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Anthocyanins in extracts from raspberries and blueberries were analyzed by reversed-phase HPLC
coupled to a high-resolution Exactive Orbitrap mass spectrometer (HR-MS) with a resolution of
100,000, operated with an electrospray source in the positive ionization mode. As consumption of
anthocyanin-rich berry extracts has been associated with improved cognitive function, brain extracts
from European greenfinches (Carduelis chloris) that had been fed one blackberry daily for a period
of 2 weeks were analyzed by both HPLC with traditional tandem MS in the selected reaction
monitoring mode and HPLC-HR-MS. Cyanidin-3-O-glucoside was detected in the brain extracts by
both methods, but because of its high level of selectivity, HR-MS was ca. 200-fold more sensitive. A
further advantage of HR-MS is that unlike MS-SRM it enables both targeted and nontargeted
compounds to be detected and much lower limits of detection are achieved without compromising
the selectivity of the analysis.
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INTRODUCTION

Anthocyanins are responsible for the red, purple, and dark blue
colors of many fruits and berries. They were initially difficult to
analyze by reversed-phase HPLC as they required a mobile phase
containing acid at concentrations as high as 15% (/). However,
advances in column stationary phase and support technology
have resulted in optimum separations now being achieved with a
mobile phase containing 1% acid. Photodiode array (PDA)
detection further enhanced reversed-phase HPLC analysis of
anthocyanins as differences in the Egs0/Ejmax ratio make it
possible to differentiate between 3-O-glycosides and 3,5-O-digly-
cosides (2). In addition, the presence of an aromatic organic acid
is characterized by the presence of a shoulder in the absorbance
spectrum at 310 nm (3). Delphinidin, petunidin, and malvidin all
have a similar absorbance spectrum, but can be distinguished
from cyanidin and peonidin, which in turn differ from pelargo-
nidin derivatives (3). However, identification using PDA detec-
tion relies on the availability of reference standards and cannot
provide definitive structural identification of unknown peaks
with close retention times and similar absorbance spectra (4).
The use of HPLC with full scan mass spectrometry (MS) and
electrospray ionization (ESI) can provide the nominal molecular
weight of a compound. A simple quadrupole mass spectrometer
with positive ionization can be used to identify anthocyanins and,
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due to in-source fragmentation of the parent ion, can also yield
information on the type of sugar substitution. At lower concen-
trations the fragment ion of the aglycone can be lost in the
background noise and there can be difficulty in distinguishing
between isobaric compounds, that is, compounds with the same
nominal mass, such as cyanidin-3-O-rutinoside and pelargonidin-
3-0-sophoroside (5). In such circumstances identification and
quantification at low concentrations require a targeted analysis
using selected ion monitoring (SIM) and is possible only when
reference compounds are available and they can be separated
chromatographically.

As mass spectrometers have developed over the years, inves-
tigators have tried to find faster and better methods to analyze
anthocyanins, and to this end the use of a MALDI-TOF mass
spectrometer was compared with conventional HPLC-PDA-MS
for the analysis of blueberries (6). MALDI-TOF was quicker and
provided comparable nontargeted quantitative estimates to that
of PDA detection. However, as with a single-quadrupole MS, it is
unable to distinguish between isomers and isobaric compounds
and, furthermore, the dynamic range of MALDI-TOF is limited
when compared to that of a PDA detector.

Giustiet al. (7) used a simple purification procedure with a C18
resin to process berry and fruit extracts prior to direct analysis of
anthocyanins, without an HPLC step, using a triple-quadrupole
mass spectrometer with an ESI. This was rapid, allowed MS?> of
targeted compounds, and proved to be a major advance in the
characterization of anthocyanins occurring in plant extracts. It
was noted that the MS? fragmentation of anthocyanins occurred
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only at the glycosidic bonds. Thus, in the case of a 3-O-digluco-
side, such as cyanidin-3-O-sophoroside, the positively charged
molecular ion (M + H]") would yield an MS? ion corresponding
to cyanidin, that is, m/z 611 — m/z 287. In contrast, MS” of
diglucosides with the glucosyl groups at two loci rather than one,
such as cyanidin-3,5-O-diglucoside, produces a monoglycosyl-
ated fragment as well as the aglycone, that is, m/z 611 — m/z
449 and m/z 287. Giusti et al. (7) produced an extremely useful
table detailing the [M + H]" and MS? ions of all the common
anthocyanins, anthocyanidins, and their sugar and organic acid
conjugating moieties. Although this technique reveals MS?
daughter ions produced from fragmentation of the [M + H]",
and so can distinguish between isobaric anthocyanins, comprising
different anthocyanidins, it cannot differentiate between an
anthocyanidin conjugated with (i) a hexose sugar or acylated
with caffeic acid and (ii) a rhamnose sugar and p-coumaric acid,
as seen in purple potatoes (8). Furthermore, quantification still
requires targeted analysis by SIM or selected reaction monitoring
(SRM).

