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a b s t r a c t

Ellagic acid (EA) reacted with Gemini zwitterionic surfactant, phosphodiesters quaternary ammonium
salt (PQAS), and formed fine particles which produced strong enhancement in intensity of resonance
light scattering (RLS). The effects of several factors on the RLS signal, such as pH, ionic strength, PQAS
concentration and so on, were optimized. The relationship between enhanced RLS intensity and EA con-
centration was constructed. A novel and rapid method for the determination of EA was built. The linear
range of this method was 0.016–4.0 �g mL−1 and the detection limit was 13.9 ng mL−1. Under the opti-
eywords:
llagic acid (EA)
esonance light scattering (RLS)
hosphodiesters quaternary ammonium
alt (PQAS)

mum conditions, the proposed method was applied to determine EA in body fluids with the results of
quantitative recoveries between 98.4–101.4% in human serum samples and 99.1–102% in human urine
samples. This method characterized by low limit detection is very sensitive and the cost is low, and con-
stitutes a fast one-step procedure which requires only measuring the RLS intensities. The mechanism

tudie
cules
of the reaction was also s
release of bioactive mole

. Introduction

Phenolic phytochemicals are important components of fruits
nd vegetables and are partly responsible for their beneficial health
ffects against oxidation-linked chronic diseases such as cancer and
ardiovascular diseases. It is believed that phytochemicals func-
ion either by countering the negative effects of oxidative stress by
irectly acting as an antioxidant or by activating/inducing cellular
ntioxidant enzyme systems [1]. One of such compounds is ellagic
cid (EA) (the structure is shown in Fig. 1(a)), dilactone of hexahy-
roxydiphenic acid, found in raspberries, strawberries, cranberries,
alnuts, pecans, and other plant foods. EA is currently being inves-

igated for its antimutagetic, anticancer activity in the bacterial
nd mammalian system [2–7]. Some researches suggested that the
xtent to which EA inhibited mutagenesis and carcinogenesis cor-
elated strongly with its affinity towards the oligonucleotide. EA

as aroused great interest worldwide owing to its beneficial health
ffects [8–12]. Poor absorption of EA in small animals and human
odies due to its low solubility in water has been reported [13].
oth chemical and biochemical factors that affect the absorption

∗ Corresponding author. Tel.: +86 75482903330; fax: +86 75482902767.
E-mail address: kqlu@stu.edu.cn (Z. Chen).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.04.032
d. This investigation could contribute to the research on the delivery and
by Gemini surfactants.

© 2010 Elsevier B.V. All rights reserved.

and metabolism of EA were reviewed [1]. The large variations in
bioavailability observed among EA and individuals were explained
by Scalbert and Williamson [14]. EA, as a kind of polyphenol, also
attracted great attention to its bioavailability studies in vivo and in
vitro [15–17].

HPLC with UV detector has been used to investigate the bioavail-
ability and pharmacokinetics of EA in body fluids [13,18–22]. HPLC,
a separation technique, required large amounts of high purity
organic solvents, long system stabilization time and special sam-
ple preparation protocols. Finding a new and favorable method for
the determination of EA is on the focus of the researchers as UV
techniques currently in use have poor sensitivities.

Gemini surfactants, as the name implies, consist of two surfac-
tant moieties, linked together by a spacer unit. Gemini surfactants,
with excellent foaming and wetting properties, have attracted
substantial interest in the academic as well as the industrial
communities [23]. Furthermore, there is a special department to
study the Gemini surfactants as potential vehicles for the trans-
port of bioactive molecules, and several Gemini surfactants have
been successfully used to deliver DNA into mammalian cells [24].

Since Gemini surfactants are relatively new, few species have
been reported or disclosed in the previous report. Phosphodiesters
quaternary ammonium salt (PQAS) was a kind of new Gemini sur-
factants synthesized recently with the general properties of Gemini
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ig. 1. (a) Charge distribution of EA molecule (EAH4). (b) IR spectra and structure of
QAS.

urfactants, and without toxic effects [25]. Its structure was given
n Fig. 1(b). The investigation of the functional substance, which

as bound to PQAS for the determination of bioactive compound,
as not explored.

