in the negative
ode. The column and gradient conditions were the same as for
PLC-DAD analysis. This enabled confirmation of the identity of
ompounds identified by comparing retention times and UV–vis
pectra with those of authentic standards. Tentative identification
f compounds for which no authentic standards were available was
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

one using fragmentation pattern data from literature. The efflu-
nt from the UPLC was split and ca. 300 �L/min introduced into the
S. The LC–MS analysis parameters were as follows: desolvation

emperature, 370 ◦C; desolvation flow rate, 370 L/h; source tem-
erature, 100 ◦C; capillary voltage, 3700 V; cone gas, 50 L/h; cone
 PRESS
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voltage, 35 V. For LC–MS and –MS2 analysis the collision energy
setting was 5 and 15 arbitrary units, respectively.

2.5. Total phenol content and antioxidant activity analysis

The total phenol [13], ABTS•+ scavenging [14], DPPH• scavenging
[15], ferric reducing antioxidant power (FRAP) [16], oxygen radi-
cal antioxidant capacity (ORAC) [17], iron chelating [18], linoleic
acid emulsion oxidation [19] and microsomal lipid peroxidation
[20] assays were performed on each extract. The microsomal frac-
tion was prepared from freshly excised male Fischer rat livers as
described by van der Merwe et al. [21] and used at a final protein
concentration of 1 mg/mL in the reaction volume. The total phenol
content was expressed as g gallic acid equiv./100 g extract, while
the antioxidant activity in the ABTS•+ scavenging, DPPH• scaveng-
ing, FRAP and ORAC assays were expressed as �mol Trolox equiv./g
extract. The antioxidant activity in the other assays was expressed
as % inhibition for a given extract concentration. All absorbance
measurements were performed on a Beckman DU-65 UV/VIS spec-
trophotometer (Beckman, Cape Town, South Africa) using a 1 cm
path length quartz cuvette. Fluorescence measurement (ORAC
assay) was performed on a Biotek Synergy HT microplate reader
(Winooski, Vermont, USA).

2.6. HPLC coupled to online antioxidant assays

The optimised 50% ethanol extract (6 g milled plant mate-
rial extracted for 20 min at 50 ◦C with 100 mL 50% ethanol) of A.
phylicoides was subjected to online HPLC-DAD-DPPH• and -ABTS•+

analyses as described by van der Merwe et al. [21]. The online
system consisted of an LKB Bromma 2150 HPLC pump (Bromma,
Sweden), in-line Phenomenex Degasser Model DG-4400 and LKB
Bromma 2151 UV/Vis variable wavelength detector. Mixing of the
HPLC effluent and the radical solution, at a flow rate of 0.5 mL/min,
was achieved with a high pressure static mixing tee (Upchurch,
Anatech, Cape Town, South Africa). The reaction coil was made
of 15.24 m PEEK tubing (0.25 mm i.d.) to give a reaction time of
ca. 0.5 min. Data were captured using DataApex Clarity v2.4.1.91
software (DataApex, Prague, Czech Republic). Scavenging of DPPH•

and ABTS+• was detected as a negative peak at 515 and 430 nm,
respectively. The sample was injected in duplicate at 5, 10, 15 and
20 �L. HPLC-DAD peak areas (x) at 320 nm (hydroxycinnamic acid
derivatives) and 350 nm (flavones) were plotted against the corre-
sponding negative peak areas (y) for each compound of interest.
The relative antioxidant activity compared to caffeic acid was cal-
culated by dividing the slope for the compound by the slope for
caffeic acid.

2.7. Isolation of major antioxidant compound

2.7.1. Sample preparation
The optimised 50% ethanol extract was used for isolation of

the major antioxidant compound. Enrichment of phenolic com-
pounds in the extract was performed by partitioning 3.5 g extract
suspended in 105 mL water with 55 mL n-butanol. The upper layer
was removed and partitioning repeated with five 55 mL portions of
n-butanol added to the lower layer. The pooled upper phases from
each partitioning step, containing the enriched fraction (1 g), were
evaporated under vacuum and freeze-dried before CCC fractiona-
tion.
, doi:10.1016/j.chroma.2010.12.096

2.7.2. CCC fractionation
The hydrodynamic CCC instrument used in the present study

was a multilayer coil planet J-type centrifuge Spectrum model
(Dynamic Extractions, Slough, UK), equipped with two preparative
coils connected in series (polytetrafluoroethylene (PTFE) tubing:

dx.doi.org/10.1016/j.chroma.2010.12.096
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.6 mm i.d., 144 mL total volume). The inner ˇr-value was mea-
ured to be 0.52 at the internal end of the coil and the outer ˇr-value
as 0.86 (equation ˇr = r/R, in this case r is defined as the distance

rom the coil (planetary) axis to the nearest and farthest layer of
he PTFE tubes wound on the coil system). The direction of rotation
etermined the head locations at the periphery of the two coils.

