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a b s t r a c t

In this work, a reversed phase high performance liquid chromatography (RP-HPLC) method was devel-
oped for the determination of pterostilbene in food samples. The novel method is based on the addition
of cyclodextrins (CDs) to the mobile phase where the complexation of pterostilbene by CDs is carried
eywords:
terostilbene
yclodextrins
eversed phase high performance liquid
hromatography

out. In order to select the most suitable conditions for the RP-HPLC method, the effect of several physico-
chemical parameters on the complexation of pterostilbene by CDs was studied. Our results show that
the addition of 12 mM HP-�-CD to a 50:50 (v/v) methanol:water mobile phase at 25 ◦C and pH 7.0 sig-
nificantly improves the main analytical parameters. In addition, it was seen that pterostilbene forms
a 1:1 complex with HP-�-CD, showing an apparent complexation constant of 251 ± 13 M−1. Finally, in
order to study the validity of the proposed method, blueberries were analyzed and the concentration of

term
lueberry pterostilbene has been de

. Introduction

In recent years, many works have been published on pteros-
ilbene (trans-3,5-dimethoxy-4′-hydroxystilbene) (Fig. 1 inset), a
tilbenoid compound with many beneficial health effects [1–5].
terostilbene is a naturally occurring phytoalexin which has been
dentified in some plant species and is found in different sources
uch as the leaves of Vitis vinifera [6], in infected grape berries [7]
nd in healthy and immature berries of var. Pinot Noir and Gamay
8]. Moreover, pterostilbene is present in the heartwood of sandal-
ood (Pterocarpus santalinus) [9] and Pterocarpus marsupium [10]

r in the berries of some Vacciunium species [8]. Furthermore, this
otent antioxidant also appears to be a constituent of the bark of
uibourtia tessmanii [11] and, finally, high levels of pterostilbene
ere found in darakchasava [12].

In spite of the beneficial properties for the health of pterostil-
ene, some problems concerning the identification of this potent
ntioxidant, such as the low concentrations present in different

oods or the poor sensitivity of the methods used in its determina-
ion, have led fewer papers being published on the occurrence of
his stilbenoid in other foods than those mentioned above. Pteros-
ilbene has previously been quantified by gas chromatography
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E-mail address: josemln@um.es (J.M. López-Nicolás).

570-0232/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.03.025
ined.
© 2011 Elsevier B.V. All rights reserved.

after methylation and mass spectrometry [13,14]. However, few
publications have reported the analysis of pterostilbene by HPLC
[3,12,15–17]. Indeed, the works that have been published mention
several disadvantages such as the long analysis times required, the
high organic dissolvent concentration used in the mobile phase or
the poor RP-HPLC analytical parameters obtained in the method,
including poor linearity, precision and sensitivity or high detection
and quantitation limits. For these reasons, we have developed a
new method for analyzing pterostilbene in blueberries using RP-
HPLC based on the addition of cyclodextrins (CDs) in the mobile
phase.

CDs are a group of structurally related natural products formed
during the bacterial digestion of starch [18]. The most important
functional property of CDs is their ability to form inclusion com-
plexes with a wide range of organic guest molecules. Among the
guest molecules which have been complexed by CDs, several works
about the complexation of different stilbenoids with CDs have
been recently published [19–23]. However, very few applications
of these complexes have been reported. In this work, the use of the
pterostilbene/CD complexes in the chromatographic analysis field
is presented for first time.
Although the use of CDs as components of the HPLC mobile
phases has been reported in several works, the principal aim of
those papers was to determine the complexation constants of the
guest/CD complexes under different physico-chemical conditions
or to improve the separation of different enantiomers [24,25]. How-

dx.doi.org/10.1016/j.jchromb.2011.03.025
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:josemln@um.es
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Fig. 1. Effect of the water content (%) on the pterostilbene retention time (flow-rate,
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.00 ± 0.01 mL/min, temperature, 25 C ± 1 C). (�) Without HP-�-CD in the mobile
hase, (�) with 8 mM HP-�-CD in the mobile phase. Each data point is the mean of
replicates. Inset: Structure of pterostilbene.

