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a b s t r a c t

In this paper, a combined hollow fiber-based liquid three-phase microextraction and voltammetric
method are applied for the first time as a highly selective and sensitive method of electrochemical anal-
ysis. Desipramine, used as a model compound was extracted from 8 mL aqueous solution (donor phase,
0.10 mol L−1 NaOH) through a thin phase of propyl benzoate inside the pores of a polypropylene hol-
low fiber and finally into a 10 �L acidic acceptor solution inside the hollow fiber. Three microelectrodes
designed and constructed for the purposes of this study were placed into the two ends of the hollow fiber
ollow fiber-based liquid three-phase
icroextraction
ifferential pulse voltammetry
esipramine

inside the acceptor solution, and voltammetric analysis was performed in-situ during the extraction.
After 15 min, the final stable signal was used for analytical applications. Under the optimized conditions,
an enrichment factor of 301 was achieved and the relative standard deviation (R.S.D.) of the method was
6.2% (n = 5). The calibration curve was obtained in the range of 5–5000 nmol L−1 with a reasonable lin-
earity (R2 > 0.988) and the limit of detection (LOD) was found to be 0.8 nmol L−1. Finally, the applicability
of the proposed method was evaluated by extraction and determination of desipramine in plasma and

y dilu
urine samples without an

. Introduction

An essential limitation of electroanalytical techniques in ana-
yzing complex real samples is their lack of selectivity. In fact, it
ften happens that different species undergo redox reactions at
otential values that are very close to each other. In the case of
ifferential pulse voltammetry, serious overlapping occurs when
he difference in peak potentials is less than 0.10 V divided by
he number of electrons involved in the electrode charge trans-
er. Prevalent experimental manipulations, such as changing the
upporting electrolyte pH or using modified electrodes and chemo-
etric methods, offer efficient options to overcome the problem of

verlapping signals [1]. Moreover, the application of pretreatment
echniques could be an alternative for the elimination of the inter-
erences encountered in the electrochemical analysis of complex

atrices such as urine and plasma.

Hollow fiber-based liquid–liquid–liquid microextraction (HF-

LLME) is a sample preparation technique. Originally introduced
y Pedersen-Bjergaard and Rasmussen [2] in 1999 with its basic
rinciples clearly described elsewhere [3–6], it is based on the use
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tions.
© 2010 Elsevier B.V. All rights reserved.

of disposable and porous hollow fibers made of polypropylene. HF-
LLLME combines extraction, preconcentration and sample clean-up
in one step. In the three-phase mode, analyte extraction occurs
through three liquid phases, including: (1) the sample solution
(donor phase), where pH is adjusted to keep compounds neutrally
charged; (2) the organic extracting phase, which is immobilized in
fiber pores; and (3) the receiving aqueous phase (acceptor phase),
with a pH that is adjusted to ionize the analytes. Compounds in
their non-ionized form are extracted into the organic solvent and
subsequently back extracted into the acceptor phase, which can
be directly analyzed via high performance liquid chromatography
(HPLC) [7–9]. Additional advantages of HF-LLLME are its tolerance
to a wide pH range and applications in assays that are not suitable
for SPE or SPME. Sample carryover can be avoided because the hol-
low fiber used in HF-LLLME is cheap, making it affordable to dispose
after a single use [10].

The aim of the present study is to combine the hollow fiber-
based liquid–liquid–liquid microextraction (HF-LLLME) technique
with differential pulse voltammetry in order to improve selectiv-
ity and sensitivity in electrochemical analysis. To the best of our

knowledge, this is the first time the combined HF-LLLME and differ-
ential pulse voltammetry employed for in-situ analysis is reported.
Desipramine hydrochloride, used as a model compound, is a tri-
cyclic antidepressant prescribed to elevate mood and to promote
recovery of a normal range of emotions in patients with depressive
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isorders. It has also been used in a number of other psychiatric and
edical conditions. Several procedures have been reported in the

iterature for the analysis of desipramine hydrochloride [11] that
nclude spectrophotometry [12,13], HPLC [14,15], electrophoresis
16], voltammetry [17], gas chromatography [18], and ion-selective
lectrode [19].

