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to simultaneously determine ten b-amino alcohol
drugs in plasma†

Man Wang, ab Lei Liu,a Zheng Yinab and Yaxin Lu*ab

For the chromatographic analysis of biological samples, sample preparation requires efficient matrix removal

and retention of the analytes. The development of online pretreatment technologies provides a fully

automated solution for biological sample analysis. Online pretreatment solutions improve both throughput

and precision. In this study, we compared two online extraction systems, an online solid-phase extraction

(SPE) system and an online turbulent flow chromatography (TFC) extraction system, which are being

applied by more analysts at present. The comparison showed that the TFC extraction produced better

matrix removal effects, while, peak analysis showed that the online SPE system had obvious advantages in

peak shape and efficiency. Thus, we developed an automated online SPE-high performance liquid

chromatography (HPLC)-diode array detector (DAD) method for the simultaneous determination of ten b-

amino alcohols. The results provide a reference for analysts to choose an appropriate online pretreatment

method and provide a solution for biological sample analysis of b-amino alcohol drugs.
Introduction

Due to the complex matrix in biological samples, matrix
removal and analyte extraction are always important for chro-
matographic analysis. Conventional extraction techniques
mainly include protein precipitation (PPT),1 liquid–liquid
extraction (LLE)2 and off-line SPE methods.3 However, these
manual operations are prone to human error and are time-
consuming, which signicantly affects the throughput and
reproducibility of the process.4 Sample pretreatment is the
labor-intensive, time-limiting step in bioanalytical processes,
typically taking 80% of the total analysis time and involving
intensive manual processing.5

An online preparation method, such as direct detection
using probe electrospray ionization mass spectrometry6–8 and
online extraction methods, could overcome the shortcomings
mentioned above to a great extent. The most commonly used
online extraction methods are based on solid phase extrac-
tion9–12 and turbulent ow chromatography.13–15 The fully
automated online SPE-HPLC technique, which instrumentally
integrates the biological uids clean-up process with bio-
analysis, has been widely applied to remove interfering matrix
njin 300071, PR China. E-mail: yaxinlu@
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substances. Turbulent ow chromatography (TFC) was intro-
duced in the late 1990s as a technique for direct injection of
biological uids into a column.16 Under turbulent ow condi-
tions, small molecules in solution diffuse more extensively into
the pores of particles than large molecules, leading to the
separation of substances by size.17 With the advantage of
automation, this technique has been used for high throughput
sample preparation to detect various analytes in complex
samples.18–20

Both of these online preparation methods are increasingly
being used for biological sample analysis, but no comparative
analysis of the two online pretreatment systems is available to
provide a reference to aid analysts' selection. Hence, we evalu-
ated two different online systems, Turboow and online SPE,
for the extraction of samples and comparied several parameters
such as matrix removal effects and peak analysis. To obtain
a more representative result, we chose a series of b-amino
alcohols with different polarities as the target analytes. Aer
comparison, we selected the online SPE-HPLC-DAD system for
method validation. Our lab has previously reported an HPLC-
mass spectrometry method for the simultaneous determina-
tion of a broad range of cardiovascular drugs in plasma.21 In this
study, we made a few modications to the compounds selection
and detector, adding a more polar compound, adrenaline,
which increased the difficulty of online extraction and simul-
taneous detection, and replacing mass spectrometry was with
DAD for more convenient application, as DAD is a cheaper
detector, which is still widely used in hospitals in China. We
This journal is © The Royal Society of Chemistry 2018
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provide a DAD method enabling laboratories and hospitals
without MS to conduct biological sample analysis.

Experimental
Reagents and materials

Reference standards of adrenaline, salbutamol, timolol, car-
teolol, ephedrine, mexiletine, clorprenaline, clenbuterol,
propranolol and carvedilol were purchased from the National
Institutes of Food and Drug Control (Beijing, China). Their
chemical structures and physicochemical parameters are
shown in Fig. 1. Analytical purity sodium dihydrogen phosphate
and hydrochloric acid were obtained from Tianjin Chemical
Reagents Company (Tianjin, China). HPLC grade acetonitrile
(ACN) and water were obtained from Tedia Company, Inc.
(Faireld, USA).

