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A novel hybrid mode of sample injection to
enhance CZE sensitivity for simultaneous

determination of a pyridine-triphenylborane
anti-fouling agent and its degradation
products
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We developed a novel hybnd samiple injection mode (HSIM) that preseuls the combi-
nation of electrokinetic wiection and vacuun injection o enhance detection sensitivity in
CZE. Samples were introduced using both vacuum and electrokinetic injections simul-
taneously. with a water plua mjected into the capiliany prior to samiple introduction (i.e.
similarly to fieid-amplified sainple mjection. FASI). Using a sample mixture containing
an anti-fouling agent anphied 10 ship hulls. pyridine-triphenylborane and s degradation
products (diphenylborinic acid, phenylboronic acid. and phenolj dissclved in ACN, the
length of water plug. ume. and voltage for sample untroduction were optimized. The
signal intensity (peak height) was found to be up to a 30-fold increased using HSIM by
applying 4 kV for 4 s at the inlet end of the capillary as the cathode with supplementary
vacuum in comparison with only vacuum injection for 4 s. The LODs (at a S/N of 3) for
pyridine-triphenylborane. diphenylborinic acid. phienylboronic acid, and phenol were
0.88, 1.0. 21, and 23 pg/L. respectively. Al the level of 0.04 ng/L, the RSDs (n = 4, intra-
day) for the above analytes were in the ranges of 1.9-11, 4.3-9.2, and 0.34-0.66% for peak
area, peak height, and migration ume, respectively. The HSIM is a simple and promising
procedure useful for enhancing the sensitivity for both low-and high-mobility ions in
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0 1 Introduction

CE is now a mature technique for separation-based analysis
that implies several advantages. such as high separation
efficiency. minimum requirements for sample and reagents.
and (much) more rapid analysis. over other separation
techniques (1. A UV-vis absorbance detector is” generally
used in CE. However, the concentration sensitivity of CE-UV
is fairly poor because a small inner diameter of the capillary
limits the optical path length for detection. Samples are
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conventionally injected into the capillary using hydrodynamic
injection (HDI). e.g. under action of vacuum or pressure or
electrokinetic injection (EKI). [n addition to the conventio
modes, different types of sample injection procedures h:
been proposed. induding in-line sample concentrat
techniques, to enhance the CE sensitivity: large volu....
sample stacking [2-5], held-amplified sample injection (FASI)
|6-16]. ITP stacking [17. 18]. ACN-mediated stacking [19-22].
electrokinetic supercharging [23-28]. etc. These procedures
were shown to be effective but some of them were somewhat
complicated in design and unplementation.

As mentioned above. both the HDI and EKI are the
most popular jection mode in CE and have different
features [29] A sample volume injected into the capillary
can be easily estimated Cor the HDI mode. 1n addition. any
analytes including neutral. positive. and negative ones in
spite of their actual mobilities can be introduced without
changing the sample composition. Howeuver, with HDL
severe zone hroadening mav occur due to a laminar flow
senerated during the injection (6] On the other hand. in the
FR!D mode. it is more difficult o estimate the saple
stnonni ieeted because the actual amount s depeudent on
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analyte mobilities aud transport aumiber ot the analve- 0
sene analvtical siatans. this fearure could be advanis
geous because analvtes will be imecied and then deterned
<elecrively. lmportantly. the concentration stack i3 rather
generated than the zone broadening when using EKL
However, its reproducibility is generally worse thau that of
HDI for the reasons discussed in [30}. To underscore. each
sample injection mode has its advantages and disadvan-
tages. Therefore. it appears that if the sample can be injected
using both imodes simultaneously. a curmbined injection
mode could produce certain gains by taking advantages of
individual injection modes. especially when the sample
contains ions, which have higher and lower mobilities
simultaneously as in the present case.