CCC fractionation was performed at 28 ◦C with a two-phase sol-
ent system composed of tert-butyl methyl ether – acetonitrile –
ater (2:2:3, v/v). After thoroughly equilibrating the solvent mix-

ures in a separation funnel at room temperature, the two phases
ere separated shortly before use. The organic and aqueous phases
ere modified to obtain a final concentration of 600 mM formic

cid and 16 mM NH3, respectively, before degassing by ultrason-
cation. These modifications ensured that hydroxycinnamic acid
ompounds were separated from the flavone compounds due to
he differences in their pKa values. The upper organic phase was
sed as stationary phase and the lower aqueous phase as mobile
hase in the ‘head-to-tail’-mode.

The multilayer coiled column was initially completely filled with
he upper organic phase using a Gilson 305 HPLC pump (Gilson,
nc., Middleton, WI, USA) equipped with a Gilson 806 manometric

odule. The sample (100 mg) was dissolved in 3 mL each of upper
nd lower phase. The sample solution was introduced into the
eparation column through a manual low-pressure sample injec-
ion valve (Rheodyne, Cotati, CA, USA) and a 10 mL loop without
rior column equilibration. The lower phase was pumped at a
ow rate of 5 mL/min in the ‘head-to-tail’ direction after start of
otation at 1600 rpm. The total run time was 40 min. The effluent
tream from the tail outlet of the column was monitored at 320 nm
sing a Waters 2996 diode-array detector equipped with a semi-
reparative flow cell (3 mm path length) and collected into test
ubes with a Gilson FC203B fraction collector at 1.5 min intervals.
fter separation, the solvent in the coil was ejected with nitrogen
as to determine stationary phase retention (Sf), which was 52%.
he ejected coil volume was also kept as an additional fraction.
he CCC procedure was repeated eight times. The fractions from
ll runs were monitored using HPLC-DAD analysis and pooled into
our fractions according to similarities in observed profiles. Pooled
ractions were rotary evaporated under vacuum and freeze-dried
F1 = 122 mg).

.7.3. Semi-preparative reversed-phase HPLC
Semi-preparative reversed-phase HPLC separation of F1 was

erformed on the Agilent 1200 series HPLC (Agilent Technologies)
dditionally equipped with a fraction collector. Separation took
lace on a Gemini C18 (150 mm × 10 mm; 5 �m particle size; 110 Å
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

ore size) column, protected by a guard cartridge (10 mm × 10 mm)
ith the same stationary phase. The mobile phases, (A) 0.1%

ormic acid and (B) methanol, were used in the following gradi-
nt: 0–12 min, 38% B; 12–13 min, 38–60% B; 13–15 min, 60% B;
5–16 min, 60–38% B; 16–20 min, 38% B. The flow rate and column

able 1
ntioxidant activity of Athrixia phylicoides extracts benchmarked against commercial Asp

Extract types Total phenol
contenta

TACABTS
b TA

Athrixia phylicoides from 2005 plant material (n = 2) 24.16 1267 14
Athrixia phylicoides from 2007 plant material (n = 3) 30.57 – 19
Aspalathus linearis fermented (n = 1) 30.49 1577 20
Aspalathus linearis unfermented (n = 1) 35.12 2067 25
Aspalathus linearis unfermented enriched (n = 1) 42.20 3046 31
Cyclopia spp. fermented (n = 2) 17.06 977 9
C. subternata unfermented enriched (n = 1) 25.75 1519 16
C. genistoides unfermented enriched (n = 2) 24.50 1608 13

a g gallic acid equiv./100 g.
b �mol Trolox equiv./g; TACABTS, total antioxidant capacity using the ABTS•+ scavenging

erric reducing antioxidant power; LAEO, linoleic acid emulsion oxidation; MLP, microsom
 PRESS
r. A xxx (2011) xxx–xxx

temperature were maintained at 3 mL/min and 30 ◦C, respectively.
F1 (64 mg) was dissolved in DMSO and diluted with water (1:4)
to ca. 18 mg/mL. The solution was filtered through a 0.45 �m
pore-size Millex-HV hydrophilic PVDF syringe filter (Millipore) and
100 �L injected repeatedly. The fractions containing compounds 15
and 6 were collected using automatic peak detection. The pooled
fractions were rotary evaporated under vacuum and freeze-dried,
yielding 3.3 and 13.7 mg, respectively.

