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a b s t r a c t

A simple method based on capillary electrophoresis with a capacitively coupled contactless conductivity
detector (CE-C4D) was developed for the determination of potassium, sodium, calcium and magnesium
in parenteral nutrition formulations. A hydro-organic mixture, consisting of 100 mM Tris-acetate buffer
at pH 4.5 and acetonitrile (80:20, v/v), was selected as the background electrolyte. The applied voltage
was 30 kV, and sample injection was performed in hydrodynamic mode. All analyses were carried out
eywords:
apacitively coupled contactless
onductivity detection
apillary electrophoresis

in a fused silica capillary with an internal diameter of 50 �m and a total length of 64.5 cm. Under these
conditions, complete separation between all cations was achieved in less than 4 min. The CE-C4D method
was validated, and trueness values between 98.6% and 101.8% were obtained with repeatability and
intermediate precision values of 0.4–1.3% and 0.8–1.8%, respectively. Therefore, this method was found

troll
fully
norganic cations
otal parenteral nutrition
alidation

to be appropriate for con
formulations and success

. Introduction

Total parenteral nutrition (TPN) is the practice of feeding a per-
on intravenously using nutritional formulas containing essential
utrients such as electrolytes, glucose, amino acids, trace elements
nd vitamins (see Table 1). These nutritional solutions are pre-
ared daily at the pharmacy of the Geneva University Hospitals
HUG) for paediatric patients. Errors in the concentrations of elec-
rolytes present increased risks for patients, especially for neonates.
herefore, TPN preparations are submitted to quality control before

atient administration. Currently, sodium, potassium and calcium
re checked at the HUG pharmacy using flame photometry or
bsorption spectrometry methods in control solutions without
mino acids or vitamins. The constituents of real TPN samples (with

Abbreviations: BGE, background electrolyte; CS, calibration standard; C4D,
apacitively coupled contactless conductivity detector; EOF, electroosmotic flow;
IBA, �-hydroxyisobutyric acid; His, Histidine; HUG, Geneva University Hospitals;

S, internal standard; MES, 2-(N-morpholino)ethanesulfonic acid; SFSTP, Société
rançaise des Sciences et Techniques Pharmaceutiques; TPN, total parenteral nutri-
ion; Tris, tris(hydroxymethyl)-aminoethane; VS, validation standard.
∗ Corresponding author at: Hôpitaux Universitaire de Genève – Pharmacie, Rue
abrielle-Perret-Gentil 4, 1211 Genève 14, Switzerland. Tel.: +41 22 382 39 78;

ax: +41 22 382 39 65.
E-mail address: sandrine.fleury.souverain@hcuge.ch (S. Fleury-Souverain).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.01.042
ing potassium, sodium, calcium and magnesium in parenteral nutrition
applied in daily quality control at the Geneva University Hospitals.

© 2010 Elsevier B.V. All rights reserved.

increased concentrations of glucose, amino acids and vitamins) can
interfere with the analysis of ions and contaminate the analytical
system. Therefore, other analytical techniques are required.

Capillary electrophoresis (CE) coupled with indirect UV detec-
tion was developed for the analysis of inorganic cations [1–7],
particularly sodium, potassium, calcium and magnesium, in TPN
preparations [8,9]. These methods have been compared with flame
atomic spectrometry and ion chromatography [1,9] and were found
to be an acceptable alternative. However, UV-absorbing buffer
additives and more complex buffer systems were needed to facil-
itate indirect absorbance detection [10], and weaker quantitative
performance was achieved [1,9]. During the past few years, con-
tactless conductivity detection has been recognized as an attractive
alternative to optical detection techniques in CE because of its low
cost, lack of maintenance requirements, easy handling and simple
method development. Among the developed capacitively coupled
contactless conductivity detectors (C4D), we only consider in this
paper the instrument used by Zemann [11,12]. The latter presents
two metal tube electrodes, placed around the capillary. An oscil-
lation frequency between 75 and 300 kHz is applied to one of the

electrodes, and a signal is produced when an analyte zone with a
different conductivity passes through the retention gap [2].