Resonance light scattering (RLS) is a scattering–
bsorption–rescattering process related to the molecular struc-
ure, size, shape, charge distribution and binding constant. When
he incident beam is near or within an absorption band of the
cattering molecule, the frequency of the electromagnetic wave
bsorbed by the electron is equal to its scattering frequency. The
ntensive absorption of light energy of the electron occurs, and then
escattering takes place and the scattering light intensity at some
avelengths becomes much higher than that of usual scattering

ight [26–28]. This phenomenon is called resonance light scattering
RLS). In 1993, based on this theory, Pasternak et al. firstly studied
he aggregations of porphyrins by using a common fluorescence
pectrometry [29,30]. Huang et al. have successfully used RLS tech-
ique for quantitative analysis to determine biomacromolecule
31,32]. Due to the distinct advantages of speed, convenience
nd sensitivity, the researchers, in recent years, have developed
rogressively for the assay purposes [33–37]. Great attention
as paid to the determination of DNA [38–42], protein [43–46],
edicines [47,48], amino acid [49], dextrin [50], polysaccharide

51] and so on by the RLS technique.

In this paper, the bioavailability of EA in human body was stud-

ed based on the interaction between EA and PQAS by the RLS
echnique. The mode of the interaction was also studied. EA which
s a neutral hydrophobic molecule is more soluble in aqueous solu-
ion of Gemini surfactants, and can be safely delivered into cells
 (2010) 885–891

and then into the nucleus. PQAS, without toxic side effects, would
be used as pharmaceutical material because of its safe delivery and
release of functional EA in the body. The proposed method charac-
terized by its high sensitivity and good selectivity, and lower cost
was applied to the determination of micromolecule EA, which has
not yet been reported in the literature. Therefore, this study has
a promising progress in the biochemical analyses and can provide
the theoretical basis for the drug design.

2. Materials and methods

2.1. Apparatus and reagents

All the RLS intensity and spectra were recorded on the LS-
55 spectrofluorometer (PerkinElmer) with a 1 cm × 1 cm quartz
cuvette. The Agilent 8453 Model ultraviolet spectrophotometer
was used to record the absorption spectra. The acidity of the
solution was determined on the pHS-3 Model instrument. FT-NIR
Spectrometer (PerkinElmer) combined with Opus 5.5 software was
used for analysis of the structures of PQAS–EA, EA, PQAS. The
spectra generated over a range of wave numbers from 12,000 to
4000 cm−1 were interpreted based on the overtones of different
functional groups in the product.

Ellagic acid (EA) was purchased from Sigma Chemical Co. and
0.0200 g of EA was weighed accurately and dissolved in 100 mL
DMF in a flask. The stock solution of EA was diluted for the working
solution of 20.0 �g mL−1. Phosphodiesters quaternary ammonium
salt (PQAS) was synthesized according to the procedure described
in Ref. [23]. At pH 4.2 (in pH 6.8 solution), the EA having nega-
tive charges reacted with positively charged PQAS by electrostatic
effect.

0.328 g PQAS was weighed accurately and was dissolved
directly in 250 mL of freshly obtained doubly distilled water. The
2.0 × 10−3 mol L−1 of PQAS working solution was obtained. All the
solutions above were stored at 1–4 ◦C in the refrigerator.

The acidity of assay system was controlled by sodium
hydrogen phosphate–citric acid buffer (Na2HPO4–C6H8O7).
Na2HPO4–C6H8O7 buffer of different pH were made up
of 0.2 mol L−1 Na2HPO4·2H2O and 0.1 mol L−1 C4H2O7·H2O.
0.01 mol L−1 NaCl was applied to adjust the ionic strength of the
solution. All other reagents and solvents used were of analytical
grade or the best grade commercially available and the doubly
distilled water was used throughout.