Plasma

Drug-free heparinized rat plasma was collected from male
Sprague-Dawley rats (body weight: 220–250 g) obtained from the
Laboratory Animal Center, Academy of Military Medical Science
(Beijing, China). The animal facilities and protocols were
approved by the Institutional Animal Care and Use Committee
of Nankai University. All procedures were carried out in accor-
dance with the Guidelines for Animal Experimentation of
Nankai University (Tianjin, China).

Preparation of calibration work solutions and quality control
samples

The stock solutions of all drugs were prepared at a concentration
of 1.00 mgmL�1 with ACN/water (1 : 1, v/v) and stored at 4 �C. The
Fig. 1 The structures and log P of b-amino alcohols.

This journal is © The Royal Society of Chemistry 2018
solutions of standards and quality controls were diluted with blank
plasma (10 : 90, v/v) to prepare a series of samples with different
concentrations ranging from 10 ngmL�1 to 2560 ngmL�1. Quality
control (QC) samples including solutions for the lower limit of
quantication (LLOQ), limit of detection (LOD), QC low (QCL), QC
middle (QCM) and QC high (QCH) of 40, 160 and 1280 ng mL�1

were prepared for validating the method. All of the work solutions
were freshly diluted when used.
Online SPE-HPLC method

Online SPE and HPLC analysis were carried out using an Ulti-
Mate 3000 Dual-Gradient HPLC system (Sunnyvale, CA, USA)
equipped with two ternary pumps, a vacuum degasser, an
autosampler and a thermostatted column compartment with
a six-way valve. The online SPE column was a CAPCELL PAK MF
Ph-1 column (4.0 � 10 mm, Shiseido, Japan) and the analytical
column was a Venusil MP C18 column (5 mm, 4.6 � 150 mm,
Agela Technologies, China).

The online pretreatment and separation were accomplished
by three steps, including a loading phase, a washing phase and
an elution phase, as reported before.22 The loading and washing
time was 1 min, and the elution time was 9 min at a ow rate of
1 mL min�1. The mobile phases and gradient are shown in
Fig. 2 and Table S1.†
Online TFC-HPLC method

For the online TFC-HPLC method, the same instruments were
used as in the online SPE-HPLCmethod, except the SPE column
was replaced by a TurboFlow HTLC C18-P XL column (1.0 �
5.0 mm, Thermo Scientic, USA). The ow rate was increased
RSC Adv., 2018, 8, 5816–5821 | 5817
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Fig. 2 Schematic diagram of the online SPE/TFC-HPLC-DAD
system.22

Fig. 3 The chromatograms of blank plasmas after pretreatment (A):
the chromatogram of blank plasma after pretreatment obtained from
the TurboFlow C18P column at flow rate of 2 mL min�1 (1), 3 mL min�1

(2), 4 mL min�1 (3); (B): the chromatogram of blank plasma after
analysis by the online SPE HPLC system (1) and the online TFC-HPLC
system (2).
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for TFC extraction and the details are shown in Fig. 2 and
Table S2.†

Statistical analysis

We conducted a t-test with Microso Excel, setting the condi-
tions for a one-tailed, paired test. When the p value <0.05, the
difference was considered signicant.

Results and discussions
The comparison of the two pretreatment systems

Retention ability. We compared the retention abilities of the
two online analytical systems for ten compounds of different
polarities. The results showed that all of the drugs could be
extracted by the MF Ph-1 column in the online SPE system,
while the TurboFlow C18P column could not retain the most
polar compound, adrenaline. We speculated that the TurboFow
C18P column was less competent than the MF Ph-1 column in
retaining strongly polar compounds with a log P # 0.28.

