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Abstract

Conditions for the separation and determination of benzalkonium chloride
(BAC) homologues by capillary electrophoresis with UV detection and capillary
electrophoresis coupled to mass spectrometry (ion trap) using electrospray as
ionization source were established. The separation was performed using fused
silica capillaries of 50 um i.d. and 100 mM acetic acid-ammonium acetate buffer
solution at pH 4.5 with 80% of acetonitrile as carrier electrolyte. CE-MS coupling
parameters were optimized and methanol-10 mM acetic acid (90:10 v/v) was
selected as sheath liquid. Detection limits, based on a signal-to-noise ratio of 3:1,
were calculated, and values between 0.8 and 1.3 mg/L. with CE-ESI/MS and
around 0.5 mg/L with CE-ESI/MS/MS, using hydrodynamic injection (15 s, 3.5
kPa), were obtained. Good run-to-run and day-to-day precisions on concentration
were achieved with relative standard deviations lower than 8%. Quantitative
analysis was carried out by the internal standard method and the calibration curves
showed good linearities ( > 0.98). The CE-ESI/MS/MS method was successfully
applied to the analysis of BAC in different ophthalmic solutions, allowing the
direct determination, identification and confirmation of the BAC homologues

presented in these samples.
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1 Introduction

Benzalkonium chloride (BAC) is a mixture of Cg to Cis
alkylbenzyldimethylammonium chlorides with an important biocide character [1].
It is widely employed as active substance in anti-bacterial and anti-fungal
products, canning preservatives, pest control products, medical disinfectants, and
ophthalmic or nasal formulations [2,3]. Each homologue in this family of
compounds has different physical, chemical and biocidal properties related to the
length of the alkyl chain. In general, the C;,-BAC homologue is the most effective
one against yeast and fungi, the C;4-BAC homologue against gram-positive
bacteria, and the C;s-BAC homologue against gram-negative bacteria [4]. As a
consequence, the formulations require determination not only of the total amount
of BAC but also of the ratio of its homologues.

The amount of BAC commonly found in the environment is considerable,
due to the high number of products containing these compounds and the frequent
leakage into surface waters from wastewater treatment facilities. Moreover, these
compounds have been shown to be toxic to aquatic organisms even at low
concentrations [5,6]. For instance, for fish LC,=0.5-4 mg/L, LCy=2-5 mg/L. and
for daphnids LCy=0.1 mg/L, LCigo=1 mg/L [6,7]. Moreover, there is a lack of data
about their degradation [8].

Liquid chromatography (LC) and capillary electrophoresis (CE) are the
techniques most frequently used for the analysis of these cationic compounds,
allowing the separation and determination of the most important BAC
homologues. Reversed-phase liquid chromatography with UV-detection has been
used for the determination of BAC in ophthalmic solutions [3,9-11], nasal sprays
[12], and some biological samples such as blood and tissues [13]. Fluorescence
detection has also been used for the analysis of some hospital effluents [14]. Other
detection systems such as conductometric detection have also been used but only
with standard solutions [15]. The cationic characteristics of BAC make CE a
useful technique for the separation and determination of BAC homologues in drug
formulations [16-19], in nasal and ophthalmic solutions [12,20,21], and in some
studies using standards [22,23]. In all these cases, the concentration is high
enough and the detection limits of the CE-UV methods do not present a problem.

Micellar electrokinetic capillary chromatography (MECC) with UV detection
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using deoxycholate micelles in the presence of large organic solvent
concentrations has also been applied to the determination of this family of
compounds in some commercial formulations such as disinfectants and
spermicides [24].