2.2. General procedure

Into a 10-mL calibrated tube with plug was added 1.0 mL
Na2HPO4–C6H8O7 buffer solution, 1.0 mL PQAS and appropriate
EA or samples and stirred after each solution added. The mixture
was diluted to the mark with doubly distilled water and mixed
thoroughly for determinations.

All RLS spectra were obtained by scanning in the range of
250.0–700.0 nm with the excitation and emission slit widths
of 5.0 nm. The RLS intensity was determined at 394.5 nm. The
enhanced RLS intensity of the system by adding EA is represented
as �IRLS = IRLS − I0

RLS, where �IRLS is the enhancement of RLS inten-
sity, IRLS and I0

RLS are the RLS intensity of the system with and
without EA, respectively.

3. Results and discussion
3.1. Features of spectra

A series of UV–Vis absorption spectra were depicted in Fig. 2(a).
It can be seen that there was no absorption of PQAS, and EA has
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Fig. 2. (a) Absorption spectra of PQAS–EA system. From bottom to top or in the
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declared content. The effect of PQAS concentration on the RLS inten-
ense of the arrow: PQAS 2 × 10 mol L , pH 4.2, EA (�g mL ): 0.0, 1.0 (without
QAS), 0.5, 1.0, and 2.0. (b) RLS spectra of the PQAS–EA system. From bottom to top
r in the sense of the arrow: PQAS 2 × 10−4 mol L−1, pH 4.2, EA (�g mL−1): 0.0, 0.5,
.0, and 2.0.

weak spectra at 363.0 nm which could be assigned �–�* transi-
ion in the plane of the EA chromophore. However, in the PQAS–EA
ystem, the absorption of EA at 363.0 nm disappeared and the
ew peak at 284.0 nm showed up. This indicated that a reaction
ad occurred between PQAS and EA. With the concentration of EA

ncreasing, the intensity of the absorption of the system at 284.0 nm
as increased gradually with a slight blue shift. This phenomenon
ould be due to the effect of the hydrogen bond and hydrophobic

nteractions on the structure of new complex produced by PQAS
nd EA.

The RLS spectra are studied and the results were shown in
ig. 2(b). The RLS intensity of PQAS without EA was very weak
nd enhanced evidently in the presence of EA at 394.5 nm. With
he increase of EA, the enhanced RLS intensity of assay system
ncreased and was proportional to the EA concentration. The char-
cteristics indicated that the interaction between PQAS and EA
ccurred and the new complex was produced. The complex can
esult in the enhanced RLS spectra owing to its appropriate parti-
le size [26,27]. This deduction can be confirmed by the scanning
lectron microscopy (Fig. 3). From Fig. 3, it can be seen that the size
f EA with PQAS (b) is much larger than that without PQAS (a). This
ork also indicates that the enhanced RLS intensity results from

he increscent size of the particles.

.2. Effect of acidity
The effect of acidity on the RLS intensity was studied and the
esults were shown in Fig. 4(a). It was found that the enhanced
LS intensity of PQAS–EA system increased with the increasing
Fig. 3. Scanning electron micrograph of EA in the absence of PQAS (a) and in the
presence of PQAS (b). Conditions: EA, 20.0 �g mL−1; pH 4.2; PQAS, 2.0 × 10−3 mol L−1.

pH value and reached a maximum at pH 4.2 (the pH value of the
assay solution is 6.8, however, the pH 4.2 refers to the pH value of
buffer which is used to control the acidity of the solution.), and then
reduced with the pH value further increasing. EA has four phenolic
OH groups with a benzopyranone structure and the pKa values cor-
responding to the various prototropic change equilibriums could
be presented as

EG(OH)4
pKa1� EG(OH)3(O−) + H+ (1)

EG(OH)4
pKa2� EG(OH)2(O−)2 + 2H+ (2)

EG(OH)4
pKa3� EG(OH)(O−)3 + 3H+ (3)

EG(OH)4
pKa4� EG(OH)(O−)4 + 4H+ (4)

pKa values could be estimated between 6.3 and 11.2 in the reported
literature [52].