The matrix removal effect. The matrix removal effect of
pretreatment inuences the service life of the analytical column,
and the matrix peaks interfere with the analysis of the
compounds. Hence, we compared the matrix removal effect of
the two pretreatment systems. As the ow rate affects the
formation of turbulent ow and mass transfer in TurboFlow
columns, we analyzed the matrix residue at different loading
rates of 2mLmin�1, 3mLmin�1 and 4mLmin�1. We found that
the TurboFlow C18P column was more effective at a ow rate of
3mLmin�1 than at 2mLmin�1 or 4mLmin�1 (Fig. 3A). Throught
the comparison of two online pretreatment systems, we found
that TurboFlow C18P column showed a greater ability to remove
the matrix (Fig. 3B). The advantage of TurboFlow columns in
removing matrix may duo to their separation principle. During
the extraction and separation process, macromolecules do not
have time to diffuse into the pores and are more easily ashed
through the column by the high-velocity mobile phase.17
5818 | RSC Adv., 2018, 8, 5816–5821
Peak analysis. Comparison of peak asymmetry, resolution,
and theoretical plate numbers helps in understanding the
differences in peak shape and efficiency of the two different
online pretreatment systems. We selected the drugs numbered
2, 3, 4, 5, 6, 7, and 8 that were detected at the same wavelength
to compare the resolution. The resolution (R) was calculated as
follows:23

R ¼ 2(tR2 � tR1)/(W1 + W2) (1)

where tR2 is the retention time of the last peak in two adjacent
peaks, tR1 is the retention time of the rst peak in two adjacent
peaks, and W1 and W2 are the peak widths of two adjacent
peaks. As shown in Fig. 4A, the resolutions of 5 and 7 were close
in both systems, while the other ve drugs all showed better
resolutions in the online SPE-HPLC system.

To characterize the peak asymmetry, the tailing factor (T)
was calculated as below:23

T ¼ W0.05h/2d1 (2)

whereW0.05h is the peak width at 5% of the peak maximum and
d1 is the distance between the peak apex and the peak front. The
results of the peak symmetry comparison are shown in Fig. 4B.
Statistical results showed that the peak symmetry differences
between the two systems for 2 and 6 were not signicant, while
the peak shapes of the other seven drugs were more symmet-
rical in the online SPE system.

The number of theoretical plates is an important parameter
for evaluating the separation performance of a chromato-
graphic system. As the same analytical column was used for
both, the comparison of theoretical plates could reect the
efficiency of the two different pretreatment systems. The theo-
retical plates (n) were calculated as below:23
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The peak analysis of 9 drugs produced from the two online
analytical systems (A): the comparison of resolutions in the two online
extraction systems; (B): the comparison of the tailing factors of nine
drugs in the two online extraction systems; (C): the comparison of
theoretical plates in the two online extraction systems. “**” means p <
0.01, “*” means p < 0.05.

Fig. 5 Comparison of the analyte chromatogram with the blank
plasma chromatogram.
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n ¼ 16(tR/W)2 (3)

where tR is retention time and W is peak width. From this
calculation, all drugs showed more theoretical plates in the
online SPE system (Fig. 4C). Summarizing the results of the
peak analysis, we could conclude that the online SPE extraction
system had signicant advantages in terms of separation effi-
ciency and peak symmetry.
Method validation

Based on the comparison of retention abilities and peak anal-
ysis, we performed amethod validation of the online SPE-HPLC-
DAD method.

Selectivity. The selectivity was studied by injecting QC
plasma samples of the drugs using the developed method. The
chromatograms of the drugs at the detection wavelengths were
compared with the chromatograms of the blank plasma. The
results showed little interference of endogenous proteins or
matrix, indicating good selectivity (shown in Fig. 5).

Recovery. The extraction recoveries (RE) were assessed
according to the procedure described by Matuszewski et al.24

The set 1 samples (pre-extraction spiked matrix) were
prepared using blank plasma spiked with different levels of
QC sample solutions (9 : 1, v/v) for online SPE HPLC-DAD
This journal is © The Royal Society of Chemistry 2018
analysis. The set 2 samples were prepared using the mobile
phase containing different QC solution levels. The set 2
samples were analyzed directly by HPLC-DAD. The extraction
recoveries were determined by comparing the mean response
of the set 1 samples to that of the set 2 samples at each QC
level. The extraction recoveries of the QC samples are pre-
sented in Table S3.† According to the guidance of the U.S.
Food and Drug Administration, the recovery of the analyte
should be precise and reproducible.25 The extraction recov-
eries at different concentrations ranged from 92.38% to
98.53% and the RSDs of the recoveries ranged from 3.43% to
5.79%.