. Experimental

.1. Reagents

Water was deionized and passed through a Milli-Q water purifi-
ation system (resistance > 18 M�/cm). Q3/2 Accurel polypropy-
ene hollow fiber membrane (with a pore size of 0.2 �m, an internal
iameter of 600 �m and a wall thickness of 200 �m) was obtained
rom Membrana (Wuppertal, Germany). Sodium hydroxide, potas-
ium chloride, hydrochloric acid (37%, w/w), n-dodecane, propyl
enzoate, isoamyl benzoate, hexyl acetate and dibenzyl ether
ere obtained from Merck Company (Darmstadt, Germany). Other

eagents were of analytical grade and obtained from Merck.
The stock standard solution of desipramine (1 mmol L−1) was

repared separately by dissolving a proper amount of desipramine
ydrochloride in milli-Q water, which was subsequently diluted
ith water to reach a secondary mixed stock solution with a con-

entration of 1 �mol L−1. All the working standard solutions were
reshly prepared by diluting the mixed standard solution with puri-
ed water to the required concentration.

.2. Preparation of microelectrodes

An Ag/AgCl reference microelectrode was constructed accord-
ng to the following procedure: one end of a piece of polyethylene
ube (length: 40 mm, o.d.: 3 mm and i.d.: 1.5 mm) was tapered on a
ame. The tapered end was inserted into a warm and fresh agarose
el (including 0.030 g agar, 0.30 g KCl, and 1.0 mL water) to allow
he gel to enter into the tube. After 3 min, a few microliters of a
aturated KCl solution were injected into the polyethylene tube.
hen, an Ag-wire (i.d.: 0.5 mm) covered by a thin film of AgCl was
nserted into the KCl solution inside the polyethylene tube while
he other end was soldered to a braided wire before the wire was
xed at the end of the polyethylene tube. This reference microelec-
rode was placed into the saturated KCl solution for 15 min until the
olution penetrated into the agarose gel. A slight shift was observed
n the potential of the reference microelectrode toward that of the
onventional reference electrode. However, the electrode was very
table and reproducible during the analysis.

A piece of platinum wire (0.25 mm o.d.) was applied as the
ounter electrode. A graphite pencil lead (0.35 mm o.d., HB, Rotring,
ermany) was used as the working electrode. To connect the
orking electrode to the hollow fiber tightly, a polypropylene
icropipette tip was used as a holder for the pencil lead (Fig. 1).
length of about 10 mm of the graphite and platinum electrodes
ere in contact with the solution inside the fiber.

.3. Apparatus
All electrochemical measurements were performed using a
etrohm potentiostat/galvanostat connected to a Metrohm three-

lectrode cell, Model 797 VA computrace linked to a computer
Pentium IV, 1200 MHz) with the 797 VA computrace 1.2 Metrodata
oftware installed.

A pH-meter (Corning, Model 140) with a double junction glass
lectrode was used to check the pH of the solutions.
 (2010) 1588–1593 1589

2.4. HF-LLLME procedure

The experimental setup for the HF-LLLME is illustrated in Fig. 1.
Extraction was performed according to the following procedure:
8 mL of the sample solution (0.10 mol L−1 NaOH) was filled into
a 10-mL vial. The vial was placed on a magnetic stirrer. The hol-
low fiber was cut into 5-cm segments for LPME experiments. Each
piece of the fiber was employed only once to avoid any possi-
bility of carryover. The hollow fiber segments were sonicated for
2 min in HPLC-grade acetone to remove any contaminants in the
fiber. After sonication, the fibers were removed from acetone and
the solvent was allowed to evaporate completely. The hollow fiber
was then immersed into an organic solvent (typically propyl ben-
zoate) for 30 s to impregnate its pores. After impregnation, air was
flushed through the hollow fiber with a 5-mL syringe to remove the
excess organic solvent from inside the fiber. For each extraction, a
U-shaped hollow fiber was used. The reference and counter micro-
electrodes were inserted into one end of the hollow fiber. Then,
the acceptor solution was injected into the hollow fiber using a
25-�L syringe until the acceptor phase filled the hollow fiber. Care
was taken to keep the acceptor phase free of air bubbles to avoid
breakage of the electrical connection between counter and working
electrodes. The surface of the pencil graphite electrode was washed
with purified water and acetone before being inserted into the other
end of the hollow fiber. The approximate volume of the acceptor
solution inside the hollow fiber was 10 �L. The U-shaped hollow
fiber was immersed into a 10-mL vial. During extraction, the sample
solution was continuously stirred (700 rpm) at room temperature
for 15 min and in-situ voltammetric analysis was performed.