When the pH was over 4.2, the acidity of the solution affected
the charges of PQAS and the structure of EA, which reduced the
combination between EA and PQAS, resulting in RLS intensity of
the assay system decreasing. pH 4.2 of Na2HPO4–C6H8O7 buffer
was applied to adjust the acidity of the solution.

3.3. Effect of PQAS concentration

Purification was performed and the structure of PQAS was con-
firmed by the Infrared Spectroscopy technique. The result obtained
was described in Fig. 1(b). As marked in Fig. 1(b), functional groups
of PQAS at the wave numbers were in good agreement with
sity of assay system was studied and the result was summarized in
Fig. 4(b). With the PQAS concentration increasing, RLS intensity of
assay system without EA was very weak and remained stable. How-
ever, when EA was added, the RLS intensity increased sharply and
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centration of Bi3+ was much low in human serum. Furthermore,
dilution 100–1000 times with water can minimize all these inter-
ferences in the analysis of samples. Thus, this method can be used
practically in the EA determination.

Table 1
Effects of the potentially interfering substances on the determination of 1.0 �g mL−1

EA.

Interfering substances Concentration Change in IRLS (n = 3, %)

MgSO4 5000 �mol L−1 −0.6
KCl 5000 �mol L−1 1.3
ZnSO4 4000 �mol L−1 −5.1
Mn(SO4)2 3000 �mol L−1 −4.8
CaCl2 500 �mol L−1 −5.6
FeSO4 6.0 �mol L−1 0.4
Pb(NO3)2 5.0 �mol L−1 5.8
Al2(SO4)3 4.0 �mol L−1 4.7
CuSO4 2.0 �mol L−1 1.6
Bi(NO3)3 0.05 �mol L−1 4.7
Ethanol 15% (v/v) 3.2
DMFa 25% (v/v) 0.1
Urine 0.2 mol L−1 4.1
Glucose 5000 �g mL−1 −4.3
Fructose 500 �g mL−1 1.6
Sucrose 500 �g mL−1 7.7
Lysine 5000 �g mL−1 −5.8
Cysteine 500 �g mL−1 −7.1
Arginine 50 �g mL−1 1.1
Glutamine 50 �g mL−1 7.9
Vitamin A 20 �g mL−1 5.3
Vitamin B6 20 �g mL−1 2.6
Vitamin C 20 �g mL−1 3.4
Gallic acid 5.0 �g mL−1 2.8
RFb 2.0 �g mL−1 6.6
BSAc 1.0 �g mL−1 4.0
ig. 4. (a) Effect of pH on the RLS intensity. Conditions: PQAS 2.0 × 10−4 mol L−1,
.0 �g mL−1, pH 4.2. (c) Effect of ionic strength on the RLS intensity. Conditions: PQ

eached a maximum at 2.0 × 10−4 mol L−1 of PQAS. The concentra-
ion of PQAS was 2.0 × 10−4 mol L−1 in this assay.

.4. Effect of ionic strength

The effect of the ionic strength on the RLS intensity of the sys-
em was investigated. The results were shown in Fig. 4(c). With the
oncentration of NaCl increasing, the RLS intensity remained rela-
ively stable. The reaction between PQAS and EA, which is mainly by
he hydrogen bond and hydrophobic interaction, was not affected
y ionic strength and the RLS intensity remained stable. Thus, the
ffect of electrolyte on the RLS intensity should be ignored.

.5. Incubation and stability

Under the optimal conditions, the incubation and stability of the
eaction between PQAS and EA were studied by determining the
LS intensity once every 2 min after mixing. The results indicated
hat PQAS and EA reacted rapidly at room temperature. The RLS
ntensity of the assay system reached a maximum in about 6 min
nd remained stable for 80 min. Therefore, the proposed method
oes not need crucial timing.

