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Abstract

A solid—liquid extraction procedure followed by reversed-phase high-performance liquid chromatography (RP-HPLC) coupled with a
photodiode array detector (DAD) for the determination of polyphenols in freeze-dried apple peel and pulp is reported. The extraction step
consists in sonicating 0.5 g of freeze-dried apple tissue with 30 mL of methanol-water—acetic acid (30:69:1, v/v/v) containing 2 g of ascorbic
acid/L, for 10 min in an ultrasonic bath. The whole method was validated, concluding that it is a robust method that presents high extraction
efficiencies (peel: >91%, pulp: >95%) and appropriate precisions (within day: R&135)(<5%, and between days: R.S.DA5) <7%) at
the different concentration levels of polyphenols that can be found in apple samples. The method was compared with one previously publishec
consisting in a pressurized liquid extraction (PLE) followed by RP-HPLC-DAD determination. The advantages and disadvantages of both
methods are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Apples present a wide diversity of polyphenols classified
into several major classes. Flavan-3-ols are preponderant, be-
CAT-2, unknown flavan-3-ol; CG-1, unknown anthocyanin; CQA, 5- m.g prese-nt n monome.nc forms named CateCth.' and in
caffeoylquinic acid; DHC, dihydrochalcones; EC, (—)-epicatechin; FA, Ol'gom?tr'c an po-lymerlcforms known as prpcyanldms. H}"
flavan-3-ols; FO, flavonols; HCA, hydroxycinnamic acids; HYP, hyperoside; droxycinnamic acids are the second class in concentration,
IDE, ideain; IQC, isoquercitrin; PB2, procyanidin B2; PCMgcpumaric and together with catechins, they are involved in the brown-
acid; PCQ, 4-p-coumaroylquinic acid; PLD-1, hydroxyphloretin diglyco-  jng phenomena that takes place during apple fruit processing,
side; PLD-2, hydroxyphloretin monoglycoside; PLG, phloridzin; PLXG, being responsible for the yellow or orange coloration of apple
phloretin-2-O-xyloglucoside; QCI, quercitrin; QG-1, unknown quercetin . .
glycoside; RUT, rutin; GM, Geza ié; MK, Moko; MN111, Manttoni 111;  Preducts(1]. Dihydrochalcones, flavonols and anthocyanins
MNEM?, Manttoni EM7; TX, Txalaka; UR, Urdin; DAD, diode array de- ~ @ré minor components that contribute to the pigmentation of
tector; DW, dried weight; HPLC, high-performance liquid chromatography; apples and to the potential antioxidant activity of apples and
LOD, limit of detection; LOQ, limit of quantitation; nd, not detected; PLE,  their derived foodstuff§2].

pressurlz_eo_lllqwd extractlon;PPO,.quyphenoon@ase_; R_.S.D.,relgnve stan- In cider apple cultivars, polyphenol interest is due to the
dard deviation; S.D., standard deviation; SLE, solid—liquid extraction

* Corresponding author. Tel.: +34 94 6015390; fax: +34 94 4648500,  [aCt thatthey are responsible for the colour and the balance of
E-mail addressgapgaheb@Ig.ehu.es (B. Gallo). bitterness to astringency, which defines the ‘overall mouth-

Abbreviations:ACY, anthocyanins; AVI, avicularin; CAT, (+)-catechin;
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feel’ of ciders[3]. Furthermore, they are implicated in the ascorbic acid by Panreac (Barcelona, Spain) were of analyti-
alcoholic and malolactic fermentations as metabolites, pro- cal quality. All solvents used were previously filtered through
viding cider aroma, and as inhibitors of the microbiological 0.45um nylon membranes (Lida, Kenosha, WI, USA).
growth, controlling fermentation rates and cider spoilgde Polyphenol standards were supplied as follows: (+)-
Phenolic compounds are also involved in the colloidal stabil- catechin, (—)-epicatechin, rutin, phloridzin, 5-caffeoylquinic
ity of cider[5]. In addition, polyphenols as natural antioxidant acid and p-coumaric acid by Sigma—Aldrich Chemie
constituents of human diet are receiving increasing attention (Steinheim, Germany); hyperoside, isoquercitrin, avicu-
due to their health-protective properti€s. larin, quercitrin and ideain chloride by Extrasyase

The methodology used to analyse these phenolic com-(Genay, France). 4-p-Coumaroylquinic acid, phloretin-2
poundsin apples generally includes extractions with solvents, O-xyloglucoside and procyanidin B2 were kindly pro-
such as methanol, ethanol, acetone or mixtures of these withvided by Dr. Guyot, Dr. F.A. Toras—Barbean and Dr. C.
water{7,8]; cleanup and further fractionation by liquid—liquid ~ Santos—Buelga, respectively. Stock standard solutions of (+)-
extraction (LLE), usually with ethyl acetaf@,10]; column catechin, (—)-epicatechin, rutin, phloridzin, 5-caffeoylquinic
chromatography (CG)L1,12]or solid phase extraction (SPE) acid andp-coumaric acid at a concentration of 1 mgniL
[13]. Finally, after the extractis concentrated, polyphenolsare and hyperoside, isoquercitrin, quercitrin and ideain at
separated by reversed-phase high-performance liquid chro-0.6 mgmL=1 were prepared in methanol and stored a€4
matography (RP-HPLC) coupled with UV-vis detection or in dark. The other standards were prepared in approximately
mass spectrometf§4]. In other works, samples are extracted concentrations and only used for chromatographic peak iden-
by sonication with solvent, and the crude extract is directly tification.
injected into the HPLC systeffi5]. Generally, in publica-
tions about natural products in plants (such as those about the2.2. Plant materials
determination of polyphenols in apples), little information
is given about the optimisation procedures of the analytical ~ Apple cultivars used for the optimization and validation
methods used, and frequently, these methods have not beenf the solid—liquid extraction of polyphenols from apple peel
validated. and pulp were some local varieties used for cidermaking:

Sample extraction procedures are often regarded as botUrdin (UR), Txalaka (TX), Mantonni 111 (MN111), Mant-
tlenecks in analytical methods. Moreover, classical sample toni EM7 (MNEM7), Geza Mia (GM) and Moko (MK).
preparation techniques are both time and solvent consuming Apples were harvested in the Experimental Orchards of the
and sample handling can decrease the quality of the analyti-Diputacibn Foral de Gipuzkoa in Hondarribia (Giipcoa,
calresults. In this sense, the sample preparation step accountSpain) and the Diputagh Foral de Bizkaia in Zalla (Viz-
for at least one-third of the error generated by the analytical caya, Spain) during the 2000 season.
method[16]. Therefore, the importance of sample prepara-
tion in analytical methods should not be undervalued. 2.3. Apple powder preparation

In this work, a method for the determination of polyphe-
nols in apples was developed using a solid—liquid extraction  Fruits were harvested at maturity, which was tested by the
(SLE) assisted by sonication and followed by RP-HPLC cou- lugol index[18]. For each variety, fruits were mechanically
pled with a photodiode array detector (DAD). This method peeled and cored, and sprayed with an aqueous solution of
was optimised and exhaustively validated by evaluating the 3% formic acid in order to avoid polyphenol oxidation. Peels
selectivity, the linear range, the limits of detection and quan- and pulps were immediately frozen in liquid nitrogen and
titation, the accuracy, the repeatabilities within day and be- then they were freeze-dried. An aliquot for each variety was
tween days, the robustness of the method and the polypheused to determine the fresh/dry matter ratio. The dried tissues
nol stabilities. In addition, the method was compared with a were crushed in closed vessels to avoid hydratation, obtaining
published validated method, which consists in a pressurisedan homogenous powder that was stored at room temperature
liquid extraction (PLE) followed by RP-HPLC analy$is7]. in a desiccator until analysis. Aliquots of 0.5 g of freeze-dried
The advantages and drawbacks of both methods are comapple peel or pulp were used for each analysis.
mented.

2.4. Analytical procedures

2. Experimental 2.4.1. Solid-liquid extraction of freeze-dried samples
In broad outline, the procedure proposed for the solid—
2.1. Reagents and standards liquid extraction (SLE) of polyphenols from apple peel and

pulp consisted in a direct extraction of the freeze-dried plant

Methanol (Romil Chemical Ltd., Heidelberg, Germany) material with an appropriate solvent in an ultrasonic bath
was of HPLC grade. Water was purified on a Milli-Q system (Selecta, Barcelona, Spain) during a certain period of time.
from Millipore (Bedford, MA, USA). Glacial acetic acid and The most influent experimental variables on the extrac-
formic acid provided by Merck (Darmstdt, Germany) and tion procedure, which were the composition and the volume
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Table 1
Design matrix and normalised values in the central composite design for SLE experiments

Run no. Data matrix Normalised values

MeOH V(mL) text EC PB2 CAT-2 CQA PLD-1 PLD-2 PLXG PLG HYP I1QC QG-1 AVI QCI IDE CG-1

(%) (min)
1 30 10 10 0.76 0.76 0.77 0.71 0.89 0.81 0.65 0.64 0.67 0.73 0.69 0.70 0.72 0.68 0.69
2 70 10 10 0.86 0.89 0.84 0.90 0.82 0.87 1.00 097 0.88 0.89 087 0.87 0.86 095 0.99
3 30 20 10 116 1.01 0.87 115 1.26 1.26 0.94 087 091 093 105 0.88 090 0.98 0.96
4 70 20 10 1.07 110 1.13 111 101 0.92 1.24 123 116 116 115 115 114 116 1.14
5 30 10 30 0.97 0.84 0.69 0.96 1.00 1.00 0.92 090 0.84 089 085 0.76 083 0.88 0.87
6 70 10 30 106 1.12 1.16 111 101 0.90 1.23 121 112 114 113 114 114 115 1.13
7 30 20 30 0.90 0.97 0.94 0.97 1.07 1.10 0.86 084 096 096 093 090 0.93 0.98 1.00
8 70 20 30 113 1.09 1.05 117 1.04 0.91 1.16 113 114 105 108 112 114 116 1.22
9 10 15 15 0.99 0.96 0.76 0.99 1.19 1.14 0.79 0.77 0.79 083 081 0.72 080 0.73 0.75
10 90 15 15 123 116 1.25 112 1.01 0.93 1.26 131 124 121 125 133 125 116 1.22
11 50 5 15 0.78 0.78 0.79 0.75 0.81 1.19 0.92 091 0.88 083 079 0.79 081 0.86 0.77
12 50 25 15 116 1.20 1.30 1.15 1.10 1.19 1.17 121 120 120 118 132 122 111 1.17
13 50 15 5 0.89 0.96 1.07 0.89 0.85 0.84 0.94 092 093 093 096 098 094 0.88 0.88
14 50 15 40 115 1.18 1.25 1.13 1.13 1.09 0.99 109 119 119 121 123 123 111 1.12
15 50 15 15 0.98 0.97 1.06 0.89 0.88 0.92 0.93 095 100 099 101 104 100 102 0.91
16 50 15 15 0.99 100 1.04 0.98 0.95 0.95 0.98 101 102 101 102 1.05 103 1.09 1.07
17 50 15 15 0.93 1.02 1.05 1.01 0.98 0.97 1.03 102 106 105 101 105 105 110 1.11