ver, the use of CDs as additives to improve an HPLC analysis
ethod that permits the rapid analysis of low levels of a compound

as not previously been reported up date.
Bearing in mind the above, this work set five principal objec-

ives: (i) to study the complexation of pterostilbene by several type
f CDs under various experimental conditions using HPLC method;
ii) to select the optimum conditions of pH, temperature, organic
issolvent and type of CD for use in RP-HPLC; (iii) to develop a new
terostilbene RP-HPLC method with high levels of precision and lin-
arity, low detection and quantification limits and low percentage
f organic solvent based on the addition of CDs to the mobile phase
sing two types of detectors, UV–vis and fluorescence; (iv) to calcu-

ate the apparent formation constant of the pterostilbene/HP-�-CD
omplexes and (v) to apply the new RP-HPLC method for analyzing
he pterostilbene concentration in blueberries variety Duke.

. Experimental

.1. Chemical and reagents

Pterostilbene was from Sequoia Research Products Limited
Pangbourne, United Kingdom) and was used without further
urification (Purity of 98.1% determined by HPLC). Natural (�-
D, �-CD) and modified CDs (HP-�-CD and methyl-�-CD were
urchased from Sigma–Aldrich (Madrid, Spain) The water and
ethanol used in this study, of HPLC grade, were purchased from
nálisis vínicos, S.A. (Tomelloso, Spain). Anhydrous D-glucose was
upplied by Prolabo (Fontenoy-Sous-Bois, France).

.2. Equipment and experimental procedure

Twenty microlitres of pterostilbene prepared in methanol, at the
oncentration mentioned in the text, were injected for HPLC analy-
is using a Shimadzu LC-10A (Shimadzu Corporation, Kyoto, Japan)
nit equipped with an RF-10AXL fluorescence detector (Shimadzu)
nd a SPD-M10A photodiode array detector (Shimadzu) was used.
or the aqueous mobile phase studies, a commercially available C8

olumn Sunfire (Milford, USA) (150 mm × 4.6 mm I.D. 5 �m particle
ize) was used. For all experiments the mobile phase flow-rate was
ystematically controlled at 1.00 ± 0.01 mL/min, the UV–vis detec-
or was operated at 306 nm and the fluorescence detector used
n excitation wavelength of 330 nm and emission wavelength of
togr. B 879 (2011) 1091–1097

435 nm. Mobile phases were prepared according López Nicolás and
García-Carmona [23].

2.3. Temperature and pH studies

In the temperature studies, the retention factor was deter-
mined at the following temperatures: 15.0, 20.0, 25.0, 30.0 and
37.0 ± 0.1 ◦C. To study the effect of mobile phase pH on the retention
time of pterostilbene, buffers were used in the aqueous composi-
tion of the mobile phase: 0.1 M sodium acetate buffer for pH 5.0,
0.1 M sodium phosphate for pH 5.5–8.5 and 0.1 M sodium borate
for pH 9.0–11.0.

2.4. HPLC method validation

2.4.1. Determination of precision
To evaluate precision, a 2 �g/ml pterostilbene solution was

brought to 10 ml with 10% methanol in a volumetric flask, and
injected at 20 �l for a total of 10 times. The precision of the method
was expressed by the relative standard deviations (RSD) or coef-
ficient of variation of the data set. The mean concentrations of
pterostilbene were calculated while SD and RSD were calculated
using equations described by Snyder et al. [26].

2.4.2. Determination of linearity
The linearity of the method was evaluated by injecting 20 �l

of the seven samples of pterostilbene standards, prepared at 0.2,
0.5, 1, 2, 4, 8 and 12 �g/ml. This set of standards was analyzed in
triplicate. The correlation coefficient (r) between peak area and the
concentration of pterostilbene was analyzed for each of the seven
standards used.

2.4.3. Determination of LOD and LOQ
The LOD and LOQ were determined by analyzing pterostilbene

solutions that were sequentially diluted in a series with methanol to
obtain the lowest level of analyte that gave a measurable response
with a signal-to-noise ratio of 3 and 10, respectively.

2.5. Stilbene extraction and analysis

Blueberries were purchased from a local supermarket. The pro-
tocol used for stilbene extraction was adapted from the method
previously described by Langcake and Pryce [27] and Jeandet et al.
[28]. Blueberries analysis was performed using both the photodiode
array and fluorimetric detector. Concentrations of pterostilbene
in samples were measured using the external standard method.
Response factors (amount of standard/peak area) were calculated
with data from the standard calibration curve.