Liquid chromatography coupled to mass spectrometry (LC-MS) has also
been applied to the analysis of BAC [25-29]. Most of the publications use ion trap
analyzers for the determination of these compounds [25-27,29], and only one
study uses a quadrupole instrument [28]. In some cases single MS acquisition is
performed, as happens, for instance, in the analysis of BAC in sewage sludge
[25], environmental media and occupational hygiene samples [28]., and water
samples [26]. In this last-mentioned work, MS/MS fragmentation experiments
were also performed but tandem mass spectrometry was only used for
confirmation purposes. In order to improve sensitivity and selectivity, other
authors have applied LC-MS/MS for the identification and determination of BAC
homologues in several samples such as ophthalmic products, water [29] and
sediments [27]. For the analysis of these compounds in environmental samples,
enrichment procedures such as on-line solid phase extraction (SPE) for water
samples and accelerated solvent extraction followed by on-line SPE
preconcentration for sediments [26,27] have been proposed. Matrix-Assisted
Laser Desorption Ionisation-Time-of-Flight Mass Spectrometry (MALDI-
TOFMS) has been used for the confirmation of the presence of these compounds
in different commercial formulations [30]. Nevertheless, to our knowledge,
capillary electrophoresis coupled to mass spectrometry (CE-MS) has not been
used for the analysis of benzalkonium chloride. So, the aim of this work was to
develop a sensitive and rapid CE-MS method using an electrospray ionization
source and an ion trap analyzer as complementary technique to LC-MS for the

determination of BAC homologues.

2 Materials and methods

2.1. Chemicals

Benzyldimethyldodecyl ammonium bromide (C1,-BAC),

benzyldimethyltetradecylammonium chloride (Ci4-BAC),
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ELECTROPHORESIS

benzyldimethylhexadecylammonium chloride (C;s-BAC) and N-Benzyl-N,N-
dimethyloctadecylammonium chloride hydrate (90%) (C;s-BAC) were obtained
from Sigma-Aldrich (Steinheim, Germany). Heptylviologen (1.1’-diheptyl-4,4’-
bipyridinium ion, HV) purchased from TCI (Tokyo, Japan) was used as internal
standard. The structures of all these compounds are shown in Figure 1.

HPLC-gradient grade methanol, acetonitrile (ACN) and water, acetic acid
(100%), formic acid (98-100%), ammonium acetate, sodium hydroxide and
hydrochloric acid (25%) were purchased from Merck (Darmstadt, Germany), and
ammonium formate from Fluka (Buchs, Switzerland).

Stock standard solutions of BAC homologues and internal standard (1000
mg/L) were prepared in acetonitrile and water respectively. Working solutions
were prepared by dilution of the stock standard solutions in acetonitrile:water
60:40% (v/v). Acetonitrile was also added to both ophthalmic solution and river

water samples to achieve 60% acetonitrile content.

2.2. Instrumentation

The CE-UV experiments were performed on a Beckman P/ACE 5500
capillary electrophoresis instrument (Fullerton, CA, USA) equipped with a diode
array detection system. Electrophoretic data were processed using the P/ACE
Station software version 1.2. The electrophoretic separation was carried out using
uncoated fused-silica capillaries (Polymicro Technologies, Phoenix, AZ, USA) of
67 cm (60 cm effective length) x 50 um LD. and a 50 mM acetic acid-ammonium
acetate buffer solution (pH 4.5) containing 80% acetonitrile as carrier electrolyte.
The separation was performed by applying a voltage of +20 kV (15 puA), and the
temperature was held at 25 °C. The buffer was filtered through a 0.45 um
membrane filter, and degassed by sonication before use. Samples were introduced
by pressure (3.5 kPa) using an injection time of 15 s. Direct detection was
performed at 215 nm.

The CE-MS experiments were performed on a Beckman P/ACE MDQ
capillary electrophoresis instrument (Fullerton, CA, USA) coupled to a Classic
LCQ mass spectrometer (Finnigan, San Jose, CA, USA) equipped with a
tricoaxial pneumatically assisted electrospray ionization source designed for the

CE-MS coupling and with an ion trap as analyzer. The electrophoretic separations
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were carried out using uncoated fused-silica capillaries of 80 cm x 50 pm I.D. and
the same carrier electrolyte used for CE-UV experiments. A capillary voltage of
+25 kV (21 pA) was applied. Samples were loaded applying two injections
modes: hydrodynamic injection pressure assisted (3.5 kPa) with an injection time
of 15 s and electrokinetic injection (10 kV, 15 s). When the injection was
performed, the electrospray voltage was turned off in order to prevent
electrokinetic introduction of the analytes. The CE instrument was controlled
using a Beckman 32 Karat software version 5.0.