.6. Tolerance of foreign substances

The effect on the IRLS of the foreign substances was estimated
ith 1.0 �g mL−1 EA and the results were summarized in Table 1.

here were no co-existing substances and ions interfering with the
etermination of EA. From the results described, it can be seen that
ommon metal ions such as Na+, Mg2+, K+, Zn2+, Mn2+, and Ca2+ can

e tolerated at high concentrations. The common organic solvent,
uch as DMF and ethanol, can be tolerated about 25% and 15% (v/v),
espectively. In this study, DMF used to resolve EA in the work-
ng system was 10% (v/v), so it did not influence the determination
f EA. The most serious interference was Bi3+. However, the con-
0 �g mL−1. (b) Effect of PQAS concentration on the RLS intensity. Conditions: EA
× 10−4 mol L−1, EA 1.0 �g mL−1, pH 4.2.
HSAd 1.0 �g mL−1 2.1

a N,N-dimethylformamide.
b Riboflavin.
c Bovine serum albumin.
d Human serum albumin.
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Table 2
Comparisons with other assays of EA.

Method Linear
range
(�g mL−1)

Detection
limit (3�,
ng mL−1)

References

UVa 0.5–8.0 200 [18]
HPLCb 0.5–8.0 100 [18]
HPLC–UV 1.0–15.6 31.9 [13]
HPLC–UV 0.1–10 100 [19]
IP-RP-HPLC–UVc 5.0–100 1400 [20]
Spectrophotometric – 1000 [21]
RLS 0.016–4.0 13.96 This work
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unchanged between B and C spectra curve. The data suggested that
the lactone rings did not open both in the EA and the PQAS–EA
systems at pH 4.2 (in the pH 6.8 solution), which is consistent
with the reported literature [53–56]. Based on the previous stud-
ies, the mechanism of reaction can be described in Fig. 7. In the
a Ultra-violet.
b High-performance liquid chromatography.
c Isocratic ion-pair high-performance liquid chromatographic with UV detector.

.7. Calibration and detection limit

The enhanced RLS intensity of the assay system was determined
y adding different volumes of EA according to the experimen-
al procedure, and the calibration curve for quantification of EA
as linear over the concentration range from 0.016 to 4.0 �g mL−1.

he linear regression equation was �IRLS = 4.33 + 68.46C (�g mL−1,
= 10) with a correlation coefficient of r = 0.9992. The detection

imit was 13.96 ng mL−1. The limit of detection was given by 3S0/S,
here 3 is the factor at the 99% confidence level, S0 is the standard
eviation of the 15 blank determinations, and S is the sensitivity of
he calibration graph. Comparisons with other methods of deter-

ination of EA were shown in Table 2. It can be found that this
ethod has the advantages of high sensitivity, low detection limit

nd wide linear range.

. Analytical applications

.1. Sample collection

Volunteer (from Shantou University) could not take any kind of
edicine during three days before the testing day. The 10 mL fresh

lood and urine of the volunteer who had eaten a certain amount
f EA for 2 h were taken into two different tubes and stored at 37 ◦C.

.2. Human serum samples

The blood sample was kept at 37 ◦C in a water bath for about
.5 h and the blood coagulation was preconditioned. The sample
ithout blood clot was deproteinized by adding approximate 10 mL

cetonitrile and centrifuging (40 min at 4000 rpm) at the room
emperature. Then the acetonitrile was removed under reduced
ressure on a rotary evaporator in a 60 ◦C water bath. The human
erum without proteins was dissolved by water in a 100 mL vol-
metric flask and diluted to the mark with doubly distilled water
nd stored at 4 ◦C. A suitable volume of the solution appropriately
piked with the standard EA solution was taken and three different
amples with different EA concentrations were obtained for analy-
is. The results were summarized in Table 3. In all cases quantitative
ecoveries between 98.4% and 101.4% were obtained.