AVI, avicularin; CQA, 5-caffeoylquinic acid; CAT-2, unknown flavan-3-ol; CG-1, unknown anthocyanin; EfSgpicatechin; HYP, hyperoside; IDE, ideain;
1QC, isoquercitrin; PB2, procyanidin B2; PLD-1, hydroxyphloretin diglycoside; PLD-2, hydroxyphloretin monoglycoside; PLG, phloridzin; Pilotetip-
2'-O-xyloglucoside; QCI, quercitrin; QG-1, unknown quercetin glycoside; MeOH, percentage of methanol in the extraction gpkeméction solvent
volume;text, €Xtraction time in the ultrasonic bath.

of the extraction solvent and the extraction time in the ultra- Nova-Pak C18 (300 mm 3.9 mm i.d., 4um) column and a
sonic bath, were preliminary studied by a central composite Nova-Pak C18 (10 mnx 3.9 mm i.d., 4.m) guard column
experimental design. A two-level factorial design plus star (Waters, Barcelona, Spain) were used. Solvents that consti-
orthogonal composite design involving 14 runs plus three tuted the mobile phase were A (acetic acid—water, 10:90,
central points was chosen. The 17 experiments of the de-v/v) and B (methanol). The elution conditions applied were:
sign matrix (Table 1) were performed on 0.5 g of Urdin apple 0—-10 min, 0% B isocratic; 10—40 min, linear gradient 0—15%
peel. Then, crude extracts were centrifuged at 3600 r.p.m. forB; 40-60 min, 15% B isocratic; and finally washing and re-
20 min. Aliquots of the supernatant were extracted three times conditioning the column. The flow rate was 0.8 mL mtrand
with the same volume of hexane in order to eliminate interfer- the injection volume was 50L. The chromatographic sepa-
ences (chlorophylls, carotenoids, lipids) that can be extractedration was carried out at 2%&. Flavan-3-ols and dihydrochal-
jointly with polyphenols during the solid—liquid extraction of cones were monitored and quantified at 280 nm, hydroxycin-
the plant materig]19]. Aliquots of the aqueous phase were namic acids at 320 nm, flavonols at 370 nm and anthocyanins
evaporated to dryness in a Turbovap LV Evaporator (Zymark, at 530 nm. Polyphenol identification was achieved by com-
Hopkinton, MA, USA) provided with a nitrogen stream and parison of their retention times and their UV—vis spectra with
a water bath at 35C. After solvent evaporation, they were those of the standards that were available. Some other chro-
reconstituted in an adequate volume of methanol-aqueousmatographic peaks were assigned to a particular polyphenol
acetic acid 10% (10:90, v/v) and filtered through a Qué% class according to their UV-vis spectra and bibliographic
PTFE filter (Waters, Milford, CA, USA) prior to injection  sources. Inthis sense, an unknown chromatographic peak that
into the HPLC system. exhibits flavan-3-ol spectra was appointed as CAT-2; those
Once the results of the central composite design were eval-with a spectrum of dihydrochalcone as PLD-1 and PLD-2, of
uated, further experiments were carried out in order to opti- flavonol as QG-1, and of anthocyanin as CG-1. Quantification
mise the experimental conditions of the extraction procedure. was performed by reporting the measured integration areas in
In this sense, changes were consecutively made in the experthe calibration equation of the corresponding standards. Thus,
imental procedure. These changes are described and justifiegprocyanidin B2 and CAT-2 were quantified as (+)-catechin;

in the results (Sectio8.2). phloretin-2-O-xyloglucoside, PLD-1 and PLD-2 as phlo-
ridzin; avicularin and QG-1 as rutin; 4-p-coumaroylquinic
2.4.2. Reversed-phase HPLC analysis acid agp-coumaric acid; and CG-1 as ideain.

Chromatographic analysis were performed on a Hewlett-
Packard series 1100 system, equipped with a vacuum de-2.5. Method validation procedure
gasser, a quaternary pump, a thermostatted autosampler, a
thermostatted column compartment and a DAD detector, The method was validated interms of selectivity, accuracy,
connected to a HP ChemStation software. A reversed-phaserecisions within day and between days, recoveries achieved,
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robustness and polyphenol stabilities. The selectivity of the  The analysis of these results was performed by the nonlin-
method was assessed by comparing the chromatograms oéar regression analysis program NLREXB]. Eq.(1) shows

the extracts of representative samples, which presented lowthe most general function for central composite design:
polyphenol concentrations (peel: TX and ER; pulp: MN111

and MNEM?7), to those of the method blank (extraction sol- Y = 1M + B2V + Bat + B12MV + f13Mt + o3Vt

vent), and to a solution of standards. Peak shapes, retention + BLiM? + BoaV2 + Bat® + PrasMVi 1)
times and spectral purity of the chromatographic peaks were
considered in order to detect possible interferences. where M, percentage of methanol in the solvent