3. Results and discussion

3.1. Selection of organic solvent of mobile phase

In this work, the use of the non-polar stationary phase did not
allow determination of pterostilbene when water alone was used as
mobile phase, as it involved very long retention times accompanied
by the associated experimental error; it was therefore necessary to
use an organic modifier in the mobile phase. In the selection of an
organic solvent for a reversed-phase system, the retention value
of the sample solute and the formation constant of inclusion com-
plexes of the solute are important parameters since they depend

on the type of organic solvent and its content in the mobile phase
(López-Nicolás et al. [22]).

Acetonitrile, ethanol, methanol and 1-propanol are the most
widely used organic solvents in RP-HPLC. In this work, ethanol and
1-propanol were discarded for use as organic solvents because the
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Table 1
Comparison of the retention times, type and percentage of solvent organic used to
determine pterostilbene in different works.

Type of organic solvent % Organic solvent Retention time (min) Reference

Methanol 50 10.6 This work
Acetonitrile 5–80 50.0 17
Acetonitrile 10–85 21.2 15
P. Rodríguez-Bonilla et al. / J. C

trong interaction between these compounds and CDs can inter-
ere in the complexation of pterostilbene by CDs [22]. Indeed,
thanol presented a constant Km (which describes the affinity of the
rganic modifier for the �-CD cavity) of 0.93 M−1, and 1-propanol
resented a Km = 3.71 M−1 [29]. Several authors have selected ace-
onitrile [3,12,15,17] or methanol [16] to identify pterostilbene in
ifferent samples. These two organic dissolvents have the low-
st Km values of the above mentioned the organic solvents [29].
o choose between these two dissolvents for our investigations,
terostilbene was analyzed using two different mobile phases

n the presence of equal HP-�-CD concentrations. Theoretically,
nd as a result of host–guest interactions, the retention time of
he guest will decrease when complexation occurs in the mobile
hase and increase when it takes place in the stationary phase.
hese changes in the retention behaviour are closely related to
he stability constants of the complexes formed. In our experi-

ent, when a MeOH:water:HP-�-CD (50:50:8 mM) mobile phase
as used, the retention time (Rt) of pterostilbene was reduced by

bout 70% compared with the same mobile phase in the absence
f HP-�-CD. However, a reduction of only 10% was observed when
CN:water:HP-�-CD (50:50:8 mM) mobile phase was used. Finally,
everal environmental problems have been associated with the use
f acetonitrile. For these reasons, we selected methanol as the most
uitable organic solvent to be used in the new RP-HPLC method
escribed in this work.

.2. Effect of mobile phase additives on pterostilbene retention

To validate the use of CDs as additives in the mobile phase for
eveloping a new method of HPLC analysis it was first necessary
onfirm that the effect of CDs on the pterostilbene Rt is not due
o the glucidic nature of the CDs but to their ability to complex
ydrophobic compounds. To do this, we have studied the possible
eduction of the pterostilbene Rt due to the presence of d-glucose
n the reaction medium because glucose is a molecule included
n the CD structure. Thus, various amounts of d-glucose (14 and
4 mM), corresponding to 2 and 12 mM of �-CD and HP-�-CD as
egards the number of glucose units (each molecule of �-CD con-
ains seven units of D-glucose in a ring), were added to the 50:50
v/v) (methanol:water) mobile phase and the Rt of pterostilbene
as checked. The Rt of pterostilbene in the absence of any addi-

ive was 44.62 min. Moreover, the Rt of pterostilbene decreased in
he presence of �-CD at 2 mM (41.27 min) and HP-�-CD at 12 mM
10.6 min), whereas the addition of d-glucose did not alter the
etention times (44.83 min) even though the concentration of d-
lucose was the same as that of �-CD and HP-�-CD as regards the
umber of glucose units. Several conclusions can be deduced from
hese results. Firstly, the addition of CD to the mobile phase reduces
he pterostilbene Rt due to its capacity to complex hydrophobic
ubstances since no glucose/pterostilbene complexes exist. More-
ver, the possible elution modifications observed in the presence
f �-CD cannot therefore be attributed to modifications in solvent
trength.