2.5. Voltammetric analysis

Once the extraction-electrochemical cell had been set up and
the electrical connections checked, differential pulse voltammetry
(DPV) was selected as the detection technique. Differential pulse
voltammogram was recorded in the potential range of +0.50 to
+1.00 V at a sweep rate of 0.0834 V s−1, pulse time of 0.04 s and pulse
amplitude of 50 mV. The peak current at initial extraction was mea-
sured and recorded as a blank signal (Ib) and after 15 min; the final
signal was measured and recorded as a sample signal (Is). The differ-
ence in the currents (Ips − Ipb ) was considered as a net signal (�Ip)
for each concentration. Calibration graph was prepared by plotting
net peak currents vs. analyte concentrations in the solutions.

2.6. Calculations

The enrichment factor (EF) and extraction percent of
desipramine were calculated using the following equations:

EF = CAP,final

CDP,initial

Extraction% = EF × VAP

VDP
× 100

where CAP,final and CDP,initial are the final and initial concentrations
of desipramine in the acceptor and donor phases, respectively.
CAP,final was obtained from the calibration curve. VAP and VDP are
the volumes of the acceptor and donor phases, respectively. For

real sample analysis, relative recovery was calculated using the
following equation:

R% = CDP,detection

CDP,initial
× 100
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ig. 1. Schematic of the equipment used for HF-LLLME and in-situ differential pu
olypropylene hollow fiber; (d) acceptor phase; (e) Ag-wire coated with an AgC
icropipette.

here CDP,detection and CDP,initial are measured and initial concentra-
ions of the analyte in the donor phase, respectively.

. Results and discussion

.1. Electrochemical behavior

The sensitivity of the electrochemically active dibenzazepine
ricyclic antidepressant compounds (e.g. desipramine) is probably
ue, at least in part, to the presence of the ring nitrogen. The mech-
nism of electrochemical oxidation of these compounds could be
est described by a two-step, three-electron ECE process [20]. The
rst step involves the transfer of one electron to form a radical

ollowed by dimerization. This compound is then oxidized further
y an overall two-electron process at a more negative potential.
herefore, desipramine indicates two peaks at 0.70 and 0.90 V vs.
n Ag/AgCl electrode. The second peak belonged to the first irre-
ersible electrochemical reaction and the first one to the second
eversible electrochemical reaction.

.2. Method development

HF-LLLME was applied for the extraction and preconcentration
f desipramine as a model compound from aqueous samples. The
nalyte was extracted from the donor phase into the organic sol-

ent (impregnated in the pores of a porous polypropylene hollow
ber) to be finally back extracted into a smaller volume of the aque-
us acceptor phase. In order to achieve maximum sensitivity, all
he parameters affecting extraction efficiency were optimized and
ach experiment was repeated in at least three replicates. The peak
oltammetry: (a) graphite pencil electrode; (b) platinum wire microelectrode; (c)
film; (f) saturated KCl/AgCl solution; (g) agarose gel; (h) 10-�L polypropylene

current of DPV was used to evaluate extraction efficiency under
different conditions.

3.2.1. Organic solvent selection
Selection of a suitable organic solvent in HF-LPME is of great

importance for efficient analyte preconcentration. The criteria for
the selection of a suitable organic solvent in HF-LPME include
capability to be easily immobilized in the hollow fiber pores,
nonvolatility to prevent solvent loss during extraction, and immis-
cibility with water because it serves as a barrier between the two
donor and acceptor aqueous phases.