Calibration curves were obtained by injecting in the chro- (methanol-water—acetic acid v/v/v, containing 1% of
matographic system standard solutions of the polyphenols.acetic acid):V, solvent volumet, extraction time;81, f2,
The mathematical expressions of the calibration curves, thegs, 1o, B13, B23, B11, B22, B33, P123, parameters. Th@g
repeatabilities and the limits of detection and quantitation term was not included in Eq1) since the results had been
were determined. In order to establish the linear ranges, thepreviously normalised. The results obtained by NLREG are
correlation coefficients f) and the distribution of residues given in Table 2. The normalised equation followed by the
were considered. The residues were statistically analysed tostudied analytes contained the terms dugitpp>, 3 and
confirm that they were randomly distributed. Ba23, the other parameters were systematically eliminated
The limit of detection for each polyphenol was estimated from the models, since their probability of being zero was
as three times the signal (peak height) of the backgroundhigher than 10% (P> 0.1). It could be concluded that the
noise, and the limit of quantitation, as 10 times the signal three variables, percentage of methanol in the extraction
(peak height) of the background noise or as the lower limit solvent (4), solvent volume (g) and extraction time (§,
of the linear range of the calibration curve. had an influence on the extraction efficiency. The four
The accuracy of the method was determined by successiveparameters (4 B2, B3 and f23) had the same sign and
extractions of representative samples of each matrix at twomagnitude for all the polyphenolic compounds studied,
concentration levels: low (peel: TX; pulp: MN111) and high within each family of polyphenols and between families.
(peel: GM; pulp: MK). The recoveries and the standard devi- Therefore, the same experimental extraction conditions
ation (three replicates) for the first extraction step in relation can be used for all of them. Moreover, it was observed
to the total analyte recovered in all the successive extractionsthat the percentage of methanol influences positively on
steps were determined for each polyphenol studied. the extraction efficiency. Thus, the higher the percentage
The precision of the method was evaluated using represen-of methanol in the extraction solvent was, the larger the
tative samples of each matrix at two levels of concentrations: polyphenol extraction was. However, from the values of the
low (peel: TX; pulp: MN111) and high (peel: GM; pulp: MK).  parameters obtained by NLREG, it was difficult to conclude
Robustness of the method was assayed by performing thenow the extraction solvent volume and the extraction time
following changes in the experimental variables=i}.7% in the ultrasonic bath affected the extraction efficiency, due
of methanol in the extraction solvent; (i) 2% of acetic acid to the negative interaction between both variablés

in the extraction solvent; and (ii= 30s in the extraction Q). The three-dimensional plots of the response surface,
time in the ultrasonic bath. These experiments were carried

out in duplicate. Table 2

_ Stability of p0|yphen0|_5_were ?tl_ldiEd: (i) in standard SO'_U' Values of the parameters obtained for the central composite design for the
tions under storage conditions; (ii) in the extracts of each kind SLE experiments?

of matrix (peel: GM; pulp; MN111) inside the thermostatted cjass  Polyphenol g 8, B3 B3 r2
autosampler at 4C for 48 h; (iii) once the extracts and the PB2 0004 0045 0029 —0002 078
vegetal materials had been in contact at room temperature for EC 0.003 0052 0033 -0002 074
3 h; and (iv) after leaving the extracts in a closed vial at room CAT-2 0.006 0.042 0.022 -0.001 0.70
temperature for 3 h. HCA  COQA 0003 0051 0032 -0002 0.83
DHC  PLXG 0.007  0.040 0.027 -0.002 0.93
PLG 0.007 0.038 0.026 -0.001 0.94

3. Results

FO HYP 0.006 0.040 0.025 -0.001 0.88
. . . IQC 0.005 0.044 0.029 -0.002 0.88
3.1. Central composite experimental design for SLE &3-1 0005 0.045 0027 —0.002 089
AVI 0.007 0.038 0.019 -0.001 0.84
A central composite design was carried out using Qcl 0.006 0.040 0.025 -0.001 0.87
three variables: the percentage of methanol in the solventpcy  pe 0.006 0040 0026 -0001 085
(methanol-water—acetic acid, v/v/v, containing 1% of acetic CG-1 0.006 0.038 0.022 -0.001  0.90

acid) (M)., the 50|Vent_V0|Ume (V) and the EXtraC_tion time (t).  a Apbreviations: Sedable 1; FA, flavan-3-ols; HCA, hydroxycinnamic
Table 1gives the design matrix and the normalised concen- acids; DHC, dihydrochalcones; FO, flavonols; ACY, anthocyanins.
trations obtained in each run. P B1, B2, B3, B3, parameters of Eq1); r2, correlation coefficient.
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Fig. 1. Three-dimensional plots of the response surface, keeping one of the variables fixed: (a) 30% of methanol, (b) 10 min for the extraction time in the
ultrasonic bath, and (c) 25 mL of extraction solvent.

keeping one of the variables fixed, provided a maximum of successive extraction were: (i) 30 mL, 10 min; (ii) 20 mL,
the extraction efficiency on the range limits but not inside 10 min; (iii) 20 mL, 10 min; (iv) 5mL, 10 min; (v) 2.5mL,

the experimental ranges considered (Fig. 1). 10 min, (vi) 2.5mL, 10 min. Once the vegetal material was
extracted in each step, the extract was filtered with a vacuum
3.2. SLE optimisation system and the vegetal material was cleaned with water, fil-

tered, and then re-extracted. This experiment was carried out

Once the results of the central composite design were eval-by triplicate, achieving good repeatabilities (%R.S.D=(n
uated, the optimisation of the extraction conditions was con- 3) <5% for all the polyphenols studied). The results showed
tinued in order to minimise the laboriousness of the proce- that in the first extraction more than 96% of the total amount
dure, the time needed for each experiment, and the consumpextracted of each polyphenol studied was obtained, and that
tion of organic solvents. In this sense, it was interesting to with the firstthree successive extractions, recoveries 0f99.9%
eliminate the liquid—liquid extraction (LLE) clean-up of the were achieved for all analytes. Hence, an SLE procedure with
crude extract with hexane as well as the methanol evapora-one extraction step (30 mL, 10 min) was considered to be ad-
tion step, and to consider short ultrasonic extraction times equate, being not necessary to perform additional extractions.
and small solvent volumes. The extraction efficiency of the procedure proposed was