.3. Effect of methanol concentration on pterostilbene retention
n the presence and absence of cyclodextrin

The next step in our investigation was to analyze the effect of
he concentration of the organic solvent in the mobile phase on
he capacity factor. Fig. 1 shows, in both the absence and presence
f 8 mM HP-�-CD, pterostilbene retention increased exponentially

ith increasing percentages of water, in the mobile phase. As

hown in Fig. 1, at methanol concentrations below 50% the pteros-
ilbene analysis leads to very long Rt which can result in substantial
xperimental errors. On the other hand, at a high methanol per-
entage (more than 50% v/v in binary methanol–water mixtures), a
Acetonitrile 60 20.7 12
Acetonitrile 50 15.0 3
Methanol:formic 50 26.3 16

substantial amount of methanol can interact with HP-�-CD, leading
to competition with pterostilbene complexation. This high degree
competition between the organic solvent and the guest molecule
for the CD cavity means that the decrease in the Rt in the pres-
ence of HP-�-CD was not significant compared with that observed
in the absence of this glucidic molecule. As can be seen in Fig. 1,
at these high methanol concentrations the decrease in the mobile
phase polarity provokes a decrease in both complexation and Rt.
The amount of methanol present provides a less polar mobile phase,
in which the non-polar solutes become more soluble; as a conse-
quence, the solute affinity for the hydrophobic cavity of HP-�-CD
diminishes and part of the driving force for inclusion is removed.

Furthermore, the use of only 50% methanol in the mobile phase
rather than the high percentages of methanol or acetonitrile used
by other researchers (up to 85%, see Table 1) provides environmen-
tal benefits that only serve to confirm the advantages of the method
presented in this work with respect to those reported previously.

For this reason, we chose 50% as the optimum methanol per-
centage to be used in our method.

3.4. Effect of pH on pterostilbene retention

Selection of the pH of the mobile phase is one of the most
important steps in the development of a new HPLC method. For
this reason, the pterostilbene Rt was studied in a wide range of
pH (5.0–11.0). As shown in Fig. 2A the Rt of this potent antioxi-
dant remains constant at pH values below pH 9.0. However, when
the mobile phase pH is increased from pH 9.0 to 10.0, the Rt
passes from a stable value of about 44.6 min to about 25 min in
just one pH unit, as happens during the titration of a weak ion-
izable group. This strong decrease in the pterostilbene Rt may be
due to the deprotonation of the hydroxyl group of this stilbenoid
as has described for the complexation of trans-resveratrol by CDs
[22,23]. Indeed, the significant decrease in the Rt value between
pH 9.0 and 10.0 coincides with the pH region where stibenoids
usually suffer the deprotonation of their hydroxyl groups [23]. A
likely explanation for the dependence of the pterostilbene Rt on the
pH is that when the reaction medium pH is above the pKa of the
guest molecule, the number of hydrogen bonds between the CDs
and several compounds are lower than when the guest molecules
are protonated. For this reason, the guest/CDs complexation con-
stants also decrease at pH values higher than the pKa values of the
complexed molecule. For this reason a pH of 7.0 was selected for
our experiments.

3.5. Effect of temperature on pterostilbene retention

As is known, an increase in the system temperature generally
leads to a decrease in the Rt of the analyte. However, also it is
known that this increase in the temperature can weaken the inter-

actions between CDs and the guest molecules. In this study the
effect of temperature on the Rt was studied for pterostilbene at five
different temperatures: 15, 20, 25, 30 and 37 ◦C. As can be seen
in Fig. 2B, an increase in the system temperature reduced the Rt
from 65 min at 15 ◦C to 25 min at 37 ◦C. According to these results,
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he optimum temperature to determine pterostilbene would be
7 ◦C because the analysis times are lower than at high tempera-
ures. However, according to the results of several researchers [23],
emperature values higher than 25 ◦C are not recommendable for
nalyzing guest molecules by HPLC in the presence of CDs because
he complexes between CDs and guest molecules may be disso-
iated by the rupture of the interaction bonds. For this reason, a
emperature of 25 ◦C was selected for our experiments.

.6. Effect of different types of CD on pterostilbene retention

The next step was to determine the best type of CD to be used
n the new method. Four types of natural (�-CD and �-CD) and

odified CDs (methyl-�-CD and hydroxypropyl-�-CD) were used
o this end and the effect of the addition of 8 mM of �-CD, methyl-�-
D and HP-�-CD and 2 mM of �-CD (this low concentration is due
o the poor solubility of �-CD) on the pterostilbene Rt was tested.