Considering the above criteria, six organic solvents including
n-octanol, n-dodecane, hexyl acetate, isoamyl benzoate, propyl
benzoate and dibenzyl ether were evaluated for the extraction
of desipramine by HF-LPME under identical conditions. Evalu-
ations were accomplished with the extraction of 0.1 �mol L−1

desipramine solution from 8 mL of an aqueous solution (including
0.10 mol L−1 NaOH). The U-shaped hollow fiber impregnated with
the organic solvent and filled with the acceptor phase (1.0 mol L−1

HCl and 0.10 mol L−1 KCl) was inserted into the vial and allowed
to complete for 15 min for extraction. Although n-octanol is one of
the most commonly used extraction solvents in SDME and LPME
techniques [21–23], surprisingly no signal was observed when this
solvent was used. More investigation is required to clarify the rea-
son.
As can be seen in Fig. 2, among the organic solvents tested,
n-dodecane exhibited the highest current peak height for the tar-
get analyte. However, propyl benzoate was selected as the most
suitable solvent for subsequent experiments because it made the
hollow fiber transparent so that it would be visible inside. This
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Fig. 2. Effects of different extraction solvents on HF-LLLME. Extraction conditions:
concentration of desipramine, 0.1 �mol L−1; sample volume, 8.0 mL; acceptor phase,
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0.0 �L of 1 mol L−1 HCl and 0.1 mol L−1 KCl; salt addition, no NaCl added; stirring
ate, 700 rpm at room temperature; extraction time, 15 min (number of replica-
ions = 3).

llowed the electrodes to be easily positioned inside the fiber and
he air bubbles formed to be controlled and eliminated.

.2.2. Basicity and acidity of the donor and acceptor phases
pH levels of the donor and acceptor phases play important roles

n LLLME. According to this method, the analyte must be trans-
erred into the organic phase in its neutral form in the donor phase.
n the other hand, in the acceptor phase, the analyte should be

n its ionized form and, therefore, it cannot be back extracted into
he organic phase. In the case of basic analytes, the donor phase
hould be sufficiently basic to maintain the neutrality of the ana-
yte and, consequently, to reduce its solubility within the donor
hase. In addition, the acceptor phase should be acidic in order to
romote the dissolution of the basic analyte. The effects of NaOH
oncentration in the donor and HCl concentration in the accep-
or solutions were investigated (Fig. 3A and B). The concentrations
f HCl and NaOH varied between 0.00001 and 1.0 mol L−1 in the
onor and acceptor phases, respectively. Based on these results,
xtraction efficiency increased with increasing the concentration
f HCl in the acceptor phase. The effects of higher concentra-
ions of HCl were not checked due to the risk of damaging the
yringe used to transfer the acceptor solution into the hollow
ber. On the other hand, extraction efficiency appeared to reach
maximum at a NaOH concentration of 0.1 mol L−1 for the accep-

or phase, which subsequently declined at 1.0 mol L−1. The lower
eak current at 1.0 mol L−1 NaOH concentration may be due to
he decomposition of the analyte in more basic solutions and/or
o the reduced mass transfer rate resulting from increasing sam-
le viscosity. Therefore, 1.0 mol L−1 HCl and 0.10 mol L−1 NaOH
olutions were selected for the acceptor and donor phases, respec-
ively.

.2.3. Effect of stirring speed
Stirring of the donor phase solution increases the rate of mass

ransfer into the acceptor phase. It also reduces the time needed
o reach equilibrium whereby it reduces the extraction time by
aising the diffusion rate of the analyte from the donor into the
cceptor. It follows, therefore, that the highest speed of the mag-
etic stirrer should be selected as the stirring speed. However,
t high stirring speeds, air bubbles produced on the surface of

he hollow fiber hinder the transfer of the analyte into the fiber
nd decrease extraction efficiency. In order to avoid this situation,
700 rpm stirring rate was selected for the rest of the experi-
ents.
Fig. 3. Optimization of acidity and basicity of the acceptor (A) and donor (B) phases
for HF-LLLME and in-situ voltammetry. Conditions: organic phase, propyl benzoate;
stirring speed, 700 rpm; extraction time, 15 min. Desipramine concentration was
0.1 �mol L−1 (number of replications = 3).