A solution of methanol-10 mM acetic acid (90:10 v/v) at a flow-rate of 3
ul min” was used as sheath liquid after degassed by sonication. The ESI was
pneumatically assisted using nitrogen as sheath gas at a flow-rate of 10 arbitrary
units (a.u.). The electrospray needle was set at +3.0 kV and the heated capillary
temperature was held at 200 “C. The CE capillary protrudes from the electrospray
needle 0.1 mm, and the distance to the heated capillary was 1.5 cm. Moreover 0.5-
1 cm of the polyamide coating was eliminated from the end of the fused-silica
capillary in order to improve the contact between both sheath liquid and
electrophoretic flow.

CE-MS data acquisition was carried out in full scan mode from m/z 50-400
in centroid mode using a maximum injection time of 200 ms and performing 3
uscans. CE-MS/MS data acquisition was performed in product ion scan mode
using a maximum injection time of 100 ms and 3 pscans. An isolation width of
m/z 1.5 was used, the activation Q (AQ) was set at 0.4 and the Activation time
(AT) was 30 s. The precursor ions, the product ion scan ranges, the diagnostic
product ion and the normalized collision energy (NCE) used for each BAC
homologue in the MS/MS experiments are indicated in Table 1. Mass

spectrometry data were processed with a Xcalibur 1.3 software.
2.3. Capillary conditioning

New capillaries were pre-treated using 0.1 M hydrochloric acid for 45 min,
water for 30 min, 1 M sodium hydroxide for 30 min, and finally rinsed with water
for 30 min. At the beginning of each session, the capillary was rinsed with sodium
hydroxide for 30 min, with water for 30 min, and with carrier electrolyte during

30 min. The conditioning method was carried out daily in order to prevent
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adsorption of the quaternary ammonium biocides on the capillary wall. Finally,
the capillary was rinsed with carrier electrolyte during 5 min between runs and

stored after rinsed with water.

3 Results and discussion

Most of the publications that analyze BAC by capillary electrophoresis
generally use non-volatile salts such as phosphate buffers as carrier electrolytes
[16-22] or sulfonic electrolytes [12]. When coupling CE to mass spectrometry the
use of volatile buffers is recommended in order to prevent deposition of non-
volatile salts into the mass spectrometric system. Hence, in this study a 50 mM
acetic acid-ammonium acetate (pH 4,0) buffer was used as preliminary carrier
electrolyte. Under these conditions, only the Cj2-BAC and C4-BAC homologues
were detected when performing the analysis of a standard solution using UV-
detection. The other two homologues, Cs-BAC and Cs-BAC, gave small and
wide peaks due to micelle formation. As the addition of organic solvents in the
carrier electrolytes prevent micelle formation [22,23], we studied the effect on the
separation of the addition of acetonitrile to both carrier electrolyte and samples.
These experiments were performed in a CE-UV system using a fused silica
capillary of 67 cm length and the working conditions indicated in instrumentation
section. Figure 2 shows the electropherograms obtained for a standard solution
(~20 mg/L of each BAC homologue in acetonitrile:water 30:70% v/v) when
different amounts of acetonitrile (from 0 to 80%) were added to the carrier
electrolyte (Figure 2a) and to the BAC standard solution (Figure 2b). As can be
seen in Figure 2a, peak shape, especially for C;;-BAC and C;3-BAC homologues,
improved considerable up to 40% acetonitrile and the highest signal enhancement
was obtained with 80% acetonitrile. The addition of higher amounts ofacetonitrile
produced a non-stable capillary current, so 80% acetonitrile was chosen as
optimum. However, the addition of acetonitrile to the carrier electrolyte was not
enough for a good micelle disruption when analyzing water samples. Figure 2b
shows the electropherograms obtained using different amounts of acetonitrile
added to the samples using 50 mM acetic acid-ammonium acetate, pH 4.0,
containing 80% acetonitrile as carrier electrolyte for the separation. As can be

seen, at least a 60% acetonitrile must be added to the samples before injection to
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obtain a good micelle disruption for all BAC homologues. Acetonitrile
concentration higher than 60% only produced a slight enhancement on the
response, so to prevent a high dilution of the sample 60% of acetonitrile was

chosen as optimum value.