The two types of natural CD have GRAS status and have been
pproved as additives in the European for food use, and the cor-

esponding E-numbers assigned are E-457 for �-CD and E-459 for
-CD.

As is shown, the Rt remained practically constant when �-CD
as added to the mobile phase (43.2 min) respect to the observed

n the absence of CD (44.6 min). Moreover, when a �-CD was used
Fig. 3. HPLC chromatograms of pterostilbene at different HP-�-CD concentrations:
(A) no CD, (B) 1 mM, (C) 2 mM, (D) 4 mM, (E) 8 mM, (F) 12 mM. Inset: Effect of HP-�-
CD concentration on the pterostilbene retention time.

a slight decrease in Rt was observed (38.9 min). As the new HPLC
method proposed in this work is based in the use of increasing
concentrations of CDs to reduce the Rt of pterostilbene, these data
led us to two conclusions: (i) The interaction of pterostilbene with
natural CDs is very weak at the concentration tested due to the
poor formation of the pterostilbene/�-CD or pterostilbene/�-CD
complexes and (ii) natural CDs cannot be recommended to be used
as additives in the mobile phases to develop a rapid method for
determining pterostilbene by RP-HPLC.

On the other hand, different studies have reported that modified
CDs can complex stilbenoids better than natural CDs. For this rea-
son, and due to these above results, we used modified CDs such
as HP-�-CD and methyl-�-CD in this work. Our results show a
strong decrease in the Rt of pterostilbene when 8 mM HP-�-CD
or methyl-�-CD were added to the reaction medium. Thus, HP-�-
CD reduced the Rt from 44.6 min to 14.1 min and methyl-�-CD to
17 min. Although similar data were obtained when both modified
CDs were used, the fact that HP-�-CD presents the lowest Rt of all
the CDs tested and because several studies indicate that this type of
CD presents a high complexation constant for other stilbenoid/CD
complexes led us to select HP-�-CD as the most suitable type of CD
in our investigation.

3.7. Effect of HP-ˇ-CD concentration on pterostilbene retention

After the RP-HPLC conditions were determined in the presence
of CDs, validation tests were performed to check retention time,
precision, linearity, range and limit of detection and quantitation.

The different pterostilbene chromatograms obtained at increas-
ing concentrations of HP-�-CD (from 0 to 12 mM) in the mobile
phase are presented in Fig. 3. As is shown in Fig. 3 inset, a strong
reduction from 44.6 to 10.6 min (around 75%) in the pterostilbene
Rt was observed when this antioxidant was determined in a C8
Sunfire column using 50:50 water–methanol proportions contain-
ing 12 mM HP-�-CD in mobile phase. These results are due to the
ability of CD to reduce the Rt of pterostilbene because the inclusion
complexes between this stilbenoid and HP-�-CD enhances guest
solubility in the mobile phase and reduced its residency time in the

column. Moreover, the Rt presented in this work (10.6 min in the
presence of 12 mM HP-�-CD) are the lowest times reported for the
analysis of pterostilbene (up to 50 min) [3,12,15–17].

This reduction in the Rt of several compounds when different
types of CDs are added to the mobile phases has been used by
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f 1:2 complex) (filled squares). Methanol–water (50:50%) mobile phase. Each data
oint is the mean of 3 replicates.

ome researchers to determine the complexation constants of the
uest/CD complexes. However, no work has suggested that this
ecrease in the Rt might be used to develop new method to analyse
ntioxidant compounds. With this in mind the effect of adding CDs
n the main HPLC parameters, such as precision, linearity, repro-
ucibility, detection and quantification limits of the analyte was
tudied for the first time.

.8. Effect of HP-ˇ-CD addition on the method precision

One of the most important factors to be borne in mind when
n RP-HPLC method is developed is precision. In this work, the
recision of the method was expressed by the relative standard
eviations (RSD) of ten analysis of area and Rt of 2 �g/ml pterostil-
ene solutions using both UV–vis and fluorescence detection in the
resence and absence of 12 mM HP-�-CD. Very interesting results

or the RSD values can be observed in Fig. 4A. As regards the analysis
f the pterostilbene Rt, no significant differences in RSD values were
ound between the detectors. However, reductions of 96% and 97%
n the RSD values for UV–vis and fluorescence Rt determinations

ere observed when 12 mM HP-�-CD was added to the mobile
togr. B 879 (2011) 1091–1097 1095

phase. Indeed, this is the first study to show an increase in the pre-
cision parameter due to the presence of HP-�-CD in the RP-HPLC
mobile phase.