3.2.4. Effect of ionic strength
Many researchers have reported that the addition of ionic

strength to the samples is beneficial for enhancing extraction effi-
ciency of many compounds in LLE [24] and SPME [25]. Experiments
were designed in this study to evaluate the effect of ionic strength
on the peak current by adding different amounts of NaCl into the
samples in the range of 0–0.3 g mL−1. It was observed that salt addi-
tion did not improve analyte extraction and maximum peak current
was observed in the absence of sodium chloride in the solution.
Hence, no salt was added in subsequent experiments.

3.2.5. Effect of extraction time
Because extraction is an equilibrium process, sufficient time is

required to allow partitioning of the analyte between the donor
and acceptor phases. In general, to study the extraction time in
LLLME, a series of experiments are carried out at different times
under constant experimental conditions. However, in this work,
due to the nature of in-situ analysis, the signal (peak current) is
obtained every 30 s during a run. Therefore, the effect of extraction
time on the performance of the method was investigated in a sin-
gle run (Fig. 4). Voltammograms are a little noisy, which is due to
stirring the solution during the analysis. The results indicate that
the equilibrium between both phases is reached after 900 s. So, this
time was selected for subsequent experiments.

3.3. Analytical performance

The figures of merit of the proposed HF-LPME method includ-
ing the enrichment factor, extraction percent, linear dynamic range
and limit of detection (LOD) were investigated for extraction of
desipramine from aqueous solutions under optimum conditions.

The results are summarized in Table 1. The calibration curves were
obtained by plotting the peaks current height against the concen-
trations of desipramine in the aqueous sample (Fig. 5). As can be
seen, two linearly distinguished regions can be plotted.
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Fig. 4. (A) Time profile of a single extraction, voltammograms obtained at 30 s inter-
vals; (B) effect of extraction time on peak current height. Conditions: donor phase,
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Fig. 5. (A) Differential pulse voltammograms of desipramine standard solution
after LLLME under optimized conditions at different concentration levels: (a)

urine matrix can cause a difficult problem in the quantification of

T
L
u

�mol L desipramine solution with 0.1 mol L NaOH; organic extraction solvent,
ropyl benzoate; acceptor phase, 1 mol L−1 HCl and 0.1 mol L−1 KCl; stirring speed,
00 rpm.

The reproducibility of the proposed method, expressed as rel-
tive standard deviation (RSD), was evaluated by extracting the
nalyte from 5 aliquots of the same vial of water samples (spiked
t 0.1 �mol L−1) and RSD value was found to be 10%. The limit of
etection (LOD) was estimated based on a three signal-to-noise
atio criteria, being 0.8 nmol L−1. Finally, a high enrichment factor
301) was obtained for the analyte.

.4. Interference study

In order to evaluate the overall selectivity of the method, under
he optimized experimental conditions described above, the effects
f some inorganic and organic compounds which may be present in
iological media and drugs were studied. To evaluate the effect of

nterferences in the determination of desipramine, standard solu-
ions of the analyte (1 �mol L−1) containing compounds such as
mino acids, drugs, organic acids and inorganic cations and anions
t different concentration levels were tested. The tolerance limit
as defined as the maximum concentration of the substance that

aused an error of less than 3% in the desipramine determination
26]. The results are reported in Table 2. These results indicate that
he compounds studied have no effects on the analysis at concen-

rations up to 1000 times higher than desipramine. On the other
and, quantification using direct DPV may be seriously affected
hen the solution contains the above interfering compounds at

oncentrations even 10 times that of desipramine.

able 1
imit of detection, enrichment factor, extraction percent, linear dynamic range, squared c
rine and plasma.

Sample LOD (nmol L−1) EF Extraction (%)

Distillated water 0.8 301(10)a 52

Plasma – 234(7) 41
Urine – 278(9) 48

a % Relative standard deviation (RSD), n = 5.
blank, (b) 0.02 �mol L−1, (c) 0.035 �mol L−1, (d) 0.05 �mol L−1, (e) 0.07 �mol L−1,
(f) 0.1 �mol L−1, (g) 0.2 �mol L−1, (h) 0.5 �mol L−1, (i) 1 �mol L−1, (j) 2 �mol L−1, (k)
3 �mol L−1, (l) 5 �mol L−1. (B) Calibration curve between 0.005 and 0.1 �mol L−1. (C)
calibration curve between 0.2 and 5 �mol L−1.