2.7.4. NMR analysis
NMR spectra was collected on a Varian UnityInova 600 NMR spec-

trometer with a 1H frequency of 600 MHz and a 13C frequency of
150 MHz using a 5 mm inverse detection PFG probe. 1H NMR spec-
tra were referenced to the residual DMSO peak at 2.5 ppm and the
13C spectra at 39.5 ppm. Prior to analysis samples were dissolved
in DMSO-d6 and filtered through glass wool during the transfer to
the NMR tube.

3. Results and discussion

3.1. A. phylicoides antioxidant activity benchmarked against
commercial extracts from South African herbal teas

A. phylicoides aqueous extracts from plant material obtained
in 2005 were benchmarked against commercial extracts from
A. linearis and Cyclopia spp. in terms of free radical scavenging
activity (ABTS•+, DPPH• and peroxyl radical (ORAC) scavenging
assays), reducing potential (FRAP), iron chelating activity and inhi-
bition of lipid peroxidation (microsomal lipid peroxidation and
linoleic acid emulsion oxidation assays) (Table 1). These commer-
cial extracts are currently produced for the food, nutraceutical
and cosmeceutical markets and served to benchmark the aqueous
extracts of A. phylicoides. The aspalathin-enriched extract pre-
pared from unfermented A. linearis showed the highest DPPH•

scavenging activity, reducing potential and ability to inhibit micro-
somal peroxidation. On the other hand, the fermented Cyclopia
spp. extracts were the least active in these assays. The activity
of A. phylicoides extracts in the different assays was compara-
ble to extracts from unfermented polyphenol-enriched Cyclopia
spp. extracts. Results obtained for scavenging of the peroxyl rad-
ical (ORAC), a physiologically relevant radical, and the ABTS•+

were different from that obtained with DPPH•. Fermented Cyclopia
spp. extracts had lower values than that of fermented A. linearis
extracts, while unfermented polyphenol-enriched C. subternata, C.
genistoides and A. linearis extracts had similar activity in the two
assays. A. phylicoides aqueous extracts had ORAC and ABTS•+ scav-
, doi:10.1016/j.chroma.2010.12.096

enging values similar to that of fermented A. linearis extracts. A.
phylicoides extracts showed much higher iron chelation activity
than the other extracts, while all extracts demonstrated similar
ability to inhibit oxidation of linoleic acid in emulsion. On the
basis of these results, A. phylicoides is deemed to have potential

alathus linearis and Cyclopia spp. extracts.

CDPPH
b FRAPb ORACb Iron chelating

ability (%)
%Inhibition of
MLP

%Inhibition of
LAEO

37 873 7237 21.7 14.0 86.3
75 1418 – – – –
00 1382 8703 8.7 19.4 87.3
19 1764 9772 4.3 30.0 71.5
49 2004 13,498 6.4 46.8 85.2
67 661 5272 3.7 12.5 84.6
81 1168 9627 3.6 24.8 87.9
66 1090 9618 5.0 22.9 85.0

assay; TACDPPH, total antioxidant capacity using the DPPH• scavenging assay; FRAP,
al lipid peroxidation; ORAC, oxygen radical absorbance capacity.

dx.doi.org/10.1016/j.chroma.2010.12.096
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Table 2
Yield, total phenol content, antioxidant activity and compound 5 content of Athrixia phylicoides extracts prepared during optimisation experiments.