LLOQ and linearity. Decreasing concentrations of the ana-
lytes were injected into the analytical system to determine the
minimal concentration with a signal-to-noise ratio (S/N) of
LLOQ at least 5 : 1, adequate precision with a coefficient of
variation (CV) less than 20% and trueness within 20% of the
nominal value (i.e., trueness between 80 and 120%) for each
analysis run.18 The LOD is the minimum concentration of the
sample at which the S/N is not less than 3. The LLOQ and LOD
of each drug is shown in Table 1. The standard calibration
curves were constructed using the peak area of each analyte
versus the nominal concentrations of the eight plasma stan-
dards. Five standard curves were conducted for each drug in
parallel. Linear least-square regression analysis, with a weight-
ing factor of 1/x2, was performed to assess the linearity, as well
as to generate the standard calibration equation: y ¼ ax + b,
where y is the peak area, x is the concentration, a is the slope
and b is the intercept of the regression line. The method was
linear over the concentration range of each analyte (r > 0.99).
The mean values of the linear regression equation for each of
the analytes are listed in Table 1.

Trueness and precision. The intra-day trueness and preci-
sion were evaluated by repeated analysis of the quality control
(QC) samples at low, middle and high levels through ve
replicates performed on the same day, whereas the inter-day
RSC Adv., 2018, 8, 5816–5821 | 5819
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Table 1 LOD, LLOQ and regression data of the analytes (n ¼ 5)

Analyte LOD (ng mL�1) LOQ (ng mL�1)
Linear range
(ng mL�1)

Slope (�104) Intercept (�103) R2

Mean SD Mean SD Mean SD

1 10 40 40–2560 13.3 4.0 �42.1 8.6 0.9966 0.0051
2 5 20 20–2560 16.0 2.6 30.2 5.0 0.9960 0.0031
3 2.5 10 10–2560 51.7 2.9 �23.4 6.1 0.9995 0.0007
4 2.5 10 10–2560 93.0 2.6 �1.9 0.4 0.9999 0.0001
5 5 20 20–2560 44.3 1.5 �15.6 2.7 0.9999 0.0002
6 10 40 40–2560 8.7 0.6 7.9 0.4 0.9983 0.0018
7 5 20 20–2560 93.3 3.2 �193.8 20.1 0.9998 0.0001
8 10 40 40–2560 41.7 2.1 59.8 5.6 0.9994 0.0008
9 10 40 40–2560 85.3 5.1 �273.6 50.6 0.9996 0.0002
10 10 40 40–2560 34.3 4.7 52.6 1.7 0.9992 0.0006
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trueness and precision were evaluated on three independent
days. The trueness was expressed as a percentage of the
measured value versus the nominal concentration, while the
precision was assessed by the relative standard deviation
(RSD) for sets of replicates. The acceptance criteria of data
included a trueness within a 15% bias of the nominal values
and a precision within 15% of the RSD. The intra-day and
Table 2 The trueness and precision of all drugs (n ¼ 5)

Analyte
Nominal Conc.
(ng mL�1)

Intra-day

Conc. found
(ng mL�1)