Many of these techniques work well when there is sufficient
sample to allow an initial full scan investigative MS analysis
followed by targeted quantitative analysis with absorbance detec-
tion or MS in the SIM or SRM mode. However, as research
focuses on what effects compounds have at specific sites in vivo,
the availability of a system that can carry out nontargeted
identification and quantification in a single analytical step would
be a major step forward. The object of this investigation was to
assess whether high-resolution (HR) accurate mass MS could be
such a tool for the analysis of anthocyanins in extracts of berries
and the brains of birds fed blackberries.

MATERIALS AND METHODS

Berries and Chemicals. Fresh raspberries (Rubus idaeus) cv. Glen
Ample, low bush blueberries (Vaccinium angustifolium), and blackberries
(Rubus ulmifolius) were purchased at Sommerfield supermarket, Glasgow,
U.K. HPLC grade methanol and acetonitrile were obtained from
Rathburn Chemicals (Walkerburn, Borders, U.K.). Formic acid was
purchased from Riedel-DeHaen (Seelze, Germany) and acetic acid from
BDH (Poole, U.K.), whereas L-(+)-ascorbic acid and cyanidin-3-O-
glucoside was purchased from Extrasynthese (Genay, France).

Extraction of Berries. Twenty grams of berries was macerated in a
glass homogenizer. The resultant juices were decanted, and the remaining
seeds and tissue were further extracted with 2 x 15 mL of methanol
containing 0.1% HCI. The material was combined with the initial extract
and centrifuged at 2000g for 30 min. The supernatant was removed, made
up to 50 mL with acidified methanol, and stored as 2 mL aliquots in
Eppendorf tubes at —80 °C. The contents of individual tubes were thawed
as required and centrifuged at 15800g for 20 min prior to analysis.

Feeding and Extraction of Greenfinch Brains. European green-
finches (Carduelis chloris) were fed either a normal greenfinch diet
(Haith’s, Grimsby, U.K.) comprising 10 g of seed per day (n = 9)or7 g
of seed plus one fresh blackberry per day (n = 9) for 2 weeks. The day
following the last feed the birds were euthanized, blood was drawn by
cardiac puncture, and the tissue was perfused in situ with 1 mL of chilled
0.15M NaCl to remove residual blood. The brain was removed and rinsed
in saline, blotted dry, and stored at —80 °C prior to extraction according to
the method of Kalt et al. (9). Individual brains, weighing ca. 0.9 g, were
homogenized in 2 mL of phosphate buffer containing 0.1% EDTA
followed by extraction with 4 mL of acetone. The precipitated material
was removed by centrifugation at 1500g for S min at 4 °C. The supernatant
was reduced to the aqueous phase in vacuo, acidified with 100 uL of
trifluoroacetic acid, and sequentially partitioned against 2 mL volumes of
hexane, dichloromethane, and ethyl acetate. The aqueous layer was then
freeze-dried and resuspended in 1 mL of 5% methanol in 1% aqueous
formic acid.