In order to eliminate the LLE step, the SLE had to be per- compared with a published extraction method, which uses
formed using a solvent containing less than 70% of methanol. methanol-acetic acid (99:1, v/v) as the extraction solvent
If solvents containing 70% or higher percentages of methanol [15]. When using this bibliographic extraction procedure, the
were used, hexane solutions from the LLE of the extracts largest extract volume that could be injected into our HPLC
obtained by SLE were coloured, indicating that chlorophylls system was 1QlL, since greater injection volumes highly
and lipids were co-extracted from apple peel. When not elim- distorted the chromatographic peaks. This led to worse peak
inated, these compounds precipitated as soon as the extractesolutions and higher quantitation errors. Moreover, some
were reconstituted in an appropriate solvent for their injec- polyphenols were not detected (CG-1, PLD-1, PLD-2, CAT-
tion into the HPLC system. Solvents with 50% of methanol 2) due to the small injection volume (1Q). With regard
or less did not extract such quantities of chlorophylls and to extraction efficiencies for the analytes studied, the bibli-
lipids; therefore, hexane LLE extracts did not present any ographic method achieved recoveries between 10 and 40%
colour, and no precipitates appeared when the SLE extractdower depending on the family of polyphenols considered.
were reconstituted after the evaporation step. Hence, the LLETaking into account dihydrochalcones, it was observed that
step was not further needed. Otherwise, in order to eliminatethe total dihydrochalcones extracted with both procedures
the solvent evaporation step and to inject the crude extract di-were not significantly different; however, the individual con-
rectly into the HPLC system, an extraction solvent containing centration of each glycoside was different. Thus, PLXG and
a percentage of methanol of 40% or smaller was required, soPLG concentrations were higher in the acidified methanol ex-
that the chromatographic peaks were not distorted. On thetract than in the acidified hydroalcoholic medium, whereas if
other hand, extraction time not longer than 15 min are desir- PLD-1 and PLD-2 were considered, the opposite occurred.
able when large sample sets have to be analysed, and solvent When both extraction procedures were applied to freeze-
volume not greater than 30 mL are also preferred. dried apple pulp, it was observed that acidified methanol

The recovery efficiency for the SLE procedure was de- attained better recoveries than the acidified hydroalcoholic
termined by performing consecutive extractions on 0.5g mixture, the opposite occurring than in apple peel extrac-
of freeze-dried apple peel (Urdin apple cultivar) with tions. Otherwise, pulp browning was observed when pulp was
methanol-water—acetic acid (30:69:1, v/v/v), until no pheno- extracted with methanol-water—acetic acid (30:69:1, v/v/v).
lic compound was detected by HPLC analysis. Solvent vol- This fact led us to conclude that the enzymatic oxidation of
umes and extraction times in the ultrasonic bath used in eachpolyphenols by polyphenoloxidase (PPO) was responsible
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for the low extraction efficiencies obtained with the hydroal- Table 3
coholic mixture. It seems that methanol reduce PPO activity, Linear ranges, slope (+£S.D.) and origin ordinate (+S.D.) of the calibration
while solvents containing low percentages of methanol do Curves for polyphenols in standard solutibns

notinactivate the enzyme completely, resulting in low extrac- Polyphend!  Linear ranges Slope Origin ordinate r

tion efficiencieg21]. This fact also explains the enzymatic (rgmL)

oxidation by PPO cresolase activity of monophenols, such CAT 0.03-1 42.%07 -03+03 0.9992

as phloretin glycosides (PLXG and PLG), into theitho- 1;‘5)0 424': (1"4 ‘éig) ¢ 8'33397
diphenols, PLD-1 and PLD-2 (hydroxyphloretin glycosides) '

[22]. PPO activity has been detected in both apple peel andEC 0.03-1 38506 -0.1+04 0.9992

pulp, even though, in most apple cultivars, this activity was Eﬁoo 23‘%&&8'2 (_1611 S) 10 %‘29922

higher in pulp than in pe¢23]. In order to avoid polyphenol 300-2500 8501 (-1£2)1¢ 0.9993

oxidation, an antioxidant, ascorbic acid (2 gt), was added

. ) . CQA 0.01-0.1 16-2) 10 0+1 0.995
to the extraction solvent. This way, good recoveries were Q (16&2)

i . i : 1S 0.1-1 181+8 —5+5 0.9991
achieved in pulp, comparable to those obtained using acidi- 1-11 186+ 7 (-3+5)10  0.9993
fied methanol or even better considering some polyphenols 11-550 174k2 (7£5)1¢%  0.9996
(CAT and PB2). PCM 0.01-0.1 (326)10  (0+3) 0.989
0.1-1 41948 —9+5 0.9998
3.3. Validation of the method 1-10 418+8 (-3+5)10  0.9998
10-250 3697 (16+£9) 1  0.9993
The analytical method proposed for the determination of PLG 0.05-0.3 11%8 —1+1 0.99992
polyphenols in apple peel and pulp consisted in a solid-liquid 03-1 1386 —5+£3 0.9993
; o ; ; 1-10 120+ 7 (2+£4)10  0.9986
extraction of 0.59 of freeze-dried material with 30 mL of 10-500 128k 2 (345)1¢  0.9993

methanol-water—acetic acid (30:69:1, v/v/v) containing 29
of ascorbic acid/L, for 10 min in an ultrasonic bath, and an HYP 0.06-1 8a: 1 -0.5+0.6 0.9998