Extracts Yielda Total phenol contentb TACDPPH
c FRAPc Compound 5d

Solvent (6 g milled plant material and 100 mL solvent extracted for 30 min)
Water (70 ◦C) 23.96 ae 30.57 b 1975 b 1418 b 0.77 d
Water (30 ◦C) 18.59 c 17.33 e 839 e 273 f 0.06 h
50% acetone (30 ◦C) 21.08 b 32.45 a 2092 a 1560 a 1.53 b
Acetone (30 ◦C) 0.57 g 17.61 e 854 e 797 d 0.41 ef
50% methanol (30 ◦C) 17.33 d 31.92 ab 2091 a 1620 a 1.37 c
Methanol (30 ◦C) 6.10 e 26.92 c 1575 c 1321 b 0.47 e
50% ethanol (30 ◦C) 17.92 cd 33.36 a 2188 a 1603 a 1.62a
Ethanol (30 ◦C) 1.34 f 22.70 d 1204 d 1054 c 0.37 f
Ethyl acetate (30 ◦C) 0.32 fg 17.92 e 852 e 571 e 0.28 g
Temperature (6 g milled plant material and 100 mL 50% ethanol extracted for 30 min)
30 ◦C 17.92 c 31.14 ab 2285 a 1706 a 1.61 a
40 ◦C 19.50 b 30.39 b 2103 bc 1605 b 1.52 a
50 ◦C 20.90 a 32.42 a 2160 b 1664 a 1.60 a
60 ◦C 21.60 a 30.75 b 2040 c 1671 a 1.60 a
70 ◦C 22.01 a 30.07 b 2079 bc 1652 a 1.50 a
Time (6 g milled plant material and 100 mL 50% ethanol extracted at 50 ◦C)
10 min 19.61 bi 31.45 a 2401 a 1458 ab 1.29 d
20 min 20.99 a 31.52 a 2467 a 1380 b 1.60 a
30 min 20.90 a 31.52 a 2380 a 1520 a 1.40 bcd
40 min 21.64 a 34.41 a 2412 a 1525 a 1.50 ab
60 min 21.84 a 34.72 a 2494 a 1494 ab 1.35 cd
80 min 21.90 a 32.28 a 2480 a 1466 ab 1.44 bc

TACDPPH, total antioxidant capacity using the DPPH• scavenging assay; FRAP, ferric reducing antioxidant power.
a g dried extract/100 g plant material extracted.
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b g gallic acid equiv./100 g.
c �mol Trolox equiv./g.
d g quercetin equiv./100 g dried extract.
e Different alphabet letters for a parameter in each experiment represents signifi

or production of antioxidant-rich nutraceutical or cosmeceutical
xtracts.

Another batch of A. phylicoides plant material was obtained in
007 from a different location. The hot water extract of this plant
aterial gave higher total phenol, but similar antioxidant activity

alues (TACDPPH and FRAP) to that of fermented A. linearis com-
ercial extracts (Table 1). Plant material obtained in 2007 was

herefore used for extract optimisation and compound isolation.

.2. Extraction optimisation

Extraction of phenolic antioxidants from A. phylicoides was opti-
ised in terms of extraction solvent, temperature and time, as a

igher phenolic content enables better sensitivity in the on-line
PLC-DAD-ABTS•+ and -DPPH• assays due to higher signal to noise

atios. These assays were employed to identify individual com-
ound(s) of relatively high antioxidant activity. Water and the
arious water–organic solvent mixtures gave higher total phenol
ontent and antioxidant activity values than organic solvents, while
he hot water extract gave the highest yield (Table 2). Extraction
sing 50% ethanol increased the yield with increasing extraction
emperature up to 50 ◦C, but the total phenol content and FRAP
alue were not affected. Only a small decrease in TACDPPH was
bserved when extraction was carried out at 40 and 50 ◦C, com-
ared to 30 ◦C. Extraction time had little effect on yield when using
0% ethanol at 50 ◦C. After an initial increase in yield when the
xtraction was prolonged from 10 to 20 min, no significant increase
as observed for longer extraction times. No effect was observed

or extraction time with respect to total phenol content or antioxi-
ant activity. The final extraction conditions selected for follow-up
ork therefore, were 50% ethanol, 50 ◦C and 20 min.
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

.3. Characterisation of A. phylicoides phenolic compounds

A. phylicoides optimised extract from plant material harvested
n June 2007, was characterised in terms of phenolic composi-
ion using HPLC-DAD, LC–MS and LC–MS2. Chlorogenic acid (2)
P < 0.05) differences.

and 1,3-dicaffeoylquinic acid (9) were identified by comparison of
their retention times, UV–vis and MS characteristics with that of
authentic standards. Other compounds were tentatively identified
as hydroxycinnamic acid derivatives (3, 4, 6–8, 10, 11, 13, 14) and
flavones (5, 12) (Table 3).