HPLC with Full Scan HR-MS. Five microliter extracts of berries
and brain extracts from blackberry-fed greenfinches were analyzed on an
Accela HPLC system comprising an HPLC pump, a PDA detector,
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scanning from 250 to 700 nm, and an autosampler cooled to 4 °C
(Thermo Fisher Scientific, San Jose, CA). Analyses were carried out at
40 °C using a 250 x 2 mm i.d. A 4 um Synergi RP-Max column
(Phenomenex, Macclesfield, Cheshire, U.K.) was eluted with a 30 min
gradient of 5—50% acetonitrile in 1% aqueous formic acid at a flow rate
0f200 #L/min. After passing through the flow cell of the PDA detector, the
column eluate was directed to an Exactive Orbitrap trap mass spectro-
meter fitted with an electrospray interface (Thermo Fisher Scientific).
The mass spectrometer was set up in positive ionization to scan from
m/z 150 to m/z 2000 at a resolution of 100,000, at n2/z 200 with a scan cycle
time of 1 s. The capillary temperature was 275 °C, and the source voltage
was 4 kV.

HPLC-MS?. Five microliter extracts of berries and 100 uL extracts
from the brain of blackberry-fed greenfinches were analyzed on a Surveyor
HPLC system comprising a HPLC pump, a PDA detector, scanning from
250 to 700 nm, and an autosampler cooled to 4 °C (Thermo Fisher
Scientific). Analyses were carried out at 40 °C using a 250 x 2 mm i.d., 4
umm Synergi RP-Max column (Phenomenex) eluted with a 50 min
gradient of 10—25% acetonitrile in 1% aqueous formic acid at a flow
rate of 200 uL/min. After passing through the flow cell of the PDA
detector, the column eluate was directed to an LCQ Advantage ion trap
mass spectrometer fitted with an electrospray interface (Thermo Fisher
Scientific). Analyses utilized the positive ion mode as this provided the best
limits of detection for anthocyanins. Samples were analyzed in the mass
spectrometer using SRM scanning for fragments of the m/z 449 parent ion
from m/z 150 to m/z 449 and for fragments from the m/z 463 parent ion
between m/z 150 and m/z 463. Capillary temperature was 150 °C, sheath
gas and auxiliary gas were 40 and 20 units, respectively, the source voltage
was 3 kV, and SRM maximum cycle time was 200 ms. Both HPLC-MS
systems were controlled by Xcalibur software (Thermo Fisher Scientific).

RESULTS

HPLC-HR-MS Analysis of Raspberries. In this study a total of
10 ions associated with 12 anthocyanins were monitored. In
keeping with previous reports on anthocyanins in raspber-
ries (10, 11), the main components identified were cyandin-3-0-
sophoroside, cyanidin-3-0-(2"-0-glucosyl)rutinoside, and cyani-
din-3-0O-glucoside, with small quantities of cyanidin-3-O-sambu-
bioside, cyanidin-3-0-(2"-O-xylosyl)rutinoside, cyanidin-3-0O-
rutinoside, cyanidin-3,5-0O-diglucoside, pelargonidin-3-O-gluco-
side, pelargonidin-3-O-rutinoside, pelargonidin-3-0-(2”-0-
glucosyl)rutinoside, and pelargonidin-3-O-sambubioside and
with some samples also containing detectable quantities of
pelargonidin-3-O-sophoroside. Unlike the earlier investigations,
in the present study with HR-MS, the HPLC mobile phase
gradient was designed to achieve limited resolution of the
raspberry anthocyanins as this enabled the strengths and weak-
nesses of HR-MS to be demonstrated with greater clarity. The
data presented in Figure 1 and Table 1 show that the anthocyanins
eluted from the HPLC column within a period of 3 min and that
HR-MS was able to identify eight individual cyanidin- and
pelargonidin-based anthocyanins. Because of their coelution
from the HPLC column, HR-MS was unable to distinguish
between cyanidin-3,5-0-diglucoside, which typically occurs as a
minor component, and the main anthocyanin cyanidin-3-O-
sophoroside and likewise between the isobaric cyanidin-3-O-
rutinoside and pelargonidin-3-O-sophoroside, both of which
are minor anthocyanins (Table 1). All four anthocyanins can be
readily separated when analyzed with reversed-phase HPLC
using a more typical mobile phase gradient offering an enhanced
peak capacity (10, 11).