Trueness (%)Mean SD

1 40 41.8 1.1 104.6
160 174.4 8.2 109.0
1280 1298.8 47.6 101.5

2 40 41.6 2.7 104.0
160 176.5 9.0 110.3
1280 1398.5 23.7 109.3

3 40 44.5 1.1 111.3
160 175.4 8.6 109.7
1280 1302.4 21.0 101.8

4 40 42.7 1.2 106.9
160 164.9 7.5 103.1
1280 1286.8 22.0 100.5

5 40 42.9 1.0 107.2
160 162.4 9.2 101.5
1280 1288.7 19.3 100.7

6 40 43.1 1.4 107.7
160 156.4 7.3 97.8
1280 1229.8 36.4 96.1

7 40 44.1 2.1 110.2
160 161.7 7.2 101.1
1280 1290.1 20.1 100.8

8 40 40.3 3.5 100.7
160 155.9 6.6 97.5
1280 1257.7 17.8 98.3

9 40 42.4 6.7 106.0
160 162.1 4.7 101.3
1280 1284.1 33.1 100.3

10 40 36.0 4.3 90.0
160 170.6 9.7 106.6
1280 1411.6 69.5 110.2

5820 | RSC Adv., 2018, 8, 5816–5821
inter-day precisions and trueness value of the QC samples are
presented in Table 2. The RSD values of the QC samples were
in the range of 1.4–13.2%, and the trueness was between
88.4% and 114.1%. These results met the acceptance criteria
for trueness (85–115%) and precision (<15%) and thus allowed
for an accurate assessment of the analytes in plasma.24
Inter-day

RSD (%)

Conc. found
(ng mL�1)

Trueness
(%) RSD (%)Mean SD

2.5 41.9 3.8 104.7 9.1
4.7 149.1 27.5 93.2 8.4
3.7 1215.9 113.4 95.0 9.3
6.6 39.5 2.9 98.8 7.4
5.1 171.6 15.9 107.3 9.3
1.7 1417.7 58.2 110.8 4.1
2.5 42.3 2.5 105.9 5.9
4.9 172.7 15.6 107.9 9.0
1.6 1379.3 106.8 107.8 7.7
2.9 40.6 1.4 101.6 5.9
4.5 167.2 14.8 104.5 8.8
1.7 1376.6 121.8 107.5 8.8
2.4 41.4 1.8 103.4 4.3
5.7 165.1 15.1 103.2 9.1
1.5 1373.5 116.3 107.3 8.5
3.2 41.1 2.5 102.6 6.0
4.6 163.4 16.8 102.1 10.3
3.0 1343.1 146.3 104.9 10.9
4.6 42.7 2.0 106.7 4.7
4.5 166.6 15.6 104.2 9.4
1.6 1378.7 118.9 107.7 8.6
8.6 43.2 3.9 108.0 9.0
4.3 158.6 15.4 99.2 9.7
1.4 1342.0 122.1 104.8 9.1

15.9 41.8 4.6 104.4 10.9
2.9 166.3 14.6 103.9 8.8
2.6 1382.9 135.2 108.0 9.8

13.2 35.4 5.4 88.4 11.3
5.7 165.7 17.2 103.6 10.4
4.6 1460.5 100.7 114.1 6.9

This journal is © The Royal Society of Chemistry 2018
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Conclusions

Using a series of plasma samples of drugs with different
polarities, we conducted a multi-aspect comparison of two
online extraction systems. From the results, the online TFC
extraction system showed better matrix removal effects. Thus, it
may be a more appropriate option for detectors sensitive to
matrix interference, such as mass spectrometry. The compar-
ison of retention ability and peak analysis revealed that the
online SPE extraction system had signicant advantages in
retaining more polar compounds and in separation efficiency,
as well as in peak shape. These advantages helped improve the
signals of drugs and the limit of quantication. Therefore, the
online SPE extraction system was more suitable for the DAD
detector, whose sensitivity was worse than that of mass spec-
trum. Finally, we established an online SPE-HPLC-DAD method
for simultaneous quantitation of ten b-amino alcohols and
performedmethod validation. Compared tomass spectrum, the
DAD detector was easier to use and had a wider quantitative
linear range than mass spectrum.21 In conclusion, our
comparison of the two online pretreatment systems provides
researchers a reference to choose the appropriate method based
on the analyte polarity and detector used. The bioanalytical
method for simultaneous determination of ten b-amino alco-
hols may provide a solution for therapeutic drug monitoring.
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