analysis of the crude extract by HPLC-DAD. Eﬁso 72621'[(2) ; (_(131 g 182 8 '33377
The method was validated in terms of selectivity, accuracy, T '
0.03-1 10% 3 0+1 0.998

precisions within day and between days, recoveries achieved !¢

s : 1-10 116+ 2 (-1+1)10  0.9998
robustness and polyphenol stabilities. Moreover, the linear 10-500 1181 (-2+£3)1¢F  0.9995
ranges of polyphenol calibration curves, the repeatabllltles

for each range, the sensitivity, the analytical resolution and R 2'%3’1_1 7775& 0.8 0.1£0.4 0.9997
- +4 (0.3£2)10  0.9990
the limits of detection and quantitation were determined. 11-525 80L 1 (2+3)1¢  0.9991
Regarding selectivity, no interfering peaks were observed
. o Qcl 0.03-0.3 78 0+1 0.995
in the blank chromatograms at the quantitation wavelengths 0.3-1 7843 140 0.9993
(280, 320, 370 and 530 nm). In most cases, peak purity and 1-10 8342 (-14£1)10  0.9998
the degree of match with the standard spectra were greater 10-500 8h1 (1+2)1¢¢  0.9995
than 99%, except for those polyphenols whose concentrationspg 0.01-1 209k 3 042 0.9986
were below the quantitation limit, and for some polyphenols 1-12 227+1 —22+47 0.999992
whose standards were not available. In these particular cases 12-120 (14£1)10  (11£7)1¢  0.997

(CMA'Z’ CAA-2, PCQ, QG-1, QG-3, CAA-1 and PLXG)’ a 3.D., standard deviation?, correlation coefficient.
their spectra were compared with the spectra of a standard of ° Abbreviations: Se&able 1; CAT, (+)-catechin; PCMy-coumaric acid;
the same family. RUT, rutin.
The calibration curve made with standard solutions was 14pe 4
dividedin several linear rangeéRables 3 and éhow the origin Limits of detection (LOD) and limits of quantitation (LOQ) for polyphenols

ordinate, the slope and the repeatability for each range, andboyphent LoD LOQ LOD LOQ
the limits of detection and quantitation for the polyphenols (rgmL™Yy)  (wgML™Y) (nggiDW)® (ngg i DW)P
used for quantitation. CAT 0.009 0.02 0.5 1

In Table 5, the recoveries and the standard deviation (threegc 0.003 0.03 0.2 2
replicates) for the extraction procedure for each polyphenol CQA 0.01 0.02 0.7 0.9
studied are summarised. SLE presents satisfactory efficien-°CM 0.007 0.01 0.4 0.6
cies at both high and low concentration levels of polyphenols, PLG 8'8f g'gg (2) 6 3
showing recoveries higher than 91% in peel, and than 95% 5 0.009 0.02 05 1
in pulp. RUT 0.004 0.03 0.2 2

For most polyphenols, the repeatabilities within day (five QCI 0.01 0.05 0.7 3
replicates), expressed by means of the percentage of relativéPE 0.005 0.007 0.3 04
standard deviation (%R.S.D. en5)), were lower than 5%, & Abbreviations: Se@ables 1 and 3.

. . P b — 7 H
except for some minor components such as ideain in peeland ° #g g of peel or pulp dried weight.
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Table 5
Polyphenol recoveries (% S.D. (n= 3)) at two concentration levels in apple peel (low: TX and high: GM) and apple pulp (low: MN111 and high:2vIK)
Polyphenol Recoveries (mean (% S.D. (n=3))

Apple peel Apple pulp

Low High Low High
CAT 945+ 0.3 95.0+0.1 97.6+0.3 98.4+ 0.2
EC 94.58+ 0.07 94.36+0.07 96.4+ 0.3 98.0+0.2
PB2 94.7+0.1 94.5+0.2 97.9+ 0.2 97.9+0.2
CAT-2 96.1+ 0.2 93.6+0.4 100 97.1+£0.5
CQA 955+ 0.1 94.6+0.1 97.6+0.3 98.1+0.1
PCQ 100 96.0+0.3 100 100
PLD-1 955+ 0.4 93.5+0.5 100 97.8+0.3
PLD-2 93.2+0.1 92.2+0.2 100 100
PLXG 100 94.4+0.2 100 98.3+0.4
PLG 100 94.3+0.2 100 96.3+ 0.5
HYP 92.6+0.5 91.7+0.2 - 100
IQC 94.6+ 0.3 92.2+0.2 100 100
QG-1 94.2+0.3 91.6+0.4 100 100
AVI 927+0.2 91.2+0.2 - 100
QClI 93.3+0.3 91.1+04 100 100
IDE - 93.2+04 - -

a Abbreviations: Se&ables 1 and 3; PCQ, 4-p-coumaroylquinic acid.
b Apple cultivars: GM, Geza Nia; MK, Moko; MN111, Manttoni 111; TX, Txalaka.