An anti-fouling agent is usually applied o ship hulls to
prevent worsening of fuel consumnption rates resulting from
the buildup of marine organisms, such as barnacles and
bivalves. which with time become attached to the surfaces of
ship hulls. One anti-fouling agent, pyridine-triphenylborane
(PTPB), is frequently used in some Asian countries because
of its proven effectiveness [31]. To elucidate its degradation
products and their toxicities to marine organisms. it is
important to develop an analytical method for these
compounds. We have previously developed a CZE method
with direct UV detection for the simultaneous determina-
tion of PTPB and its degradation products such as diphe-
nylborinic acid (DPB), phenylboronic acid (MPBJ, and
phenol [32]. Additional improvement of the LODs is desir-
able for making the quantification of lower concentrations
of these compounds feasible and thus the method more
useful. In the present study. we proposed a novel hybrid
sample injection mode {HSIM), which was the combination
of vacuum injection and EKI to improve sensitivity. In this
way. samples were introduced into the capillary using both
vacuum and EKI simultaneously, with a short water plug
injected into the capillary prior to sample introduction.
Using a sample mixture containing PTPB, DPB, MPB: and
phenol in ACN. injection conditions (time of water plug
injection, time. voltage of sample introduction. eic) were

_ examined and optimized. The performance of the proposed
HSIM was compared with the conventional sample injec- .

tion modes. Tuma et al. mentioned that the sample could be
electrokinetically and hydrodynamically injected into the
capillary if the split-Aow injector was used with the capillary
inlet oriented against the BGE flow [33]. However. this
geomelric arrangement was not tested further. To the best
of our knowledge, the present study might be the hrst
attempt to use different injection modes simultaneousiy as a
simple procedure to enhance the CZE sensilivity.

2 Materials and methods
2.1 Instrumentation

The CF apparatus used throughout this study was equipped

with a Uv-vis absarhance detector [27UA-H 1 Pevkin Elmee
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CE and CEC 1487

Foser Citv, CALLUSAL Usually o thus apparanis samples

S he wtroduced e the capillan 2ither electrokinetically
sro by applyng sacturn However i was also possible w
introduce sanlpi:-< r=ipe hoth vacuum njectior and FKI
sunultaneously. The rise time lor the detector was set at
0.5s A polyimide-coated fused-silica capilary column was
wsed (75 pm id 375 wm od: GL Sciences. Tokyo. Japan).
The total length of the colunin was 72 e its effective length
was 50 cm. The peak area. peak height. and migration time
wete measured  wsing o Chromato-Integrator  (D-2500:
Flitachi. Tokyo. Japan). The pH nizasurements were carried
out using a pH meter (F-22: Horiba. Kyoto. Japan).

2.2 Reagents

Al reagents were of analylical-reagent grade and used as
received. PTPB. DPB. and MPB were obtained {romi Hokko
Chemical (Tokyo, Japan). Phenol was the product of Nacalai
Tesque (Kyoto. Japan). The individual stock solutions
(1000 mg/L) of PTPB. DPB, MPB. and phenol were
prepared in ACN purchased from Nacalai Tesque. To keep
the stability of stock solutions for a longer time, 1% v/v
pyridine (Nacalai Tesque) was added and the solutions were
then covered with an aluminum foil and kept at 4 C to
prevent their degradation. Standard solutions used for the
examination of analytical conditions and building-up the
calibration graphs were prepared by serial dilutions of stock
solutions with ACN. The pH of the BGE (a 20-mM solution
of sodium tetraborate) was adjusted to 9.8 using 1 M NaOH
(Nacalai Tesque). The BGE was filtered through a 0.45-um
membrane flter (Advantec Toyo Kaisha. Tokyo. Japan)
before use. Distilled. deionized water, obtained from an
automatic still (WG220: Yamato Kagaku, Tokyo. japan). and
a Simpli Lab-UV high-purity water apparatus (Nihon
Millipore. Tokyo. Japan) were used throughout.

2.3 Procedure.

New capillaries were pretreated by flushing with | M NaOH
(or 40 min and then with water for 10 min. Before the first
analysis of each day. the capUlary was washed with water for
Smin. 1M NaOH for Smin, and water for 10 min. The
detection wavelength was set at 200 nm. The capillary was
thernwostated at 30 C. The following optimum anul_\'ticai
conditions were established. Between tuns, the capillary was
flushed with 0.1 M NaOH for 3 min. and then filled with the
BGE for 3 min. After that. water was injected by applving
vacuum (16.9 kPa) for L s (corresponding to 21nL) and the
sample solution was n jecied o the capillary using both
vacuwm and voliage (4 kY for 4 5. at a negative polarity at the
capillary inlet end) simultaneously. A positine vollage of
15kV was applied for separation. Fach step was run
automatically. After each analysis. 700l ol the sample
was newly filled in the sample vial. Cahibration graphs were

prepaied using svithenc standards,
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Elzcuronhoretc mobilities were: calcuiated as toows

¢ = A tarV 13

where W, 18 electrophoretic mobility of an analvte, p,
apparent mobility. pe,s is the EOF mobility. | is effective
length of the capillary. L total length of the capillary. t, the
migration ume of the analvte, V the applied voltage. and t,.
is the migration time of EOF marker. The frst peak n
electropherograms that corresponds to acetonitrile or pyr
dine was used as the EOF marker to calculate the EOF
mobility.