3.2. Capillary electrophoresis-mass spectrometry

Different electrophoretic parameters such as buffer concentration, pH, and
capillary voltage were optimized. Different buffer concentrations from 50 to 200
mM were tested and an improvement of peak shapes was observed increasing the
ionic strength of the carrier electrolyte. As a compromise between separation
resolution and the capillary current suitable for CE-MS, 100 mM was chosen as
optimum buffer concentration. Different pH values from 3.0 to 4.5 (formic acid-
ammonium formate buffer) and from 4.0 to 5.5 (acetic acid-ammonium acetate
buffer) were evaluated. Good electrophoretic separation of BAC homologues was
obtained in the full range of pH studied. When acetic acid-ammonium acetate
buffers were used as carrier electrolytes lower analysis times (more than 2 min at
the same pH) were obtained than with formic acid-ammonium formate buffers.
An increase in the pH also produced an enhancement of the ionic strength and,
consequently, in the capillary current giving as a result worse signal-to-noise
ratios. As a compromise, a pH of 4.5 was chosen as optimum value. Then, a 100
mM acetic acid-ammonium acetate (pH 4.5) buffer containing 80% acetonitrile
was selected as the best carrier electrolyte for the electrophoretic separation of
BAC.

The effect of the capillary voltage (5-30 kV) on the BAC separation was
also studied. Although the analysis time decreased with the increase of the
capillary voltage, values higher than 25 kV produced a loss in the peak resolution
between some BAC homologues and high spray currents in the electrospray
source.

Some ESI-MS instrumental parameters such as sheath liquid flow-rate and
composition, sheath gas flow-rate, electrospray voltage, temperature and CE
capillary length protruding from the electrospray needle were optimized in order
to obtain the highest response. For this purpose a standard solution of C;3-BAC

(10 mg/L) prepared in carrier electrolyte was infused into the ESI source by
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applying simultaneously a CE voltage of +25 kV and an overimposed pressure of
3.5 kPa on the CE inlet vial. In order to compensate the electrospray voltage (+3.5
kV) and to obtain similar electrophoretic separation to that obtained with CE-UV,
a voltage of +25 kV was used.

Sheath liquid and sheath gas flow-rates correlated, so they have to be
optimized simultancously. For this purpose, these parameters were varied from 35
to 20 uL/min and from 3 to 22 a.u., respectively. It was observed that the signal
increased with the sheath gas flow-rate up to 10 a.u. and at higher values the
response decreased, probably due to electrospray instability. In order to maximize
the response, sheath liquid and sheath gas flow-rates of 5 pl./min and 10 a.u.,
respectively, were used.

The composition of the sheath liquid is critical for the performance of the
CE-MS coupling [31]. A high amount of an organic solvent can help in the
ionization due to a better evaporation efficiency but the sheath liquid must be
conductive enough to permit completing the electrical circuit between the inlet CE
and the outlet (the ESI source). In this work, a 10 mM acetic acid solution was
mixed with different amounts of methanol (from 50% to 90%) and the response
increased when the amount of methanol was raised. A mixture of methanol-10
mM acetic acid (90:10 v/v) was then used as optimal sheath liquid composition.

The electrospray voltage was optimized from 1.5 to 4.5 kV since at
voltages higher than 4.5 kV discharge occurred in the electrospray source. The
response increased up to 3.5 kV and then a decrease in the signal was produced.
The heated capillary temperature was also optimized from 100 to 350 °C. The
higher response was observed at temperatures from 150 to 200 °C.

The distance that the CE capillary protrudes from the electrospray needle
has an important effect on the signal. This position will affect the final response
[32] because the mixing volume between CE flow and sheath liquid flow must be
the minimum possible in order to prevent peak broadening [31]. However, it must
be enough to allow a good contact between both solutions and to close the
electrical circuit. In our case, the response was maximal when the CE capillary
only protrudes 0.1 mm from the electrospray needle. At lower and higher values
the response decreased due to the instability in the formation of the charged

droplets in the electrospray.
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Single MS spectra of BAC homologues were obtained by infusion into the
mass spectrometer using the CE system. The molecular ion [M]" was the base
peak in these spectra and no fragmentation or cluster formation was observed. For
tandem experiments, the molecular ion was isolated with a m/z window width of
1.5 to obtain the maximum trapping efficiency of the precursor ion without any
interference from isotopic species or matrix components. The magnitude (AA,
activation amplitude) and the duration (AT, activation time) of the resonance
excitation voltage applied to the endcap electrodes, and the magnitude of the
trapping radio frequency voltage (AQ, activation Q) do not depend on the
separation technique coupled to the ion trap instrument. So the values previously
established with LC-MS/MS and the same ion-trap instrument [29] were used in
this work.