Numerous papers have described the analysis of inorganic
cations (e.g., sodium, potassium, calcium, magnesium) by CE-C4D
[2–4,10–23]. A buffer based on 2-(N-morpholino)ethanesulfonic

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:sandrine.fleury.souverain@hcuge.ch
dx.doi.org/10.1016/j.jpba.2010.01.042
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Table 1
Composition of TPN at HUG.

Solution Composition Manufacturer

NaCl 11.7% Sodium: 2 mmol mL−1 Bichsel (Interlaken, CH)
Calcium gluco-bionate 10% Calcium: 0.16 mmol mL−1, lactobionate: 0.16 mmol mL−1, glucobionate: 0.16 mmol mL−1 Bichsel (Interlaken, CH)
Phocytan® Phosphate: 0.33 mmol mL−1, glucose: 0.33 mmol mL−1, sodium: 0.66 mmol mL−1 Aguettant (Lyon, F)
KCl 7.5% Potassium: 1 mmol mL−1 Sintetica-Bioren (Couvet, CH)
MgSO4 5% Magnesium: 0.2 mmol mL−1 Pharmacy HUG
Sodium acetate 16.4% Acetate: 2 mmol mL−1 Pharmacy HUG

Sodium: 2 mmol mL−1

Vitamins Vitamin A: 0.4 mg mL−1, D3 1.1 �g mL−1, E 2.04 mg mL−1, C 25 mg mL−1, B1 0.7 mg mL−1, B2
0.83 mg mL−1, B6 0.91 mg mL−1, B12 1.2 �g mL−1, B9 82.5 �g mL−1, B5 3.45 mg mL−1, B8
13.8 �g mL−1, PP 9.2 mg mL−1

Baxter (Volketswil, CH)

Cernevit®

Trace elements Fe2+: 0.1 mg mL−1, Zn2+: 0.16 mg mL−1, Mn2+: 27.2 �g mL−1, Cu2+: 38 �g mL−1, Cr3+: 0.5 �g mL−1,
Mo(VI): 0.5 �g mL−1, Se(IV): 1 �g mL−1, F−: 28.5 �g mL−1, I−: 6.5 �g mL−1, Na+: 1.9 �mol mL−1, K+:
0.05 �mol mL−1, Cl−: 17 �mol mL−1

BBraun (Sempach, CH)

Tracutil® diluted Pharmacy HUG
Heparin 50 UI mL−1 Pharmacy HUG
Amino acids Alanine: 6.3 g L−1, arginine: 4.1 g L−1, asparagine acid: 4.1 g L−1, cysteine: 1 g L−1, glutamic acid:

7.1 g L−1, glycine: 2.1 g L−1, histidine: 2.1 g L−1, isoleucine: 3.1 g, leucin: 7.0 g L−1, lysine: 5.6 g L−1,
methionine: 1.3 g L−1, phenylalanine: 2.7 g L−1, proline: 5.6 g L−1, serine: 3,8 g L−1, taurine 0,3 g L−1,

−1 0.5 g L−1 −1

Fresenius Kabi (Stans, CH)
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threonine: 3.6 g L , tryptophan: 1.4 g, tyrosine:
Vaminolact®

Glucosteril Glucose 70%
Injection water Water ppi

cid and histidine (MES/His) has been widely used for the deter-
ination of alkali and alkaline earth metals and ammonium ions

2–4,11–20]. Other background electrolytes (BGE) composed of
itric, lactic or acetic acids and His or maleic acid/arginine have
lso been successfully used for the separation of these cations
15,20].

Weak complexing agents have been added to the BGE to modify
he separation of inorganic cations, such as �-hydroxyisobutyric
cid (HIBA) [4,7,17]. An organic solvent was added (10% methanol)
o modify the selectivity and to obtain a complete separation of
odium, calcium and magnesium in blood samples [20]. However,
o our knowledge, a validated CE-C4D for TPN has not yet been
eported.

In this study, a simple CE-C4D method was developed and vali-
ated to determine sodium, potassium, calcium and magnesium in
PN and was applied to the quantitation of these cations in daily
uality control.