As regards the area measurements, precision parameter differed
substantially between UV–vis and fluorescence detection. In both
the absence and presence of HP-�-CD, the RSD values obtained
using the fluorescence detector was higher than those obtained
using UV–vis. Furthermore, the precision of the area determina-
tions was again higher when 12 mM HP-�-CD was added to the
mobile phase than when this complexant agent was not present.

These results confirm that the use of 12 mM HP-�-CD in the
mobile phase not only reduces the analysis time but increases the
precision of the method when both UV–vis and fluorescence detec-
tion were used for the pterostilbene analysis.

3.9. Effect of HP-ˇ-CD addition on the method linearity

The linearity of the response was examined by analyzing solu-
tions in a range of concentration between 0.2 and 12 �g/ml. The
linearity calibration curves were constructed for seven concen-
trations of each reference compound in triplicate. The regression
equation was calculated in the form of y = ax + b, where y and x
were the values of peak area and concentration of each reference
compound, respectively. The results of the regression analyses and
the correlation coefficients (r) are shown in Table 2, which illus-
trates the substantial differences found in the absence and presence
of HP-�-CD. Firstly, the results obtained show that the correla-
tion coefficients of the linear regression of the standard curves are
greater for the fluorescence detector than for the UV–vis detec-
tor in the absence (0.9985 vs. 0.9977) and presence of HP-�-CD
(0.9999 vs. 0.9992). Moreover, in the presence of 12 mM HP-�-
CD the new method presents higher correlation coefficient values
(r > 0.999) than in the absence of the complexant agents for both
detectors: UV–vis (0.9992 vs. 0.9977) and fluorescence (0.9999 vs.
0.9985). These results lead us to affirm that the combination of
fluorescence detector and the presence of HP-�-CD significantly
increases the linearity of pterostilbene determination by RP-HPLC.

3.10. Effect of HP-ˇ-CD addition on the LOD and LOQ

To complete the study of the validation of the new method in
the presence of CD, the limit of detection (LOD) was determined
with a signal-to-noise ratio of 3, and the limit of quantitation (LOQ)
with signal-to-noise ratio of 10. Our results show that LOD and
LOQ showed different behaviours in the absence and presence of
HP-�-CD for both detectors (UV–vis and fluorescence). Although
they both showed high sensitivity in all chromatographic condi-
tions assayed, two main conclusions can be extrapolated from the
data obtained: (i) in the absence and presence of HP-�-CD, LOD and
LOQ presented lower values for the fluorescence detector than for
UV–vis; (ii) in the presence of 12 mM HP-�-CD both limits were
strongly reduced, reflecting a significant increase in the sensitivity
of the method described in this work. Thus, when 12 mM HP-�-
CD was added to the reaction medium, the LOD was reduced from
3.41 to 0.95 �M in the case of fluorescence detector and from 4.33
to 2.35 �M for UV–vis detector, representing increases in sensitiv-
ity of 72% and 32%, respectively, calculated at a signal-to-noise ratio
of 3. A similar behaviour was observed for LOQ. Without any agent
in the mobile phase, the value for this limit was 10.84 and 13.49 �M
for the fluorescence and UV–vis detectors. However, the addition
of HP-�-CD reduced these limits to 2.11 and 7.71 �M, respectively.

These results confirm the increased sensitivity of 80% and 43% in
the LOQ for the UV–vis and fluorescence detectors, respectively.

This is the first time that where a decrease in the LOD and LOQ
has been demonstrated for a compound when CDs are added to
the mobile phase, confirming, once again, the validity of the new
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Table 2
Correlation coefficients, limits of detection (LOD) and limits of quantitation (LOQ) for pterostilbene RP-HPLC analysis in the presence and absence of HP-�-CD.