The MS/MS fragmentation pattern of BAC was very simple and for all the
homologues only two fragment ions, the loss of a CH3C¢Hs group and the
tropylium ion at m/z 91, were observed. This fragmentation agrees with that

described by other authors using LC-MS/MS [26,28,29].

3.3. Method performance

Quality parameters using the proposed CE-UV, CE-MS and CE-MS/MS
methods were obtained and the values are given in Table 2. LODs based on a
signal-to-noise ratio of 3:1 were lower than 1.3 mg/l. when using both UV
detection and the proposed CE-MS method. Nevertheless, the selectivity of
tandem mass spectrometry allows a better signal-to-noise ratio, lowering the
LODs values to 0.5 mg/L. The LODs obtained were similar or slightly lower than
those reported for BAC by other authors using capillary electrophoresis [19-22]
with UV detection, with the advantage of the direct confirmation provided by the
MS/MS spectra.

Calibration curves based on peak area ratio (Acompound/Aintemal standard) fOr
BAC homologues at concentrations between 1 and 200 mg/L. and using HV as
internal standard were calculated. Good linearities were obtained with correlation
coefficients higher than 0.98 for all homologues and methods.

For run-to-run precision, five replicate determinations of a standard

solution of BAC homologues were carried out under optimum conditions, while
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day-to-day precision was calculated by performing 15 replicate determinations of
a standard solution at two concentration levels in 3 days (five replicates each day).
Figure 3 shows, as an example, the CE-ESI/MS/MS electropherogram obtained
for a standard solution of BAC homologues and internal standard (HV) (10
mg/L). In terms of migration times, relative standard deviations (RSDs) ranged
from 0.8% to 1.1% for run-to-run precision and between 1.4% and 1.9% for day-
to-day precision. The concentration RSDs values obtained for run-to-run and day-
to-day precisions were always lower than 5% and 8%, respectively. Although for
CE-MS and CE-MS/MS better precisions were obtained at the high concentration
level evaluated (50 mg/L), the loss in reproducibility when working at low levels
was not significant. In addition, bias was calculated and concentration relative
errors ranging from 4.0% to 5.8% were found. The results obtained showed that
the methods proposed in this work are good in terms of repeatability and

reproducibility.

3.4. Application

To show the applicability of the CE-MS/MS method three ophthalmic
solutions were analyzed. As an example, Figure 4 shows the CE-MS/MS
electropherogram of one of these samples and the MS/MS spectra of the identified
compounds. Only the Ci»-BAC and C;s-BAC homologues were detected and
confirmed in these samples. These two homologues are the most abundant and the
most frequently used in this kind of samples. The determinations were carried out
in triplicate using the internal standard method and the calculated concentrations
are given in Table 3. The RSDs values obtained for the triplicate determinations
were always lower than 2.5%. The sample Liquifilm lagrimas was also analyzed
in a previous work using a LC-MS/MS method [29] and the quantitation results
were 32.3£0.5 and 16.6£0.9 mg/L for the C;>-BAC and C;4-BAC homologues,
respectively, showing that the CE-MS/MS method gave results comparable to
those obtained by LC-MS/MS.

The applicability of the CE-MS/MS method for the analysis of BAC
homologues in environmental samples was also evaluated. For this purpose,
spiked river water samples (Llobregat River, Barcelona, Spain) were analyzed.

LODs were estimated from the analysis of river water samples free of BAC

11
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spiked at low levels (Table 4). The values obtained ranged from 0.4 to 0.6 mg/L
and were similar to those obtained using standards prepared in Merck water. A
spiked river water sample (~2 mg/L) was analyzed by triplicate using external
calibration and HV as internal standard, and both target value and calculated value
are given in Table 4. As can be seen, low relative errors, from 4.5 to 6.2%, were
obtained. In relation to matrix effect it must be noted that the response of the
spiked river water sample was quite similar to that obtained for standards
containing analytes at the same concentration level and no significant migration
time shifting was observed.