. Experimental

.1. Chemicals

Sodium chloride, potassium chloride, calcium chloride, mag-
esium chloride, lithium chloride and tris(hydroxymethyl)-
minoethane (Tris) were purchased from Fluka (Buchs, Switzer-
and). Water and NaCl (0.9%) used for pharmaceutical preparations

ere obtained from Bichsel Laboratories (Interlaken, Switzerland).
cetic acid (glacial, 100%), methanol and acetonitrile were obtained

rom Merck (Darmstadt, Germany).
Parenteral nutrition solutions were prepared at the HUG phar-

acy using the automated compounding system BAXA MM12
Baxa corporation, Englewood, CO, USA) with the following solu-
ions: Calcium glucobionate (10%) and NaCl (11.7%) obtained from
ichsel Laboratories (Interlaken, Switzerland), KCl (7.5%) from
intetica-Bioren SA (Couvet, Switzerland), Phocytan from Aguet-
ant (Lyon, France), Aminosteril Hépa (8%), Glucosteril (70%), and

aminolact from Fresenius Kabi (Stans, Switzerland; Bad Homburg,
ermany). Tracutil was diluted in a 1:2 ratio (BBraun, Sempach,
witzerland) and Cernevit was obtained from Baxter (Volketswil,
witzerland). Sodium acetate (16.4%), heparin (50 UI/mL) and mag-
esium sulfate (5%) were produced by the HUG pharmacy.
, valine: 3.6 g L

Fresenius (Stans, CH)
Bichsel (Interlaken, CH)

2.2. BGE preparation

Different BGEs (phosphate pH 2 and 7, borate pH 9, MES/His pH
6.1, citrate pH 3.1 and pH 4.8, lactate and acetate/Tris pH 4.5) were
prepared for the method development. The final BGE was composed
of a hydro-organic buffer corresponding to a mixture of an aqueous
BGE (100 mM Tris-acetate buffer at pH 4.5) and acetonitrile (80:20,
v/v). The aqueous BGE was prepared by an adequate dilution of the
concentrated acid solution, and a solution of Tris at 1 M was added
to adjust the solution to pH 4.5. The solution was then diluted to
the final volume with distilled water. The BGE was degassed in an
ultrasonic bath for 10 min before use.

2.3. Instrumentation and capillaries

CE experiments were carried out with an HP3DCE system
(Agilent Technologies, Waldbronn, Germany) equipped with an
autosampler and a power supply able to deliver up to 30 kV. HP3DCE
was coupled to a TraceDec detector (Innovative Sensor Technolo-
gies GmbH, Strasshof, Austria). The conductivity sensor consisted
of two electrodes separated by a detection gap of 1 mm, positioned
along the capillary by sliding it into the desired position (14.5 cm
from the cathode). A CE ChemStation (Agilent) was used for CE
control and data handling, and a C4D Tracemon (Innovative Sensor
Technologies, Austria) was used for conductivity detector control
and data acquisition. Analyses were performed in uncoated fused
silica capillaries from BGB Analytik AG (Böckten, Switzerland) with
an internal diameter of 50 �m, an external diameter of 375 �m
and a total length of 64.5 cm (effective length of 50 cm). All exper-
iments were performed in the normal mode (cathode at the outlet
end of the capillary). The capillary was thermostated at 25 ◦C in a
high velocity air stream, and a voltage of 30 kV was applied. The
generated current was between 5 and 50 �A depending on the
buffer solution. Samples were kept at ambient temperature in the
autosampler and injected in the hydrodynamic mode to fill approx-
imately 1% of the effective capillary length (40 mbar for 10 s). The
final configuration of the C4D was set at an output frequency of

150 kHz, an output voltage of 40 Vpp, 50% gain and an offset of ∼30.
The detector acquisition corresponded to the CE mode of 19.8 Hz.
Before first use, capillaries were sequentially rinsed with methanol,
0.1 M NaOH, water, methanol, 0.1 M HCl, water and BGE for 5 min.
A voltage of 30 kV was then applied for 60 min with the BGE. The
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Table 2
Composition of the validation matrix.