Among the 10 hydroxycinnamic acid derivatives, multiple
peaks showed pseudo-molecular ions with m/z 515 (3 peaks),
533 (5 peaks) or 695 (2 peaks). Compounds with the same
pseudo-molecular ion m/z gave similar fragmentation patterns
indicating that they could be structural isomers. Compounds 9–11
([M−H]− = 515) correspond to dicaffeoylquinic acids, of which sev-
eral structural isomers is possible [22]. This is also supported by
their fragmentation pattern, namely fragment ions with m/z 353
and 191 corresponding to the consecutive loss of two caffeoyl moi-
eties and fragment ions with m/z 191 and 173 corresponding to
deprotonated quinic acid and caffeic acid fragment ions, respec-
tively [11]. The exact identity of compounds 10 and 11 could not
be ascertained using the UV–vis and MS characteristics.

The other hydroxycinnamic acid derivatives ([M−H]− = 533 and
695) seem to be related to the caffeoylquinic acid compounds and
each other. Both groups gave fragment ions with m/z 371 and 209.
Compounds 3, 4 and 6–8 ([M−H]− = 533) gave fragment ions corre-
sponding to the consecutive loss of two caffeoyl moieties, namely
m/z 371 and 209. Fragment ions with m/z 191, corresponding to a
deprotonated caffeoyl moiety, were also observed. For compounds
13 and 14 ([M−H]− = 695) the two fragment ions with m/z 371 and
209 corresponded to the loss of two and three caffeoyl moieties,
respectively. Further identification of these compounds was not
possible with the data at hand.

Two flavones were tentatively identified in the A. phylicoides
optimised extract. Compound 5 represented a flavone–hexose
as evidenced by the neutral loss of �m/z 162 resulting in a
, doi:10.1016/j.chroma.2010.12.096

fragment ion with m/z 301. Compound 12 corresponds to a flavone-
glucuronide due to the neutral loss of �m/z 176 resulting in a
fragment ion with m/z 269.

On-line HPLC-DAD-ABTS•+ (Fig. 2) and -DPPH• analyses of the
same extract indicated that all the major peaks resulted in nega-

dx.doi.org/10.1016/j.chroma.2010.12.096
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Table 3
UV–vis and MS characteristics of phenolic compounds in Athrixia phylicoides extracts and fractions. Conditions: cf. Fig. 2.

�max Mr LC–MS LC–MS2 Identification

Ionsa Precursora Product ionsa

2 295sh, 325 354 707, 353b, 191 353 191b Chlorogenic acid
3 295sh, 325 534 533b, 371 533 209b Hydroxycinnamic acid derivative
4 295sh, 325 534 533b, 371 533 209b Hydroxycinnamic acid derivative
5 284, 344 464 463b 463 463, 301b Flavone–hexose
6 295sh, 325 534 533b, 517, 371, 327 533 209b Hydroxycinnamic acid derivative
7 295sh, 325 534 533b, 517, 371, 327 533 209b, 191 Hydroxycinnamic acid derivative
8 295sh, 325 534 533b, 371 533 209b, 191 Hydroxycinnamic acid derivative
9 295sh, 325 516 515b, 353 515 353, 191b, 179 1,3-Dicaffeoylquinic acid

10 295sh, 325 516 515b, 353 515 353, 191b, 179 Dicaffeoylquinic acid
11 295sh, 325 516 515b 515 353, 191, 179, 173b Dicaffeoylquinic acid
12 266, 332 446 445b 445 269b Flavone-glucuronide
13 295sh, 325 696 695b 695 371b, 209 Hydroxycinnamic acid derivative
14 295sh, 325 696 695b 695 371b, 209 Hydroxycinnamic acid derivative
15 266, 358 480 479b 479 479, 317b Flavone–hexose

a m/z (relative intensity); sh, shoulder.
b Ion with highest intensity in spectrum.