avicularin and hyperoside in pulp that presented %R.S.D. (n liquid extraction (PLE) of the freeze-dried apple material fol-
= 5) of 6%, 9% and 8%, respectively (Table 6). The repeata- lowed by an HPLC-DAD analysis of the crude extract. Both
bilities between days (five replicates) expressed as %R.S.D.methods used the same experimental conditions for HPLC-
were lower than 7%, except for some minor components in DAD analysis. Therefore, the different performances of these
pulp (Table 6). methods were due to the different extraction techniques that
Regarding robustness, the results obtained from the batchthey included.
of experiments performed for evaluating this feature were  SLE presents higher efficiencies at both high and low con-
not significantly different from those achieved by the vali- centration levels of polyphenols, showing recoveries higher
dated method; therefore, it was concluded that the methodthan 91% (in peel) and 95% (in pulp), whereas PLE recover-
was robust. ies in peel are higher than 90%, except for PB2, CAT-2, HYP,
Regarding stability, standard stock solutions of 500 or 1QCy QG-1 (82-86%), and in pulp, are between 81 and 86%
1000ug mL~1 in methanol (or in methanol-hydrochloric  [17].
acid (99.9: 0.1), for ideain) at4C and in the dark were SLE repeatabilities within day in peel (R.S.D.%4rb) <
stable at least for 5 months, except for (+)-catechin and (—)- 4%) are similar to those obtained by PLE, except for CAT,
epicatechin, that were degraded about 15%, and ideain, abouEC, CA, PCQ and PLXG (%R.S.D. é3) = 5-9% by PLE)
5%. These three polyphenols were stable at least for 1 month[17]. In pulp, repeatabilities obtained by SLE (%R.S.D. (n
under the mentioned conditions. With regard to the polyphe- = 5) < 4%) for flavan-3-ols, hydroxycinnamic acids and di-
nol stability in the extracts, no degradation of interesting chro- hydrochalcones are better than by PLE (%R.SiD= @) =
matographic peaks was observed when the extract had bee®—-8%). For flavonols, precisions of both methods are similar
inside the thermostated autosampler @€4or 48 h. As well, (%R.S.D.< 9%).
no degradation was observed once the extract and the vege- The limits of detection attained by the PLE method (peel:
tal material had been in contact at room temperature for 3h,0.08-0.7ug gt DW, pulp: 0.03-0.22,gg~ ! DW) [17] are
neither when the extract was left in a closed vial at room lower than SLE method (0.2+2 g~ DW), as a result of the
temperature for 3 h. concentration step that the former method includes. However,
this concentration step (evaporation to dryness of an aliquot of
the extract and reconstitution with an appropriate solvent for

4. Discussion its injection into the HPLC system) increases considerably
the total time of the analysis and the laboriousness of the
4.1. SLE versus PLE procedure. Moreover, this handling of the samples is probably

responsible for the slightly worse precisions that presented
The method for the analysis of polyphenols in apple mate- the PLE method (peel: 1-9% R.S.D. n3), pulp: 4-9%
rial validated above was compared with the method describedR-S-D- (n= 3)) [17]. If the evaporation steps in the PLE
by Alonso-Salces et dl17], which consisted in a pressurised method was substituted by a dilution of the extract aliquot



Table 6

Repeatabilities within day and between days (%R.13: %)) at two concentration levels of polyphenols in apple peel (low: TX and high: GM) and apple pulp (low: MN111 and high: MK)

Polifenol Apple peel Apple pulp

Low High Low High

Mean=+ S.D. % R.S.D. ("=5) Mean+ S.D. % R.S.D. (=5) Mean=£ S.D. % R.S.D. (n=5) Mean+ S.D. % R.S.D. ("=5)

(hgg~' DW)® Within Between (rgg™ DW) Within Between (ngg™" DW)" Within Between (ngg™ DW)° Within Between

day days day days day days day days

CAT 54+2 2 1 516+ 10 2 2 78.5+0.9 1 1 66+ 4 5 1
EC 772+11 1 3 3971+ 103 2 2 237+4 1 2 1766+ 13 0.6 2
PB2 1094+ 11 0.8 3 3468+ 88 2 4 514+5 0.7 0.7 25259 0.3 1
CAT-2 105+ 2 2 4 342+ 11 3 3 45+2 4 1 211+1 0.4 2
CQA 3032 0.6 1 3575+ 77 2 0.7 1078t 7 0.5 0.7 2932 20 0.5 0.7
PCQ 24.1-0.3 1 3 219+ 6 2 2 139.6+0.8 0.5 3 104+ 3 2 0.9
PLD-1 126+ 3 2 3 520+ 18 3 6 145+ 0.6 3 5 137+1 0.7 2
PLD-2 343+9 2 3 1787+ 61 3 2 11.4+0.5 3 10 28.4+0.9 3 4
PLXG 76+3 3 4 488+ 24 4 6 53.5+0.9 1 4 396+5 1 0.7
PLG 322+8 2 3 2555+ 140 4 7 55+2 2 3 136+ 2 1 4
HYP 821+ 20 2 4 2153+ 92 3 7 nd - - 1.240.1° 8 12
IQC 219+3 1 3 548+ 23 3 5 nd - 5.89+0.06 0.8 6
QG-1 494+ 9 2 3 959+ 25 2 7 nd - - 9.7+ 0.6 5 7
AVI 553+6 0.9 3 2069+ 78 3 4 nd - - 5.4+0.6 9 9
QCl 319+ 3 0.7 3 907+ 39 3 6 nd - - 21.9+0.8 3 2
IDE nd - - 22+2 6 6 rd - - rd - -

2 Abbreviations: Se@ables 1, 3, 4 and 5; nd, not detected.

b Under LOQ.
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to obtain a final extract containing 30% of methanol, so that the Diputacbn Foral de Gipuzkoa for providing apple sam-

it could be injected directly in the chromatographic system, ples. Rosa M Alonso-Salces thanks Gobierno Vasco/Eusko
the detection limits achieved in pulp (0.2x8 g1 DW) [17] Jaurlaritza for a Ph.D. grant.

were similar to those presented by the SLE method, whereas

in peel, the PLE method showed not as good detection limits
(0.5-5ng g1 DW) [17], but also acceptable.