Concentration Nutriment Composition

42 g/L Amino acid 160.8 mL of Vaminolact
218.8 g/L Glucose 78.2 mL of Glucosteril
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The pH of the BGE modifies the EOF and the proportion of
500 U/L Heparin 2.5 mL of Heparin
20 ml/L Oligoelement 5 mL of diluted Tracutil

raceDec was set to run for 1 h before the first analysis in order to
btain a constant signal. Prior to each sample injection, the capillary
as rinsed by pressure (940 mbar) for 1 min with fresh BGE. When
ot in use, the capillary was rinsed with water and methanol. As the
lectrophoresis process altered the running buffer pH by electroly-
is and subsequently changed the migration times, the separation
uffer was refreshed every six runs.

.4. Method validation

A validation was performed to estimate the quantitative param-
ters of the method for the analysis of potassium, sodium, calcium
nd magnesium in parenteral nutritional formulations. The valida-
ion was based on ICH recommendations following the guidelines
f the Société Française des Sciences et Techniques Pharmaceu-
iques (SFSTP) [24] and carried out over three series. Each series
nvolved the injection of a freshly prepared BGE, two calibration
tandards (CS) at 4 mM for K+, Na+ and 2 mM for Ca2+, Mg2+, four
alidation standards (VS) at 1, 2 and 4 mM for K+, Na+ and 0.5, 1 and
mM for Ca2+, Mg2+, complete washing of the capillary with water
nd methanol, and instrument shut-off. Lithium chloride was used
s the internal standard (IS). The calculations were performed using
ormalised area (area/migration time) ratios of the cations on the

S.

.5. Sample preparation

CS and VS were independently prepared. The IS stock solution
as prepared by dissolving lithium chloride in water at a concen-

ration of 50 mM.

.5.1. Calibration standard
A standard stock solution was prepared by dissolving KCl, NaCl,

aCl2·2H2O and MgCl2·6H2O in water to obtain a concentration of
00 mM for K+ and Na+, and 50 mM for Ca2+ and Mg2+, which were
tored at 4 ◦C until use. Sample solutions were stable for more than
week at 4 ◦C, and no degradation was observed for the tested

nalytes during analysis. One concentration level sample was pre-
ared by diluting the appropriate volume of standard stock solution

n distilled water at a final concentration of 4 mM of K+ and Na+ and
mM of Ca2+ and Mg2+. Lithium chloride was added as an internal

tandard to obtain a final concentration of 1.25 mM.

.5.2. Validation standard
A TPN solution with 40 mM of K+ and Na+ and 20 mM Ca2+ and

g2+ was prepared by diluting NaCl (11.7%), calcium glucobion-
te (10%), KCl (7.5%) and magnesium sulfate (5%) in a condensed
PN matrix consisting of glucose (Glucosteril, 70%), amino acids
Vaminolact), heparin and trace elements (Tracutil) as shown in

able 2. For VS, three concentration level samples were prepared
t 25%, 50% and 100% of the highest value (4 mM K+ and Na+, 2 mM
a2+ and Mg2+) by diluting the appropriate volume of the TPN solu-
ion in water.
nd Biomedical Analysis 53 (2010) 130–136

2.6. Application to TPN solutions

The four cations were determined in TPN solutions prepared at
the pharmacy of HUG. Therefore, the formulations were diluted in
distilled water to obtain a final concentration between 1 and 4 mM
for K+ and Na+, and 0.5 and 2 mM for Ca2+ and Mg2+. The quantita-
tive analysis was repeated twice (N = 2) for each formulation.

3. Results and discussion

Paediatric TPN are produced daily in the HUG pharmacy and
submitted to a quality control before patient administration. A
CE-C4D method was developed and validated for determining
potassium, sodium, calcium and magnesium in these preparations.