Due to the relatively high LODs obtained with the hydrodynamic injection
the method is only applicable to the analysis of high contaminated river water
samples. Nevertheless, to enhance sensitivity electrokinetic injection (15 s, 10 kV)
was also evaluated in combination with the CE-MS/MS method. A small
improvement on LODs (5 times lower) was observed, but the repeatability

increased considerably and it was impossible to obtain good quantitative results.

4. Conclusions

CE-MS and CE-MS/MS methods using an electrospray ionization source
and an ion trap analyzer were developed for the analysis of BAC homologues.
The CE-MS/MS method provided LODs at the 0.5 mg/L level with a good
linearity and good run-to-run and day-to-day precisions. The CE-MS/MS method
was applied to the analysis of some ophthalmic solutions, and the results achieved
showed that the method can be used for the identification and direct determination
of BAC homologues in pharmaceutical samples. For environmental samples, the
CE-MS/MS method can be proposed for the analysis of these compounds in
relatively high-contaminated samples. However, further research to enhance

sensitivity by using several enrichment procedures is being carried out.
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Figure captions

Figure 1. Molecular structures of the BAC homologues and the internal standard.

Figure 2. (a) Effect of ACN in the carrier electrolyte. Sample concentration: ~20
mg/L of each BAC homologue prepared in Merck water with 30% ACN. Carrier
electrolyte: 50 mM acetic acid-ammonium acetate (pH 4.0). (b) Effect of ACN in
the samples. Sample concentration: ~20 mg/L of each BAC homologue prepared
in Merck water. Carrier electrolyte: as in (a) with 80% ACN. Other CE conditions
for (a) and (b): capillary voltage, + 20 kV; injection mode and time:
hydrodynamic injection during 15 s (3.5 kPa). Peak identification: 1, C;»-BAC; 2,
Ci14+-BACG; 3, C14-BAC; 4, Ci5-BAC.

Figure 3. CE-ESI/MS/MS electropherogram of a mixture of BAC homologues
and 1.S. HV (~10 mg/L) prepared in Merck water:ACN (40:60 v/v). Carrier
electrolyte, 50 mM acetic acid-ammonium acetate (pH 4.0) with 80% ACN;

capillary voltage, +25 kV; hydrodynamic injection during 15s (3.5 kPa).

Figure 4. CE-ESI/MS/MS electropherogram of an ophthalmic solution containing
100 mg/L of BAC. MS/MS spectra of the identified compounds are also shown.

Experimental conditions as figure 3.
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LECTROPHORESIS

Table 1. MS and MS/MS acquisition parameters.
Analyte MS MS/MS

Diagnostic Product ion Diagnostic Normalized

ion, m/z" scan m/z product ion collision energy

m/z (NCE%)

C»-BAC 304 150-350 212 41
Ci-BAC 332 145-350 240 43
Ci-BAC 360 155-400 268 43
C»-BAC 388 170-400 296 45
1.S. (HV) 354 155-400 255 43

* Precursor ion for MS/MS experiments.
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ELECTROPHORESIS

Table 3. Ophthalmic solution quantitation

Ophthalmic solution

Total amount of

BAC homologues detected

BAC
C;-BAC C14-BAC
Concentration Concentration
(mg/L) (mg/L)
Tobrex
(Alcon Cusi, S.A., 100 mg L™! 51.340.5 48.8+0.8
Spain)
Liquifilm Lagrimas o ‘
(illeraan, S.A.. Spain) 50mgL 32.0+0.4 17.240.7
o 9 i
e 40 mg L™ 23.140.8 16.7+0.9

(Allergan, S.A., Spain)
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Table 4. River water sample.

Compound LOD Target value Calculated value Relative error
(mg/L) (mg/L) (mg/L) (%)

C;2-BAC .5 1.6 1.540,3° 6.2

C14-BAC 0.5 1.8 1.740.4° 3.6

Ci¢-BAC 0.6 2.2 2.340.3" 4.5

Cis-BAC 04 1.9 2.0+£0.4° 3.3

! lsludcnl(gsqf) =42
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Relative Abundance
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