Detector Calibration Detection limits

No HP-�-CD 12 mM HP-�-CD No HP-�-CD 12 mM HP-�-CD
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it was necessary to study the possible existence of a matrix effect.
Fig. 5 shows the chromatograms obtained for blueberries samples
using the photodiode array detector in the absence (II) and presence
(I) of 12 mM HP-�-CDs in the mobile phase selected in the previ-
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ethod proposed in this work to measure pterostilbene by RP-
PLC.

.11. Study of the complexation of pterostilbene by cyclodextrins.
toichiometry of the complexes and determination of the apparent
omplexation constant

One advantage of the method proposed in this work is the
ossibility of calculate the apparent complexation constant (KF)
etween the molecule analyzed (pterostilbene) and the optimum
D selected (HP-�-CD). In view of the results obtained in previous
ections, a temperature of 25 ◦C, a pH of 7.0 and a modified type
f CD such as HP-�-CD have been selected as the best physico-
hemical conditions to determine the KF between pterostilbene and
P-�-CD.

To determine the KF value for the pterostilbene/HP-�-CD com-
lex, equation 1, which relates the capacity factor, k, and the
P-�-CD mobile-phase concentration, [CD], is proposed [24]. In

his equation we have assumed two conditions: (1) the com-
lex presents a 1:1 stoichiometry and (2) interaction of the
terostilbene/HP-�-CD complex with the stationary phase is neg-

igible.

1
k

= 1
ko

+ KF

ko
[CD] (1)

here k is the capacity factor of the solute, k0 the solute capacity
actor in the absence of CD, KF is the apparent formation constant
f the inclusion complex and [CD] is the HP-�-CD mobile-phase
oncentration.

Although several authors have claimed that stilbenes can not
orm CD complexes with a 1:2 stoichiometry, López-Nicolas et al.
21] demonstrated that trans-stilbene can able to be complexed
y two molecules of HP-�-CD. For this reason, we studied the
ossible formation of a 1:2 pterostilbene/HP-�-CD complex via
precursor 1:1 complex. Eq. (2) is an extension of Eq. (1) and

ncludes a second-order term that accounts for the possibility of
:2 pterostilbene–HP-�-CD complex formation:

1
k

= 1
ko

+ KF1

ko
[CD] + KF1 KF2

ko
[CD]2 (2)

here k0 is the capacity factor of pterostilbene in the absence of HP-
-CD modifier, KF1 is the apparent formation apparent for the 1:1
terostilbene/HP-�-CD complex and KF2 is the apparent formation
onstant for the 1:2 pterostilbene/HP-�-CD complex.

Using Eq. (1) and the data obtained from the chromatogram
resented in Fig. 3 in the presence of increasing concentrations of
P-�-CD, a plot of the reciprocal of k vs. [HP-�-CD] should give a

traight line, indicating the formation of 1:1 pterostilbene/HP-�-
D complex. However, in the case of a 1:2 pterostilbene/HP-�-CD
omplex formation, a plot of reciprocal of k vs. [HP-�-CD] should
ive a parabolic curve that fits Eq. (2). In our study, a plot of

/k vs. [HP-�-CD] gave a straight line with a linear correlation
igher than 0.99, indicating that the presumed stoichiometry of the
terostilbene/HP-�-CD complexes formed was 1:1 (Fig. 4B, filled
ircles). On the other hand, when 1/k was plotted against [HP-�-
D]2, a non-linear relationship was obtained (linear correlation of
M−1) LOQ (�M−1) LOD (�M−1) LOQ (�M−1)

10.84 0.95 2.11
13.49 2.35 7.71

0.82) (Fig. 4B, filled squares), which indicates that the stoichiome-
try of the inclusion complex is not 2:1. Fitting the data obtained to
Eq. (1), the KF value was calculated as 251 ± 13 M-1.

This KF value determined at a methanol concentration of 50%
is lower that the reported (17520 ± 981 M−1) by our group for
the interaction between pterostilbene and HP-�-CD in aqueous
solution [21] determined by fluorimetric techniques. The strong
dependence of apparent KF values on the methanol concentration is
due to the existence of a strong competition on the part of methanol
and solute for the HP-�-CD cavity reported by different authors
[24]. Moreover, the decrease in KF values can be interpreted is
interpreted by reference to hydrophobic interactions, which are
known to play a key role in the inclusion process. The transfer of a
solute containing a hydrophobic moiety from a polar solvent to the
hydrophobic HP-�-CD cavity, leads to a large decrease in solute free
energy and favours complexation. As the mobile phase increases
in polarity, the polarity difference between the HP-�-CD cavity
and the eluent will become more intense. Consequently, complex
formation will be even more strongly favoured.