Although no quantitative analysis was attempted, the main
ions detected in the analysis of the raspberry extract were at m/z
611.1598, 757.2173, and 449.1076 (Figure 1), which, respectively,
correspond with cyanidin-3-O-sophoroside, cyanidin-3-0-(2''-O-
glucosyl)rutinoside, and cyanidin-3-O-glucoside, the known
major anthocyanins in raspberries (/0). The selectivity of the
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Figure 1. HPLC-HR mass chromatograms of anthocyanins in a raspberry extract. m/z values are -1 mmu. m/z 611.1598, cyanidin-3,5-O-diglucoside/
cyanidin-3-O-sophoroside; m/z 757.2175, cyanidin-3-O-(2''-O-glucosyl)rutinoside; m/z 449.1076, cyanidin-3-O-glucoside; m/z 595.1655, cyanidin-3-O-
rutinoside/pelargonidin-3-O-sophoroside; m/z 741.2233, pelargonidin-3-0-(2"/-O-glucosyl)rutinoside; m/z 581.1498, cyanidin-3-O-sambubioside; m/z
727.2075, cyanidin-3-O-(2"-O-xylosyl)rutinoside; m/z 433.1129, pelargonidin-3-O-glucoside; m/z 579.1708, pelargonidin-3-O-rutinoside; m/z 565.1554,
pelargonidin-3-O-sambubioside.

Table 1. Summary of the HPLC Retention Times and HR Mass Spectra of Anthocyanins Detected in a Raspberry Extract®

peak tr (min) anthocyanin estimated mass (Da) actual mass (Da) error (mDa) formula

1 13.0 cyanidin-3,5- O-diglucoside/cyanidin-3-O-sophoroside* 611.1598 611.1607 -0.9 Co7H31046
2 13.2 cyanidin-3-O-(2"'-O-glucosyl)rutinoside 757.2175 757.2186 —1.1 CaszH41059
3 13.6 cyanidin-3-O-sambubioside 581.1498 581.1501 -0.3 CaoHag015
4 13.7 cyanidin-3-O-(2'-O-xylosyl)rutinoside 727.2075 727.2080 -0.5 CaoH3g019
5 13.8 cyanidin-3-O-glucoside 449.1076 449.1078 —-0.2 C,1H2,044
6 14.0 cyanidin-3-O-rutinoside/pelargonidin-3-0-sophoroside 595.1655 595.1657 —0.2 Co7H31045
7 14.0 pelargonidin-3-O-(2"'-O-glucosyl)rutinoside 741.2233 741.2237 —0.4 CasHzg01g
8 14.7 pelargonidin-3-O-sambubioside 565.1554 565.1552 0.2 CagH29014
9 14.8 pelargonidin-3-O-glucoside 433.1129 433.1129 0.0 Co1H21049
10 15.3 pelargonidin-3-O-rutinoside 579.1498 579.1708 =21 Co7H31044

@For peak numbers, see Figure 1; tz, retention time; Da, daltons; mDa, millidaltons; * and indicate anthocyanins with matching exact masses.

HR-MS is such that it was possible to estimate the accurate mass

579.1498

of these compounds to within =1 millidalton (mDa). As can be
seen from Table 1, the accuracy of the system, with one exception,
was 1.1 mDa for all compounds. The exception was the estimated
mass for pelargonidin-3-O-rutinoside at m1/z 579.1498, which is 21
mDa less than the actual mass of m/z 579.1708. However, by
zooming in on the ion in question it was seen that two ions were in
fact present, one attributable to the anthocyanin rutinoside at m/z
579.1708 and the second ion at m/z 579.1498 identified from the
reported empirical formula as an (epi)catechin B-type dimer with
an actual mass 579.1494 (Figure 2).

This analysis of raspberry anthocyanins highlights the
strengths and limitations of any mass analyzer. When analyzing
complex mixtures via either low-resolution HPLC or, indeed,
direct infusion, HR-MS cannot distinguish between isomers and
isobaric compounds that have an identical exact mass. In such
circumstances, the problem can usually be overcome by a simple
and rapid high-resolution HPLC step.
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Figure 2. Full scan mass spectrum from m/z 579.08 to m/z 579.24
showing peaks at m/z 579.1498, an (epi)catechin B-type dimer, and m/z
579.1708, pelargonidin-3-O-rutinoside.
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Table 2. Summary of the HPLC and HR Mass Spectra of Anthocyanins Detected in a Low Bush Blueberry Extract?

peak tr (min) anthocyanin estimated mass (Da) actual mass (Da) error (mDa) formula