3 Results and discussion
3.1 Sample injection mode

Schematics of sample injection modes generally used in CE
is illustrated in Fig. 1. Any analytes including neutral.
positive, and negative ones regardless of their actual
imobilities can be introduced using HDI (Fig. 1A). On the
other hand, either posifive or negative analytes can only be
injected using EKI (Fig. 1B) if the EOF is negligible or
suppressed. To improve the sensitivity and reproducibility of
EKI, a short water plug is injected into the capillary prior lo
sample introduction (FASI, Fig. 1C). Analytes are then

A vacuum

VAU

4

Figure 1. Schematics of sample injection modes. {A) HODI
(vacuum), (B} EKI, (C) FASL, (D) HSIM. (E) migration of analyles
for HSIM. ACN. sample solvent; =, cation:
species

.. anion: N, nzautral

¢ 2011 WILEY-YCH Veriag GmbH & Co KGaA. Wannam
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~ herween BGE and the water

prapaied here 3 new sample introduction
t18in, which was the combined sample
mtrodicuon made ol HDL and EKL Uising HSIM

(Flz. D) any anabies dan be wmtroduced similarly to

procedure

HDL. but increased amounts of charged analvtes (either
cations or anionsj are injected compared to those using
single HD!. Furthernmore. a part of charged analytes may be
stacked at the beginning of HSIM because of high electric
Reld. The analvtes in the present study were anions. which
moved to the detectar end because of higher EOF after the
sample was introduced vsing HSIM, as shown in Fig. 1E.

3.2 Sensitivity enhancement potential of HSIM

To verify the sensitivity enhancement potential of HSIM
regarding PTPB. DPB. MPB. and phenol. the following
experiments. were carried out. A mixture of 0.4 mg/L PTPE,
DPB. MPB, and phenol were analyzed using three modes of
injection and the results are compared in Fig. 2. Peak
heights for PTPB, DPB. MPB. and phenol notably increased
using HSIM with an enhancement factor of 12,12, 1.5,and
1.3. respectively, compared to vacuum injection (cf. Fig. 2A
and C). The sample was also injected using EKI immedi-
ately after vacuum injection (Fig. 2B) and peak heights
using HSIM increased by a factor of 5.2. 3.3, 2.2, and 1.2,
respectively, were observed in comparison with the results
obtained by the successive injection. It was presumed that a
<ufficient amount of analytes could not move across the

b ¢
hC ‘
i ht‘“ 1 LJ-JLL l * d
) "-——l_r.f'i'J — _?ILJIJ' v ”"‘l‘»LL\—'—_
y | (I { poo 1 1 1 X : ! 3

6 8 1 17 6 8 1 12 6 b 10 12

Time cmind Time (min) Time (minl

Figure 2. Electropherograms ol a standard solution of phenol,
PTPB. DPB. and MPB obtained with different injection modes.
(A) Vacuum injection for 15 {21 nL): (B) vacuum injection for 15
and then electrokinetic injaction at 1 kV for 1 s {C) H5IM at 1RV
for 1s, CZE conditions: capillary, 50/72em - 75 ym id; BGE,
20 mM sodium tetraborate adjusted o pH 9.8 with 1M NaOH,
voltage. 15kV: wavelength for detection. 200 nm. Sample,
0.4 mg/L ol each analyt= in ACN. Peak identification: a, phenol;
y, PTPB, c. DPB. 4. MP8

www alectrophoresis-journal.com



Sisctrophorasis 2011 32 1iE6-1430

boutidai; bebween esaaiaths metagucons sampls sone 4

aqueous BGE zone bocause ol the lack of currentin the case
of successive injection. When tha sample was nijected usieg
only EKL. no peaks were phsened. in general. its difficuit
to introduce extremely Jow mobility tons and neutral species
into the capillary using the EKI mode without apphing 4
correct polarity voltage to generaie EOF. However. both
higher and lower mobility ions and neutral species can be
simultaneously njected using HSIM. It was deemed that
HSIM would be a pronmusing sample injection mode for
samples. which contain both ionic and nonionic substances.
Therefore, the following experiments were performed
order to establish optimum HSIM conditions.