3.12. Analysis of pterostilbene in blueberries and recovery study

In order to study the validity of the proposed method, it
was applied to the determination of pterostilbene in blueberries.
Although different varieties of blueberries present high concentra-
tions of pterostilbene, other varieties not show significant values of
this antioxidant [13]. For this reason it was of interest to determine
whether the stilbene pterostilbene, which is also reported to have
antioxidant activities, is present in blueberries variety Duke.

The use of photodiode array or fluorimetric detection meant that
Time (min)

50403020100

Fig. 5. HPLC analysis of blueberries in the absence (II) and presence (I) of 12 mM
HP-�-CD concentrations (wavelength of monitoring: 306 nm). Inset: (A) Absorption
spectra of pterostilbene. (B) Excitation and emission spectra of pterostilbene.
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us sections (50:50 (v/v) methanol:water mobile phase at 25 ◦C
nd pH 7.0). As can be seen, in the absence of 12 mM HP-�-CDs, the
resence of pterostilbene in blueberries is practically impercepti-
le because of its low levels and the poor limits of both detection
nd quantification of traditional chromatographic methods (note
he very low peak with poor definition at 44.6 min). However, due
o the complexation of pterostilbene by CDs described previously,
hen 12 mM HP-�-CDs was added to the mobile phase, a well-
efined peak emerges at 10.6 min. The peak was identified by:
a) comparing the retention data obtained for blueberries sam-
les, the standard and the blueberries spiked with the standards
nder identical conditions; (b) using the photodiode array detec-
or to continuously measure the pterostilbene UV–visible spectrum
hile the solute passed through the flow-cell; (c) comparing the

nformation obtained using a fluorimetric detector.
Good agreement was found when the retention time of the

terostilbene peak obtained in the absence (44.6 min) and presence
10.6 min) of 12 mM HP-�-CDs in the mobile phase for the stan-
ard, blueberries sample and the spiked sample were compared. In
ddition, the absorption spectra obtained for the three samples also
howed a good agreement. Fig. 5 inset A shows the absorbance spec-
rum of the pterostilbene found in blueberries samples. Absorption
pectrum showed a single absorption band around 300 nm with
bandwidth of 30 nm and two small maxima centred at 304 and
35 nm. Finally, fluorimetric detection confirmed the identity of
he compounds since the chromatographic profiles of blueberries
nd same sample spiked with the standard was identified. Good
greement was obtained for the fluorescence spectra of the chro-
atographic peak (Fig. 5 inset B). The excitation and emission

pectra of pterostilbene showed a single excitation band at around
35 nm and a principal emission wavelength at around 420 nm, fol-

owed by another lower intensity emission wavelength at 400 nm
nd a shoulder at 378 nm.

The efficiency of both the extraction and analysis methods
as confirmed by performing a recovery study. The samples were

piked at the beginning of the extraction procedure, and then
piked and unspiked samples were treated as described in the
xperimental procedures before being analyzed. Absolute recov-
ries were evaluated by comparing the concentrations found in
lueberries samples spiked with a known amount of pterostilbene
tandard. These were submitted to the chromatographic proce-
ure developed in this work and the concentrations were obtained
sing the calibration graphs. When the spike and recovery data
ere combined, an average recovery ± SD (n = 6) of 97.89 ± 1.2%
as obtained.

Once the pterostilbene was identified and the absence of a

atrix effect had been confirmed, the stilbene in blueberries

amples was quantified. Blueberries showed the presence a pteros-
ilbene concentration of 110 ng/g dry sample. This concentration
s similar to the obtained by Rimando et al. [13] in rabbit eye
lueberry. Moreover, pterostilbene has been detected in fungos-

[

[
[
[

togr. B 879 (2011) 1091–1097 1097

infected grapes at levels of 0.2–4.7 �g/g fresh weight of skin [7] and
also in healthy grape berries var. Gamay and Pinot Noir al levels of
14–74 ng/g and 120–530 ng/g fresh berries respectively [8].

These data confirm the validity of the novel RP-HPLC method
described which uses cyclodextrins as mobile phase additives to
determine pterostilbene in food samples.
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