Regarding organic solvent consumption, in the SLE
method (9.3 mL per sample), it is considerable lower than [1] m.J. Amiot, M. Tacchini, S. Aubert, J. Nicolas, J. Food Sci. 57
in the PLE method (more than 50 mL per sample). In relation (1992) 958.
to the time of analysis, although the chromatographic anal- [2] T. Ridgway, J. Oreilly, G. West, G. Tucker, H. Wiseman, Biochem.
ysis (85 min) is the limiting step, the SLE method allows to Soc. Trans. 24 (1996) 391. .

. . . [3] A.G.H. Lea, Cidermaking, in: A.G.H. Lea, J.R. Piggot (Eds.), Fer-
extract a |firge number of s_amples SImUItf’ineOUSIy in 10min mented Beverage Production, Blackie Academic and Proffesional,
(plus the time used for adding the extraction solvent to each London, 1995 (Chapter 4).
sample). Instead, the ASE 200 (Dionex Corp., Sunnyvale, [4] M.M. Cowan, Clin. Microbiol. Rev. 12 (1999) 564.

CA, USA) equipment used in the PLE method performs the [5] A.G.H. Lea, Bitterness and astrigency: the procyanidins of fermented
sample extractions consecutively, the time used for each ex- ~ 2Pple ciders, in: R.L. Rousself (Ed.), Bitterness in Food and Bever-
traction being 20 min. Moreover, the time for preparing the ages, Elsevier, Oxford, 1990, pp. 123-143.

. ! - : "~ [6] M.G.L. Hertog, E.J.M. Feskins, P.C.H. Hollman, M.B. Katan, D.
extraction cells also has to be considered. This drawback is * * kromhout, Lancet 342 (1993) 1007.
partially solved, since PLE is an automated technique. [7] C.E. Lister, J.E. Lancaster, K.H.J. Sutton, J. Sci. Food Agric. 64

However, having been demonstrated that PLE is an ef- (1994) 155.

ficient technique for extracting polyphendls7,24,25], the [8] S. Guyot, T. Doco, J.M. Souquet, M. Moutounet, J.F. Drilleau, Phy-
e . . . tochem. 44 (1997) 351.

po_53|bll|t|es_that it presents in other_flel_ds should not be Qe- [9] C. Gomez-Cordogs, F. Varela, C. Larrigaudiere, M. Vendrell, J.

spised. For instance in industry, which is nowadays very in- Agric. Food Chem. 44 (1996) 3449.

terested in the development of new extraction methods for[10] J. Ferez-lizarbe, T. Heindez, 1. Estrella, M. Vendrell, Z. Lebensm.,

phenolic compounds from waste materials, such as grape  Unters. Forsch. 204 (1997) 52.

and apple pomace resulting from elaboration of juices, wine [11] A- Escarpa, M.C. Gorigiez, J. Chromatogr. A 823 (1998) 331.

.[12] L.Y. Foo, Y. Lu, Food Chem. 64 (1999) 511.

or ciders. Until now, these materials have been used as anl-[13] M.Y. Coseteng, C.Y. Lee, J. Food Sci. 52 (1987) 985.

mal feed or compog26]. Grape and apple pomaces contain [14] A. schieber, P. Keller, P. Streker, I. Klaiber, R. Carle, Phytochem.
polyphenols linked to the cellular walls, which are not ex- Anal. 13 (2002) 87.
tracted during pressin@7] and which are very interesting [15] S. Guyot, N. Marnet, P. Sanoner, J.F. Drilleau, Meth. Enzymol. 335
due to their biological propertig&8]. Analytical extraction (2001) 57.
thods b d lid—liquid extracti I t[16] R.E. Major, LC-GC 4 (1991) 10.

methods base On_a Soll — IqUI. ex ra? lon, us_ua Yy, aré no [17] R.M. Alonso-Salces, E. Korta, A. Barranco, L.A. Berrueta, B. Gallo,
adequate from an industrial point of view, mainly because F. Vicente, J. Chromatogr. A 933 (2001) 37.
these methods imply long extraction time and the use of large[18] G. Planton, Le point sur le test almidon des pommes pour l'aide
volumes of solvents as a result of the great size of the sam- la décision de &colte, no. 6, Ctifl: France, 1995. _
ple to be extracted. Moreover, polyphenol degradation by [19] S. Guyot, N. Marnet, D. Laraba, P. Sanoner, J.F. Drilleau, J. Agric.
light, oxygen and polyphenoloxidase enzymes present in the Food Chem. 46 (1998) 1698.

gnt, y_g p yp. . y p [20] P.H. Sherod, NLREG: nonlinear regression analysis program,
pomace is favoured with these kinds of methods. In these  ~ Nashville, TN, 1995.
sense, PLE presents the advantage of performing extractiong1] M. Antolovich, P. Prenzler, K. Robards, D. Ryan, Analyst 125 (2000)
under inert atmosphere and protected from the light. More- 989. _ _
over, temperature and high pressures enhance extraction, dd¢2] R-M. Alonso-Salces, K. Ndjoko, E.F. Queiroz, J.R. loset, K.

. . . . Hostettmann, L.A. Berrueta, B. Gallo, F. Vicente, J. Chromatogr.

creasing solvent volume consumption and extraction time. A 1046 (2004) 89
And last but not least, it is an automated technique. [23] A.H. Janovitz-Klapp, Etudes sur le sgste polyphenoloxydase iol

de la pomme (Malus sylvestris, Var. Red Delicious), Ph.D. Thesis,
Universié de Paris, 1989.

[24] M. Palma, Z. Fieiro, C.G. Barroso, J. Chromatogr. A 921 (2001)
169.

. . [25] M. Papagiannopoulos, B. Zimmermann, A. Mellenthin, M. Krappe,
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