1 12.1 delphinidin-3-O-glucoside/delphinidin-3-O-galactoside 465.1033 465.1033 0.0 Cs1H21042
2 13.1 delphinidin-3-O-arabinoside 435.0920 435.0927 —0.7 CooH19041
3 13.4 cyanidin-3-O-glucoside/cyanidin-3-O-galactoside* 449.1075 449.1084 -0.9 Co1H21044
4 13.8 petunidin-3-O-glucoside/petunidin-3-O-galactoside 479.1183 479.1190 -0.7 CooHz3045
5 14.2 cyanidin-3-O-arabinoside 419.0971 419.0978 —-0.7 CuoH19010
6 14.6 petunidin-3-O-arabinoside* 449.1075 449.1077 —-0.2 Cs1Hz104
7 14.6 peonidin-3-O-glucoside/peonidin-fﬂ-O—gaIactosideJr 463.1227 463.1240 —-1.3 CooHa3014
8 15.0 malvidin-3-O-glucoside/malvidin-3-O-galactoside 493.1335 493.1341 —0.6 Co3H2504,
9 15.5 peonidin-3-O-arabinoside 433.1135 433.1135 0.0 Cy1H2101
10 15.8 malvidin-3-O-arabinoside’ 463.1227 463.1240 -1.3 CooHz304
11 17.3 peonidin-3-O-(6"-O-acetyl)glucoside 505.1339 505.1346 —0.7 Co4H2504
12 17.6 malvidin-3-0-(6"-O-acetyl)glucoside 535.1444 535.1452 —0.8 CosHa7043

@For peak numbers, see Figure 2; ts, retention time; Da, daltons; mDa, millidaltons; * and T indicate anthocyanins with matching exact masses.

HPLC-HR-MS Analysis of Blueberries. Low bush blueberries
contain a complex array of delphinidin-, cyanidin-, petunidin-,
peonidin-, and malvidin-based anthocyanins (/2). In the current
study, despite the steep mobile phase gradient, because of their
structural diversity, the blueberry anthocyanins eluted from the
HPLC column over a 6 min time period, which provided some
degree of separation. Despite the limited chromatographic se-
paration, HPLC-HR-MS was able to detect 12 anthocyanin
peaks with extremely close correspondence between the actual
mass and the detected mass values (Table 2). Because of their
identical masses, the 3-O-glucoside and -galactosides could not be
differentiated, but this can be achieved easily by more traditional
reversed-phase HPLC methodology, in which the galactoside
elutes earlier than the corresponding glucoside (13, 14).

Cyanidin-3-O-glucoside and cyanidin-3-O-galactoside both
have the same mass, 449.1084 Da, as the petunidin-3-0O-arabino-
side and, likewise, at 463.1240 Da, the peonidin-3-O-glucoside/
galactosides and malvidin-3-O-arabinoside. However, because
they separated, even with the low-resolution HPLC step, it was
possible to distinguish these nonisomeric, isobaric compounds
(Table 2).

Analysis of Greenfinch Brain Extracts. In keeping with pub-
lished data (15), analysis of the blackberries fed to the birds
showed that the predominant anthocyanin (>95%) was cyani-
din-3-O-glucoside. Each blackberry contained on average 13.1
umol of cyanidin-3-O-glucoside, and this equates with each bird
receiving a daily intake of 364 umol/kg. The normal seed diet fed
to the birds contained no detectable anthocyanins (data not
shown).

The greenfinch brain extracts were analyzed by both HPLC-
MS? in SRM mode and HPLC-HR-MS. The SRM analysis used
a conventional 50 min gradient of 10—25% acetonitrile in 1%
aqueous formic acid to provide a good separation of the
compound(s) of interest from potential contaminants. A SRM
method was set up to scan ions formed from the parent com-
pound at m/z 449 and for the potential methylated or glucu-
ronidated metabolites at m/z 463. Ton trap systems can scan a
range of ions from the parent molecular ion downward, with no
loss in sensitivity. This is a useful attribute in ensuring peak
homogeneity and reducing the incidence of erroneous false-
positive identifications. One hundred microliter aliquots of the
1 mL brain extracts were analyzed, and a distinctive cyanidin-
3-0-glucoside peak was observed with a retention time of 18.5
min on the SRM trace of the m1/z 449 ion fragmenting to produce
a MS? ion at m/z 287 (Figure 3A). This peak also cochromato-
graphed with a cyanidin-3-O-glucoside standard. The cyanidin-
3-0-glucoside content of individual brains ranged from 12 to 148
pmol with an average of 40 & 16 pmol (standard error,n = 9). No
evidence was obtained for the presence of cyanidin-O-glucuronide