Fig. 2. HPLC-DAD (mAU) and on-line HPLC-DAD-ABTS•+ (mV) profiles of a 50% ethanol extract of Athrixia phylicoides from plant material harvested in Haenertzburg (June
2 tonitr
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DPPH•, allowing higher sensitivity at the short reaction times used
in the on-line antioxidant assays [24]. On the basis of the relative
antioxidant activity results, compound 5 was targeted for isolation.
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007). Column: gemini C18 column (150 mm × 4.6 mm i.d., 5 �m); mobile phase: ace
7–30%; 35–45 min, 30–52%; 45–50 min, 52–80%; 50–55 min, 80–10%; 55–65 min, 1
eagent added at 0.5 mL/min with reaction time of 0.5 min followed by detection at

ive peaks due to ABTS•+ and DPPH• scavenging (e.g. Fig. 2). Relative
ntioxidant activity compared to caffeic acid was calculated using
he slopes of the curves for compound concentration against nega-
ive peak area. The activity of compounds 6, 10 and 12 could not be
alculated due to partial overlap of peaks, which made peak integra-
ion impossible. Compounds 4 and 5 had high relative antioxidant
ctivity in both assays (Fig. 3). Differences were observed between
alues obtained using on-line HPLC-DAD-ABTS•+ and -DPPH•

Fig. 3). Compounds 2–5, 9, 13 and 14 gave higher relative ABTS•+

han DPPH• radical scavenging values, while the opposite was true
or compound 9. Compounds 8 and 11 gave very similar relative
BTS•+ and DPPH• scavenging values. The range of relative antiox-

dant activity values for on-line HPLC-DAD-ABTS•+ and DPPH• was
.6–1.9 and 0.6–1.7, respectively. Differences between the two
ssays can be ascribed to differences in the accessibility of the radi-
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

al and potential steric hindrance [23] in specific molecules. Goupy
t al. [23] noted that steric hindrance is a major factor influenc-
ng the initial reaction rate constant of phenolic compounds with
PPH•, e.g. much faster initial scavenging for caffeic acid com-
ared to chlorogenic acid. The ABTS•+ is also more reactive than
ile–formic acid (0.1%) (acetonitrile: 0–30 min, 10–27%; 30–32 min, 27%; 32–35 min,
ow-rate: 1.0 mL/min; detection wavelength: 320 nm. Post-column reaction: ABTS•+

m.
, doi:10.1016/j.chroma.2010.12.096

0.0

2 3 4 5 7 8 9 11 13 14

R
el

Fig. 3. Relative radical scavenging activity of Athrixia phylicoides phenolic com-
pounds compared to caffeic acid.
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LC–MS pseudo-molecular ion ([M+H] (measured) = 481.0964 m/z;
[M+H]+ (calculated) = 481.0982 m/z), LC–MS/MS spectra and the
additional 2D NMR experiments performed. The glucoside moi-
ety is affirmed by positive n.O.e between H1′′, 3′′, 5′′ and by the
signature 1H chemical shifts described in literature in the same
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Fig. 4. HPLC-DAD profiles of Athrixia phylicoides enriched extract and CCC fractio

.4. Isolation and identification of antioxidant compounds in A.
hylicoides

The A. phylicoides extract that was optimised in terms of phe-
olic content and antioxidant activity also represents optimal
xtraction of compound 5 (Table 2). However, the optimised extract
s a complex mixture of compounds (Fig. 2) with only 1.6 g quercetin
quiv./100 g extract of compound 5 (Table 4). The extract was,
herefore, enriched using liquid–liquid partitioning of the extract
n n-butanol–water (1:1, v/v/v). The n-butanol fraction was 7.2 and
.4 times enriched in compound 5 compared to the aqueous and
ptimised extract, respectively. The complexity of the extract also
ecreased as only compounds 2, 5 and 9 were observed as major
ompounds (Fig. 4a). The enriched extract was fractionated by CCC
o obtain F1 (Fig. 5), which was 39.5 and 5.5 times enriched in
ompound 5 compared to the aqueous and n-butanol fractions,
espectively. F1 also contained a small amount of another com-
ound (15) (Fig. 4b) that was not observed in the aqueous and
ptimised extracts due to co-elution with compound 4. Since CCC
educed the complexity of the extract a fairly high sample loading
ca. 1.8 mg/injection) during semi-preparative HPLC was possible,
lso enabling isolation of compound 15 (3.3 mg) in addition to
ompound 5 (13.7 mg). Compound 15, similar to compound 5, is
flavone–hexose as evidenced by its UV–vis and MS characteris-

ics (Table 3). Purity of isolated 5 and 15, measured at 245 nm using
PLC-DAD, was 94 and 91%, respectively.