3.3 Effect of water plug

It was reported that the sensitivity and reproducibility couid
be improved by injecting a water plug into the capillary prior
to EKI (i.e. using EASI) [22]. Therefore, the injection time
for the water plug was varied between 0 and 25 using
HSIM. As can be seen from Fig. 3. the peak height for PTPB
decreased with increasing injection time. Also, the highest
peak was obtained for DPB when the injection time was 15,
whereas for phenol the peak height increased with the
injection time up to 0.5s. leveled off around 0.5-1.5s. and
then decreased. The peak height for MPB was almost
constant up to 1.5 s and then decreased. When the injection
time was 1s, the RSDs of peak heights for PTPB, DPB.
MPB, and phenol were in the range from 3.7 to 9.2%. The
RSDs for 1-s injections were almost the same as those for
155 (2.9-8.3s), smaller than those for 0.5s (6.2-37%). 2s
(5.1-10%). aud without the water plug (3.4-22%). Therefore,
optimum injection time of the water plug adopted in the
subsequent experiments was 1s.

100 l
‘; 30 !
pe l
PE:: W =
>
E A0 L i
% X

oE M

Water injection time (s)

Figure 3. Effect-af injection tme of water plug on e peak
height. Each bar corresponds o phenol. PTPB. DP8. and MPB,
raspellively, from leh ic .ighi gecion HSIM ar W i b s
Other condilinns are as in Fig 2.

= 2011 WILEY-VCH Vertag GimbH & Co KGaA, Wainhsam
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7 4 Effect of sample injection time and voltage

The sampie wecnon e was varied between | oand 55
wsing ASTaL The peak height for PTPB increaszed with the
wection time up to 2 5, almost leveled oft when going to 4 5.
and then declined. The peak height tor DPB was almost
constant with the injection time up to 3 5. The peak height
for MPB increased with the injection tune up to 3s and
almost leveled off. The peak height for phenol increased up
1o an injection ume of 5s. The baseline separation was not
observed for PTPB and DPB at 5s. Ou the other hand. the
RSDs of peak-height for all analytes at the sample mjection
time in the range of 1-4s were 7.1-13. 5.2-12, 5.0-14, and
1.6-9.3%. respectively. Therefore. 45 was chosen as the
oplimum sample injection time. .

The injection voltage was varied between | and 5 kV
using HSIM with the sample injection umc for 4s. The
results are illustrated in Fig. 4. The peak height for PTPB,
DPB, and MPB increased with increasing the injection
voltage up to 4 kV and then decreased. The peak height for
phenol was almost constant up to 4 kV and then decreased.
The RSDs of peak height for the sample injection voltage
ranging from 1 to 4kV were 1.6-9.3. 2.2-11. 1.8-13, and
2.9-9.5%, respectively. Therefore, 4 kV was further used as
the optimum injection voltage. Peak heights for PTPB. DPB.
MPB, and phenol using HSIM at 4 kV for 4 s (Fig. 5B) were
30, 22, 1.8, and 1.0 times higher. respectively, when |
compared to the results obtained with only vacuum injection
for 45 (Fig. SA). The peak heights of MPB and phenol
obtained using HSIM were much lower than that of PTPB
ot DPB. To elucidate the reasons. the elecirophoretic
mobilities of PTPB.'DPB, MPB, and phenol in the BGE (pH
9.8) were calcuated using the procedure described in
Section 2.4. The results were 158 <10 ° 17.3x10 i
18.3 x 10~5, and 12.4 x 10" cm?V™'s ™', respectively. the
EOF was 52.2 < 107 7an?V™'s™'. There was not much
difference among thesé electrophoretic mobilities. The
electrophoretic mobilities of MPB and phenol in the sample

SRR R
piiaen

Peak height= 107 arb. units)
e

I

h

T

e ]
A - R
y—

1 i
& b A
é I o 7S
i i
g o £ '3
n s —m == o R e T O oo I o 3 5 [
1 2 R 4 3

sample injection voltage (kM1

Figure 4. Effect of sample injection voltage on thg peak heighl.
Watar play was wrnuum inizctad fnr 15 12101y pror Lo sample
ijection CZE conditions and hars assignmani are as in Fig 3
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intien preparsd using ACN are probibly lower thtn !