or methyl-O-cyanidin-O-glucuronide metabolites. No anthocya-
nins were detected in the brain extracts from control non-berry-
supplemented birds (data not shown). The tissues were perfused
with saline to remove any residual blood. However, as the last
berry feed had occurred at least 18 h earlier, there would be little
or no anthocyanins in the circulatory system present to contam-
inate the brain extracts.

Analysis of the brain extract by HPLC-HR-MS used the same
30 min, 5—50% acetonitrile gradient that was employed for the
analysis of the raspberry and blueberry extracts. The HR-MS was
operated in full scan mode from m/z 150 to m/z 2000, and the
response at m/z 449.1064—449.1084 for a 5 uL aliquot of a brain
from a berry-fed greenfinch revealed a clear peak with a retention
time of 13.5 min (Figure 3B). The exact mass of this peak was
449.1079 Da, 0.4 mDa different from the theoretical value for
cyanidin-3-O-glucoside, with which it cochromatographed.
When signal-to-noise ratios of the cyanidin-3-O-glucoside peaks
obtained with MS*-SRM and HR-MS were compared, a value of
111 was obtained with SRM compared to 1295 for HR-MS. As
the HR-MS system analyzed a 5 uL aliquot of the 1 mL green-
finch brain extract, compared to 100 L with SRM, this repre-
sents a 200-fold improvement in sensitivity.

DISCUSSION

The purpose of this investigation was to assess the value of HR
accurate mass MS for the analysis of anthocyanins in berries and
the potential application of this technique to the analysis of
flavonoids in biological samples. The aim of many laboratories
is to have methods for the rapid and accurate analysis of
flavonoids and related compounds in complex mixtures, and in
this context MALDI-TOF-MS and HPLC-MS? have both
yielded substantial amounts of information with semipurified
extracts (6, 7). However, the limitation of both systems is that it is
not possible to distinguish between isomeric and isobaric com-
pounds with the same empirical formula and, as a consequence,
chromatography is still an unavoidable part of the analysis.
However, as we have demonstrated, HR-MS is able to distinguish
between compounds differing in mass by as little as 21 mDa. In
fact, the estimated mass of all of the compounds identified in
raspberry and blueberry extracts was within 1.3 mDa of their
theoretical value, with most having an error of <1.0 mDa
(Tables 1 and 2). This is substantially better than estimates
of mass that can be achieved with MALDI-TOF-MS, which
has a mass accuracy in the region of 10 mDa. Furthermore, the
HR-MS anthocyanin peaks that were identified varied in their ion
current peak heights from 2 x 10% to 4 x 10, providing a larger
dynamic range than the 10° that is typically achieved with
MALDI-TOF-MS.
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Figure 3. HPLC-MS analysis of an extract of a brain of a greenfinch fed one blackberry per day for 14 days: (A) HPLC-SRM trace of a m/z 287 fragment ion
from a m/z 448 parent ion; (B) HPLC-HR-MS trace of the m/z 449.1074 + 0.001 ion extracted from a full scan mass spectra.

As a result of the studies of Joseph and colleagues, there is
much interest in the beneficial effects of berry anthocyanins on
cognitive function (/6), and this group and their collaborators
used HPLC-MS-SRM to analyze extracts of brains from rats fed
a blueberry-rich diet. Extremely low levels of anthocyanins were
detected, but in such small quantities that the response was barely
above that of the background noise (/7). In the present study
extracts of brains of greenfinches fed blackberries were analyzed
by both HPLC-MS-SRM and HPLC-HR-MS. Both provide a
convincing demonstration of the ability of anthocyanins to cross
the blood—brain barrier was achieved (Figure 3). The concentra-
tion of anthocyanins detected in the brain of greenfinches is
higher than those reported in previous studies with rats and
pigs (9, 16). This may be a reflection of the relative dose of
anthocyanin ingested or indicate that greenfinches, which eat
berries as part of their normal diet, absorb blackberry anthocya-
nins more readily than rats and pigs absorb blueberry anthocya-
nins. Greenfinches consume approximately 20% of their body
weight in food per day (/8), and the consumption of one berry, as
opposed to an anthocyanin-rich berry extract, is not an unnatural
dietary situation.