NMR spectroscopy, namely 1H, 13C, COSY, NOESY, HSQC
nd HMBC experiments, was used to elucidate the structure
f compound 5. 1H and 13C NMR data fit exactly with those
reviously reported for 6-hydroxyluteolin-7-O-�-glucoside in lit-
rature [25,26], and its identity was confirmed by the LC–MS
seudo-molecular ion ([M+H]+ (measured) = 465.1027 m/z; [M+H]+

measured) = 465.1033 m/z), LC–MS/MS spectra and the additional
D NMR experiments performed. The MS/MS daughter ion at m/z
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

03 affirmed the 6-hydroxyluteolin aglycone with a neutral loss
f 162 corresponding to the loss of the hexose moiety. The NOESY
MR spectra showed an n.O.e (nuclear Overhauser effect) associa-

ion between the anomeric proton of the glucoside moiety and the

able 4
ompound 5 content (g quercetin equiv./100 g) in Athrixia phylicoides extracts and
ractions from plant material harvested in 2007. Conditions: cf. Fig. 2.

Extract/fraction Content Enrichment factora

Aqueous extract 0.77 –
Optimised extract 1.26 1.6
n-BuOH fraction 5.55 7.2
CCC-F1 30.42 39.5

a Content in extract/fraction divided by content in aqueous extract.
6050403020100

Time (min)

om plant material harvested in Haenertzburg (June 2007). Conditions: cf. Fig. 2.

H-8 singlet on the A-ring of the aglycone, confirming the attach-
ment of the sugar unit to the 7-OH functional group. The large H1′′

coupling constant of 6.8 Hz between H1′′ and H2′′ indicates a beta
coupled glucose. The glycoside stereochemistry was affirmed by
positive n.O.e’s between H1′′, 3′′, 5′′ and by the characteristic 1H
chemical shifts described in literature with the same solvent [25].
This is the first time that 6-hydroxyluteolin-7-O-�-glucoside has
been isolated from A. phylicoides.

6-Hydroxyluteolin-7-O-�-glucoside (5): 1H NMR (600 MHz,
DMSO-d6, 25 ◦C), ı [ppm]: 7.40 (1H, dd, J 2.3, 8.2 Hz, H-6′), ı 7.38
(1H, d, J 2.3 Hz, H-2′), ı 6.94 (s, H-8), ı 6.87 (1H, d, J 8.2 Hz, H-5′),
ı 6.68 (1H, s, H-3), ı 4.99 (1H, d, J 6.8 Hz, H-1′′), ı 3.73 (1H, d, J
10.3 Hz, H-6′′), ı 3.18–3.52 (5H, m, glucose H-2′′, 3′′, 4′′, 5′′, 6′′); 13C
NMR (600 MHz, DMSO-d6, 25 ◦C): ı [ppm]: 182.2 (C4), ı 164.3 (C2),
ı 151.3 (C7), ı 149.8 (C4′), ı 148.9 (C9), ı 146.6 (C5), ı 145.8 (C3′),
ı 130.4 (C6), ı 121.6 (C1′), ı 118.9 (C6′), ı 115.9 (C5′), ı 113.5 (C2′),
ı 105.8 (C10), ı 102.5 (C3), ı 100.9 (C1′′), ı 93.9 (C8), ı 77.3 (C3′′), ı
75.8 (C5′′), ı 73.2 (C2′′), ı 69.7 (C4′′), ı 60.6 (C6′′).

1H, 13C, COSY, NOESY, HSQC and HMBC experiments were
also recorded for compound 15. The 1H and 13C NMR spec-
tra correspond exactly with those previously reported for
quercetagetin-7-O-�-glucoside [25,27] and was confirmed by

+

, doi:10.1016/j.chroma.2010.12.096
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Fig. 5. CCC chromatogram for fractionation of Athrixia phylicoides enriched extract.
Two-phase solvent system: tert-butyl methyl ether – acetonitrile – water (2:2:3,
v/v), upper phase acidified to 600 mM formic acid and lower phase adjusted to con-
tain 16 mM NH3; mobile phase: the lower aqueous phase; flow rate: 5.0 mL/min;
revolution speed: 1600 rpm; detection wavelength: 320 nm; sample size: 100 mg
of enriched extract dissolved in 3 mL each of the lower and upper phases.
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olvent [25]. The LC–MS/MS daughter ion at m/z 319 affirms the
uercetagetin aglycone with a neutral loss of 162 corresponding to
he loss of the hexose moiety. Here again, the large H1′′ coupling
onstant of 7.3 Hz between H1′′ and H2′′ indicates a beta coupled
lucoside unit. The NOESY NMR spectra showed a clear n.O.e asso-
iation between the anomeric proton of the glucoside moiety and
he H-8 singlet on the A-ring of the aglycone, confirming the attach-

ent of the sugar unit to the 7-OH functional group. This is the first
ime that quercetagetin-7-O-�-glucoside has been isolated from A.
hylicoides.