3.1. Method development

3.1.1. Buffer selection
The selection of the BGE was based on conductivity detection

of the four cations and selectivity toward other compounds of
the TPN, such as amino acids, glucose or vitamins. In C4D, the
response arises from the difference in conductivity between ana-
lytes and BGE co-ions. For obtaining the highest signal-to-noise
ratio, a large difference between the conductance of the analytes
and the electrolyte is needed. Moreover, CE requires BGEs with a
higher ionic strength compared to the sample zone to take advan-
tage of the stacking effect. The compromise consists of using an
amphoteric or low conductance buffer at high ionic strength [12].
Among the different BGEs tested, a good separation of the four
cations was achieved as expected with the commonly used MES/His
BGE [2–4,11–20], but also with the acetate/Tris buffer system (pH
4.5). With both BGEs, the resolution between sodium, calcium and
magnesium had to be improved to determine magnesium and
calcium in presence of sodium at high concentration, as it is gen-
erally the case in TPN. The acetate/Tris BGE was chosen for further
development because it gave satisfactory results for the analysis of
suxamethonium by CE-C4D [25] and it possesses a low conductivity
and can be used at a concentration of 100 mM without generating
a high current (∼20 �A). Lithium chloride was chosen as IS because
it is not a constituent of TPN and it presents a much lower mobility
than the four cations tested.

3.1.2. Influence of acetate concentration in the BGE
The first analyses were performed with an acetate/Tris buffer

at 20 mM to reduce the background conductivity. Nevertheless,
BGEs with different concentrations were tested (10, 20, 30, 50,
75 and 100 mM) to improve the resolution between sodium, cal-
cium and magnesium. As shown in the literature, interactions of
the analytes with BGE components could enhance selectivity in CE
[4,5,7,8,17,21,26]. In these studies, a weak complexing agent (for
example HIBA) was added to the BGE to modify the separation of the
cations. The mobility of Mg2+ and Ca2+ was found to decrease due to
a stronger interaction with HIBA [8]. In this work, acetate is a weak
complexing agent that can interact with the studied cations [5].
Indeed, calcium and magnesium have higher complexation con-
stants with acetate than potassium or sodium [27]. Increasing the
acetate concentration therefore changed the migration order to
potassium, sodium, calcium and magnesium (see Fig. 1). Further-
more, as expected, the electroosmotic flow (EOF) decreased with
increasing acetate concentration, resulting in a net increase of the
migration times of all cations.
acetate, which can influence the separation of the cations. There-
fore, acetate/Tris solutions with different pH were tested in the
buffer region. In this work, the migration order of the cations
changed with the pH value (pH 4.1: calcium–sodium–magnesium;
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Fig. 3. Electropherogram obtained for the CE-C4D analysis of a sample contain-
ig. 1. Influence of BGE concentration: electropherograms of a sample containing
odium (1 mM), potassium (1 mM), calcium (0.5 mM), magnesium (0.5 mM), and
ithium (1.25 mM) in an aqueous solution. BGE: 20, 50 and 100 mM Tris-acetate at
H 4.9. All other experimental conditions are described in Section 2.3.

H 4.9: sodium–calcium–magnesium). This change of selectivity
an also be explained by interactions of the cations with acetate.
he best separation was obtained with a buffer pH of 4.9, but the
ignal-to-noise ratio was lower due to the higher conductance of
he BGE (shown in Fig. 2).

Finally, a 100 mM Tris acetate buffer at pH 4.5 was selected since
he signal-to-noise ratio of the cations was significantly enhanced
ompared to a BGE at pH 4.9 and the current generated was still
nferior to 30 �A. Under these conditions, the complete separation
f the four cations was achieved and the mobilities of the com-
ounds were in the following decreasing order: potassium, sodium,
alcium, magnesium and lithium.

.1.3. Addition of an organic solvent
Ion-pair formation can be favoured by non-aqueous solvents

ue to their lower permittivity constant [28]. Organic solvents
hange the solvation radii of ions, which contributes to a modifica-
ion of their mobilities [29–31]. They also alter the viscosity of BGE

nd directly affect the mobility of the analytes. Therefore, resolu-
ion can be enhanced by the addition of organic solvents. Separation
f cations in purely non-aqueous buffers was achieved by Salimi-
oosavi and Cassidy and the effect of acetonitrile in methanol was

emonstrated to be useful [31]. The addition of organic solvents

ig. 2. Influence of BGE pH on the conductivity detection: electropherograms of
sample containing sodium (1 mM), potassium (1 mM), calcium (0.5 mM), mag-

esium (0.5 mM), and lithium (1.25 mM) in an aqueous solution. BGE: 100 mM
ris-acetate at pH 4.1, 4.5 and 4.9. All other experimental conditions are described
n Section 2.3.
ing sodium (1 mM), potassium (1 mM), calcium (0.5 mM), magnesium (0.5 mM) and
lithium (1.25 mM) in an aqueous solution. BGE: 100 mM Tris-acetate at pH 4.5, ace-
tonitrile (80:20, v/v). All other experimental conditions are described in Section
2.3.