.3. Human urine samples

The urine sample was pre-treated by heating and filtration. The
ltration was done according to the procedure described above in
uman serum samples section and the processed sample was dis-

olved in a 100 mL volumetric flask. The sample was diluted to the
ark with doubly distilled water and stored at 4 ◦C. According to

he experimental procedure, the samples described above appro-
riately and spiked with the standard EA solution were taken for
ssay and the results were shown in Table 3. In all cases quantitative
Fig. 5. Effect on the surface tension by the PQAS concentration. Conditions: pH 4.2,
PQAS (10−4 mol L−1): 0.01, 0.05, 0.1, 0.2, 0.5, 0.8, 1.0, 5.0, and 10.0 in the X-coordinate.

recoveries between 99.1 and 101.9% were obtained. The determi-
nation results of the present work have been compared with that
of HPLC and the results are also described in Table 3.

4.4. Mechanism of the reaction

The critical micelle concentration (CMC) value for the Gem-
ini surfactant PQAS was determined from surface tension vs.
log concentration plots (Fig. 5) to be 1.0 × 10−4 mol L−1. In the
determination system, the concentration of RLS probe PQAS
was 2.0 × 10−4 mol L−1 which exceeded CMC (1.0 × 10−4 mol L−1).
Therefore, the micelle was formed by the tail-tail hydrophobic
interactions of PQAS. On the surface of micelle, many positive
charges contained by N+ in the PQAS molecule contributed to the
reaction between EA with negative charge and micelle of PQAS.

The reaction between PQAS and EA was also studied by IR
spectrum and the result was shown in Fig. 6. The results showed
that the peak (–OH) at 3408.37 cm−1 becomes widened as result
of the hydrogen bond formed between EA and PQAS. The peak
at 1684 cm−1 which is produced by lactone ring and the peak at
1102.84 cm−1 which is produced due to C–O–C remained almost
Fig. 6. IR spectra of PQAS + EA (A), EA (B) and PQAS (C).
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Table 3
Analytical results of real samplesa.

Sample HPLC method Present method

Found ± values (�g mL−1) Found (�g mL−1) Added (�g mL−1) Total found (�g mL−1) Recovery (%) RSD (%)

Human serum sample
1 0.20 ± 0.02 0.22 0.6 0.82 100.0 5.1
2 0.19 ± 0.02 0.21 1.0 1.19 98.4 2.9
3 0.25 ± 0.03 0.23 1.6 1.85 101.4 3.0

Human urine sample
1 0.31 ± 0.01 0.31 1.00 1.32 101.6 2.5
2 0.40 ± 0.06 0.44 1.00 1.43 99.1 3.1
3 0.62 ± 0.04 0.61 1.00 1.63 101.9 4.6

a Average of five determinations.
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Fig. 7. Proposed model for the complex fo

ssay system, the Gemini surfactant PQAS (2.0 × 10−4 mol L−1) is in
he formation of micelle which is positively charged. Because the

electron density on 7-OH (1.8894) is larger than that on 8-OH
1.8852), the structure (8-EAH3)− is the deprotonated species in
he assay system [53–56]. The EA molecules can be contained in
he micelle of PQAS by hydrophobic interaction. Moreover, the EA

olecules with negative charges also can stack on the surface of the
icelle of PQAS by electrostatic and hydrogen bond force (Fig. 7).

he schematic illustrated the reaction between PQAS and EA, and
he large particle was formed which resulted in the enhanced RLS
ignal in the assay system. The result was unanimous in that from
rovided SEM in Fig. 3.

. Conclusion
In this contribution, the reaction between a new kind of Gem-
ni surfactant PQAS and EA was investigated and the effect of the
actors (pH, ionic strength, PQAS concentration and so on) was also
tudied. In the pH 4.2 Na2HPO4–C6H8O7 buffer, PQAS was com-
ined with EA and the complex was produced. The new complex
n between EA and PQAS. P (�) and N (©).

with fine particle size can produce intense RLS signal (at 394.5 nm).
With the addition of EA, the RLS intensity of the assay system
increased and enhanced RLS intensity was proportional to the EA
concentration. The novel method was established to determine EA
in human serum and urine. The results obtained were satisfactory.
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