The sensitivity of the HR-MS was ca. 200-fold better than that
of SRM, so cyanidin-3-O-glucoside could be detected when
as little as 0.5% of an extract of a greenfinch brain weighing
0.9 g (Figure 3B) was analyzed. Although the new generation of
ion trap mass spectrometers is more sensitive than the instrument
used in the current study, and likewise the latest triple-quadrupole
mass spectrometers, they are both limited in requiring a priori
knowledge of the analyte(s). Neither can carry out compound
identification and quantification in a single analysis. HR-MS
opens up the exciting possibility of quantifying anthocyanins
and additional nontargeted compounds in discrete areas of the
brain.

The improvement in sensitivity of mass spectrometers, espe-
cially in the case of ion trap systems, over the past 5—10 years is
attributable principally to the increased number of ions that the
trap can hold. More generally, there have been improvements in
design to ensure maximum ion transmission into the detectors.
However, there is only so much that can be done to improve the
signal-to-noise ratio without a reduction in background noise.
With the Oribtrap mass spectrometer, improvements in sensitiv-
ity come via an enhanced selectivity, which reduces interfering
background ions. This can be achieved to such an extent with
some high-resolution systems that there is no measurable back-
ground noise and, as a consequence, it is not possible to measure
the signal-to-noise ratio.

Although the Orbitrap detector is a major improvement in the
field of mass spectrometry, the limitations of using a mass
analyzer should be appreciated. It cannot differentiate between
compounds with the same empirical formula. In the analysis of
plant secondary metabolites there are a large number of isomers
and compounds, such as cyanidin and kaempferol and delphini-
din and quercetin, that have the same empirical formula. There-
fore, some form of separation, whether it be solid-phase
extraction or HPLC, must be used in conjunction with mass
analysis. In this context, ultraperformance liquid chromatogra-
phy (UPLC) is of value as it can reduce analysis times by up to a
factor of 10 over conventional HPLC (/9). Therefore, the
combination of the improved separation and high-resolution
mass analysis techniques offers the promise of rapid identification
and quantification in a single analysis. For more routine analysis
of samples, for example, in quality control or pharmacokinetics,
when known compounds are being detected and quantified,
the resolution can be reduced to say 30000 to increase the
number of data points acquired per peak, thereby improving
quantitative accuracy. This is discussed in an authoritative paper
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by Zhang et al. on quantitative mass spectrometric accuracy using
an Oribitrap in full scan mode compared to a triple-quadrupole in
SRM mode (20). In this study, analyses were carried out using an
UPLC system producing peak widths of the order of 6 s. One
advantage of the Oribitrap is the number of compounds mea-
sured per analysis. As it is a full scan system the number of
compounds measured per analysis has no bearing on the number
of data points acquired across a peak. The triple-quadrupole
requires 50 ms per scan with 0.2 ms between scans. Therefore, the
more compounds a triple-quadrupole mass spectrometer mea-
sures per analysis, the fewer data points are collected per HPLC
peak. Zhang et al. (20) claim the major benefit of full scan, high-
resolution mass analysis is that there is no need for compound
tuning; therefore, the bioanalytical setup is simplified and in-
formation on compounds of interest, as well as nontargeted
components, is readily obtained.

With resolution up to 100,000 at m/z 200 and accurate mass
better than 42 ppm the Orbitrap mass spectrometers provide a
full scan detection system that can both identify and quantify
compounds in a single run. As it is a full scan system, nontargeted
analytes can also be quantified. No compound tuning is neces-
sary; therefore, the setup procedure is also greatly simplified.
Despite these advances, the use of a PDA detector, as mentioned
in the Introduction, should not be underestimated as in the
analysis of plant secondary metabolites there are circumstances
when absorbance spectra can provide useful additional structural
information.
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