to the electrophoretic medium can modify the selectivity through
changes in the solvent pH and analyte pKa. The increase of the pKa

values of aromatic acids with increasing concentration of acetoni-
trile was studied by Sarmini and Kenndler [32]. This is most easily
understood in terms of a solvent-induced change of the analyte
charge [33].

The addition of 10–30% methanol did not change the separa-
tion in the presented work, while it has been shown useful for
changing the selectivity in other studies [29]. However, the addi-
tion of acetonitrile enhanced the separation of sodium, calcium and
magnesium. Different concentrations of acetonitrile were added
to the BGE (data not shown). The addition of 20% acetonitrile to
the acetate/Tris BGE improved the separation significantly, without
modifying the migration order.

Therefore, 100 mM acetate/Tris BGE, pH 4.5, 20% acetonitrile
(v/v) was selected for the separation of the four cations (Rs > 1.5)
(see Fig. 3).

3.1.4. C4D parameters
Different oscillation voltages and oscillation frequencies of the

C4D were tested (data not shown). An oscillation voltage of 40 Vpp
and a frequency of 150 kHz gave the best results with the selected
BGE. The response of potassium, sodium, calcium and magnesium
and lithium as a function of the excitation frequency was studied by
Pavel and Hauser, where a maximal output voltage was observed at
a frequency of 250 or 400 kHz with a BGE of His and acetic acid at pH
2.75 [14]. The difference of BGE did not allow a direct comparison
of the optimal set-up parameters, but, in both cases, the detector
response was enhanced with increasing output frequency.

3.2. Method validation

TPN is produced daily on prescription and the concentration of
the different constituents varies in each case. The validation of the
method could not include all dilutions and compositions possible,
but was based on a worst case situation according to 4 years of TPN
prescription at the HUG (internal unpublished data). In general,
sodium is the most abundant cation in the TPN, while magnesium is
the less concentrated. Calcium and magnesium are present at much
lower concentrations than sodium or potassium and, therefore, the
CS of Ca2+ and Mg2+ were chosen to be half of the concentration of
Na+ and K+. First, the response function in the concentration range
of 0.2–4 mM for Na+ and K+ and 0.1–2 mM for Ca2+ and Mg2+ was

evaluated with ordinary linear regression using five concentration
levels (5%, 10%, 25%, 50% and 100%). A linear response function
(r2 > 0.999) was achieved for all cations in the tested concentra-
tion range. Therefore, a 1-level calibration at 4 mM Na+ and K+ and
2 mM Ca2+ and Mg2+ (100%) was chosen for the validation in order
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Table 3
Validation results: trueness, repeatability and intermediate precision of the devel-
oped CE-C4D method for the determination of the four cations in a pharmaceutical
formulation.

Trueness Repeatability (CV) Intermediate
precision (CV)

Theoretical concentration of potassium [mM]
1 100.6% 1.0% 1.3%
2 101.8% 1.2% 1.4%
4 101.6% 1.1% 1.1%

Theoretical concentration of sodium [mM]
1 100.9% 1.2% 1.5%
2 100.9% 1.1% 1.5%
4 99.7% 0.9% 1.2%

Theoretical concentration of calcium [mM]
0.5 100.5% 1.1% 1.1%
1 100.4% 1.3% 1.8%
2 99.0% 0.4% 1.1%

F
r
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o shorten the analysis sequence time. The LOD of the method was
stimated at 0.02 mM for all cations, while lowest quantification
evel obtained after dilution of the TPN was at 1 mM for Na+ and K+

nd 0.5 mM for Ca2+ and Mg2+.
For the VS, reconstituted dosage forms were obtained by a blank

atrix built of glucose, amino acids, heparin and trace elements
n the highest possible concentration, to mimic the highest con-
entrated samples, spiked with sodium, potassium, calcium and
agnesium at usual TPN concentrations. The blank matrix compo-

ition is shown in Table 2.
The developed method was validated according to ICH guide-

ines following the SFSTP recommendations [24]. Quantitative
erformance was estimated in three separate series (j = 3) with the
1 protocol. This protocol involves one level (k = 1) at the upper
nd of the investigated range with two repetitions (n = 2) for CS
nd three concentration levels (k = 3) with four repetitions (n = 4)
or the VS.