3.5. Real sample analysis

In order to assess the applicability of the newly developed
method in the analysis of the drug in real samples with complex
matrices, urine and plasma samples were extracted and analyzed
under the optimum conditions. Urine and plasma samples were
spiked with the analyte at 0.1 �mol L−1. The results showed that
the samples analyzed were either free of desipramine or had con-
centrations below the detection limits. As be seen from Table 1, the
relative recoveries are 78 and 89 for plasma and urine, respectively.
RSDs are below 9%. These results indicate that the matrices of the
real samples do not have obvious effects on the proposed DLLME-
in-situ DPV method for the determination of the analyte from urine
and plasma samples.

Fig. 6 shows typical voltammograms of the spiked and non-
spiked urine samples. The oxidation peak at 0.7 V (Fig. 6A) is
probably due to oxidation of uric acid. As can be seen in the figure,
the interference of uric acid peak with high background signal of the
desipramine. Fig. 6B shows that HF-LLLME technique has excellent
capability to eliminate the urine matrix. The real sample analysis
showed that the proposed method exhibited good selectivity for
the determination of desipramine in urine samples.

orrelation coefficient and relative recovery for LLLME-in-situ DPV in milli-Q water,

Dynamic range (nmol L−1) R2 Relative recovery (%)

200–5000
5–100

0.988, 0.989 –

– – 78
– – 89
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Table 2
Interferences study for the determination of 1.0 �mol L−1 desipramine under the optimized conditions.

Method Limit of interfering Species

Inorganic ions Amino acids Drugs Other compounds

LLLME-in-situ DPV 1000 K+, Na+, Mg2+, Ca2+,
Fe2+, NH4

+, Cl− , I− ,
HCO3

− , CO3
2− ,

SO4
2−

Leucine, glycine,
cystine, systeine,
tryptophane, valine

Epinephrine, dibucaine,
thioguanine, captopril,
vitamin B2

Ascorbic acid, uric
acid, fulick acid,
DNA

100 – – Dopamine –

Direct determination
(DPV)

1000 K+, Na+, Mg2+, Ca2+,
Fe2+, NH4

+, Cl− , I− ,
HCO3

− , CO3
2− ,

SO4
2−

– – –

100 – –
10 – Leucine

cystine,
tryptoph
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[
[23] X. Wen, C. Tu, H.K. Lee, Anal. Chem. 76 (2004) 228.
[24] Z. Marczenko, Separation and Spectrophotometric Determination of Elements,

Ellis Harwood Limited, Chichester, 1986.
[25] A. Mohammadi, Y. Yamini, N. Alizadeh, J. Chromatogr. A 1063 (2005) 1.
[26] E. Mirmomtaz, A.A. Ensafi, S. Soleimanian-Zad, Electrochim. Acta 59 (2009)
ig. 6. Obtained votammograms of (A) direct DPV (without extraction) of non-
piked urine sample, (B) LLLME-in-situ DPV of non-spiked urine sample, (C)
LLME-in-situ DPV of spiked urine sample with desipramine (0.1 �mol L−1).

. Conclusion

In the present study, the combined HF-LLLME and in-situ dif-
erential pulse voltammetry was successfully used to analyze
amples. Desipramine was extracted from biological samples into
he acceptor phase inside the hollow fiber and analyzed in-situ
sing differential pulse voltammetry. The results indicated that HF-
LLME could be used as an in-situ pretreatment procedure before

lectroanalytical analysis. Combining HF-LLLME and electrochem-
cal techniques enhanced both selectivity and sensitivity of the

ethod. Complex biological matrices such as plasma and urine
ere successfully analyzed using the proposed method without any
ilution of the sample.
– –
, glycine,
systeine,
ane, valine

Epinephrine, dibucaine,
thioguanine dopamine,
captopril, vitamin B2

Ascorbic acid,
fulick acid, uric
acid, DNA
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