Quercetagetin-7-O-�-glucoside (15): 1H NMR (600 MHz,
MSO-d6, 25 ◦C), ı [ppm]: 7.67 (1H, d, J 2.3 Hz, H-2′), ı 7.51 (1H, dd,
2.3, 8.5 Hz, H-6′), ı 6.88 (s, H-8), ı 6.86 (1H, d, J 8.5 Hz, H-5′), ı 4.97
1H, d, J 7.3 Hz, H-1′′), ı 3.72 (1H, d, J 10.3 Hz, H-6′′), ı 3.12–3.50
5H, m, H-2′′, 3′′, 4′′, 5′′, 6′′); 13C NMR (600 MHz, DMSO-d6, 25 ◦C), ı
ppm]: 176.8 (C4), ı 152.3 (C7), ı 148.8 (C9), ı 148.5 (C4′), ı 148.2
C2), ı 146.1 (C5), ı 145.7 (C3′), ı 136.3 (C3), ı 130.4 (C6), ı 122.7
C1′), ı 120.6 (C6′), ı 116.2 (C5′), ı 116.1 (C2′), ı 105.8 (C10), ı
01.6 (C1′′), ı 94.3 (C8), ı 77.9 (C5′′), ı 76.5 (C3′′), ı 73.9 (C2′′), ı
0.4 (C4′′), ı 61.4 (C6′′).

The isolated compounds are reported for the first time from A.
hylicoides. 6-Hydroxyluteolin-7-O-�-glucoside (5) was reported
o have higher superoxide radical anion (O2

•−) scavenging activ-
ty than luteolin-7-O-�-glucoside due to an additional OH group
n the phenolic A ring [28]. ABTS•+ and peroxyl radical scav-
nging activity for compound 5 was shown to be less than that
f quercetin [29]. Quercetagetin-7-O-�-glucoside (15), with an
dditional OH group on the C-ring, should be an even stronger
ntioxidant than compound 5. This is supported by Parejo et al.
27] who showed similar DPPH•, •OH and O2

•− scavenging activity
or compound 15 and quercetin. Additional OH groups, especially
n the 3-position, generally increases antioxidant activity, while
lycosides generally have less activity than aglycons. Compound 5
as also been reported to exhibit �-glucosidase inhibitory activity
30].

. Conclusions

A. phylicoides displayed good potential as a new source of
ntioxidant-rich extracts for the nutraceutical and cosmeceuti-
al markets, based on its antioxidant activity compared to that
f commercial extracts from A. linearis and Cyclopia spp. Several
ajor peaks with antioxidant activity were detected using on-line
PLC-DAD-ABTS•+ and -DPPH• analyses in a “semi-quantitative”
anner. CCC was used in conjunction with liquid-liquid extraction

nd semi-preparative HPLC to isolate 6-hydroxyluteolin-7-O-�-
lucoside, a compound with high relative antioxidant activity, and
uercetagetin-7-O-�-glucoside for the first time in extracts from
Please cite this article in press as: D. de Beer, et al., J. Chromatogr. A (2011)

he aerial parts of A. phylicoides. Hydrodynamic CCC was effective
n separating the hydroxycinnamic acid derivatives in an enriched
xtract from the flavone constituents. Chlorogenic acid and 1,3-
icaffeoylquinic acid were also identified for the first time in A.
hylicoides extracts by comparison of retention time, as well as

[
[

[
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r. A xxx (2011) xxx–xxx

UV–vis, MS and MS2 spectra, with those of authentic standards.
Several unidentified hydroxycinnamic acid derivatives were also
detected. Further investigation into these compounds is needed, as
they represent major peaks comprising a large proportion of the
phenolic compounds present in A. phylicoides extracts. This study
forms the basis for further investigation into the phenolic compo-
sition and bioactivity of A. phylicoides extracts.
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