The concentrations of VS (25%, 50% and 100% of the target
alue) were computed from the analytical response to obtain
rueness, repeatability and intermediate precision. Trueness was
xpressed in percent as the ratio between the theoretical and aver-
ge measured values at each concentration level. Repeatability and
ntermediate precision were expressed as the coefficient of varia-
ion (CV %) of the ratio of the intra-day standard deviation (sr) and
etween-day standard deviation (sR), respectively, on the theoret-

cal concentrations as described in [34]. The sr and sR values were
btained using ANOVA analysis. As reported in Table 3, the trueness
nd precision values were in accordance with regular recommen-
ations for the analysis of pharmaceutical formulations over the
ested concentration range. The CV (repeatability and intermedi-
te precision) was lower than 2%, with trueness between 98.6 and

01.8% for all cations. To visualise the overall method variability,
he accuracy profile of each cation was built combining trueness
nd intermediate precision as the confidence interval [35]. As pre-
ented in Fig. 4, the total error did not exceed the acceptance limits
±5%) for all concentration levels. Consequently, the developed CE-

ig. 4. Accuracy profile of the developed CE-C4D method for the determination of sodium
epresent the acceptance limits of ±5%.
Theoretical concentration of magnesium [mM]
0.5 99.1% 1.0% 1.2%
1 99.2% 0.8% 1.1%
2 98.6% 0.8% 0.8%

C4D method is validated for determining the four cations over the
tested concentration range.

3.3. Application in the quality control laboratory of the HUG
pharmacy

In order to demonstrate the applicability of the CE-C4D method
to real samples with different concentrations, quantitation of the
four cations was achieved on several formulations prepared at the

pharmacy of HUG. The concentrations of sodium, potassium, cal-
cium and magnesium were calculated with reference to a central
point, which was replicated twice. All concentrations of the four
cations were found to be in the tolerated concentration of ±15% of
the target value (internal fixed limits) by CE-C4D. The results for

, potassium, calcium and magnesium in total parenteral nutrition. The dashed lines



S. Nussbaumer et al. / Journal of Pharmaceutical and Biomedical Analysis 53 (2010) 130–136 135

thod a

s
2
a
i
s
s

4

m
s
c
m
a
a
u
m
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Fig. 5. Comparison of the results obtained by the developed CE-C4D me

odium and potassium were confirmed by flame photometry (IL
43 flame photometer, Instrumentation Laboratory (Italy)) used as
reference method at the pharmacy of HUG. The results are shown

n Fig. 5. The two methods were compared with the t-test for paired
amples and were statistically identical for the determination of
odium and potassium (data not shown).

. Conclusions

A simple method was developed for the quantitative deter-
ination of potassium, sodium, calcium and magnesium in TPN

olutions by CE-C4D. Under these conditions, even if the tested
ompounds did not possess chromophore groups, the developed
ethod exhibited very good quantitative performance in terms of

ccuracy and precision with an analysis time of less than 4 min for
ll cations. The results demonstrated that CE-C4D analysis is very
seful for the determination of cations in parenteral nutrition for-
ulations and the method was successfully applied in daily quality

ontrol.
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21] P. Janoš, Role of chemical equilibria in the capillary electrophoresis of inorganic
substances, J. Chromatogr. A 834 (1999) 3–20.

22] J.A. Fracassi da Silva, N. Guzman, C.L. do Lago, Contactless conductivity detec-
tion for capillary electrophoresis: hardware improvements and optimization
of the input-signal amplitude and frequency, J. Chromatogr. A 942 (2002)
249–258.
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