w the udneﬁus BGE {pH 9.8). In addition. moiar absurn
Werties for PTPB. DPB, MPB. and phenol were estunated af
23 . 10% 9.2 - 10%, 524 10° and 65« 10 Linol T
respectively (for example. concentration of PTPB was
156 « 10 "M, absorbance 2.64 x 10 7%, optical path lengtl:
75 .« 10 'em. giving a molar absorptivity of 2.3 < 107). The

A B
bilc

'i = bcd ‘ '} a "

| ;o
e R
(T M) e Y O, [

# 1w 12 8 10 12

Time (min) Time (min)

Figure 5. Eleclropherograms of a standard solution of phenol.
PTPB, DPB, and MPB obtained with (A) vacuum injection for 4 5
(84 nL) and (B) HSIM at 4 kV for 4 s. Identification of peaks are as
in Fig. 2 and other conditions are as in Fig. 4.

Elggoreapharess 2010 32 71486-1401
by ahsorens fnes for MDA, phenol. and DPB were 77,72,
and 6095 fower than that for PTPE. respecnively. The
ditferences were another reason ior the lower peak heights
izt MPB and phenal.

Chargs states for the four analvtes ol uuerest were
presumed 2y follows, As mentioned in our previous papet
{32]. MPB changsd to an amon tvpe under a basic condition
because of the conrdination of the hvdroxide ion to the
boron. It can be presumed that the charge state for MPB is
<1 the BGE (pH 4.8} because ol its pK, value (8.8) [35.
36]. The chiemica! form of PTPB in water was supposed to
be mainly traphenviborate after liberating pyridine. Prob-
ably, the cvordination of the hydroxide iou could be
happened m the cases of PTPB and DPB. similarly to MPB.
11 can be also presumed that the chacge state for DPB is -1
in due account of its pK, value (6.2) [36. 37|. The charge state
for PTPB seems tu be similar to other analytes although the
pK, of PTPB iz unknown. Ou the other hand. the charge
state for phenol could be —1 because of its pKa value (10)
(38,

3.5 Calibration graphs

Calibration graphs for PTPB, DPB. MPB, and phenol were
linear using both the peak area and peak height as analytical
response. Regression equations relating the area or height
response (y) to concentration for PTPB. DPB, MPB, and
phenol (x. 0-0.1 mg/L) are accommodated in Table 1.
Table 1 presents also the RSDs and LODs for the four
analytes using the proposed HSIM-CZE method. The RSDs
(intra-day) of peak area for PTPB. DPB. MPB, and phenol
were obtained as 1.9-11%. for peak heights 4.3-9.2%, and
for migration times 0.34-0.66%. The LODs were improved
35, 30. 2.4, and 1.2 tunes for PTPB. DPB, MPB, and phenol
compared to the LODs obtained using vacuum injection.

4 Concluding remarks

We developed a novel combined sample injection mode for
CZE. the potential of which was tested for the determination
of PTPB znd its degradation products. DPB, MPB. and

Table 1. Precision and LODs of PTPB, DPB. MPB. and phenol using HSIM

Analyte RSD (intraday, %" LOD tug/L, S/IN = 3) Regression equation”™ (correlation coatficient)

Area Height Time  hSIM Vacuum®™ Arzz Height
PTPB 1.1 51 049 0.68 25 v - 159 . 10%x- 643 {09967) v =362 - 107 -0.995 {0.9965)
DPB 1.9 43 043 10 30 y = 165 « 10°x-0.419 (0.9799) y = 158 . 10%x+0.208 (0.9872)
MPE 13 (k] 034 21 50 v B22x 1236 109855 v = 143x 00420 (099251
Phenol 1 9.2 0.66 22 29 v = 26.2x-0.305 {09719 y = 1.63x -0.0590 (0.9889)

al Sample: 0.04 mg/L of PTPB, DPB. MPB. and phenotin ACNMN. n = ¢ CZE zonditons as in Fig. 58
h) In the regression enuation, \he ¥ value is the concaniraion of analyles 10-0 1moiL and the v walue is 1ha peak area‘peak heght

ci AL 4s
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FISIA 45 a
promusing approach lur wnection ol both bow-
mobility 1ons, We intend w exanuns further the eitect ot the
vortical distance between the tp of electrode and the
capillary end m order o improve the sensiivity and
reproducibility of HSIM-CZE {24. 39]

phenol. [t was revealed hat stinpke and

and tugh-
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