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Abstract : A simple, specific, and economical LC-MS/MS method was investigated for the screening of 43 prescribed antihy-
pertensive and related drugs in human urine. The urine samples were simply prepared by diluting and mixing with internal stan-
dard before directly introduced to the LC-MS/MS system, which is fast, straightforward, and cost-effective. Fractional factorial,
Box-Behnken, and I-optimal design were applied to screen and optimize the mass spectrometric and chromatographic factors.
The analysis was carried out on a triple quadrupole mass spectrometer system utilizing multiple reaction monitoring with posi-
tive and negative electrospray ionization method. Chromatographic separation was performed on a Thermo Scientific Accucore
RP-MS column (50 x 3.0 mm ID., 2.6 pm) using two separate gradient elution programs established with the same mobile
phases. Chromatographic separation was performed within 12 min. The optimal method was validated based on FDA guideline.
The results indicated that the assay was specific, reproducible, and sensitive with the limit of detection from 0.1 to 50.0 ng/L.
The method was linear for all analytes with coefficient of determination ranging from 0.9870 to 0.9981. The intra-assay preci-
sion was from 1.44 to 19.87% and the inter-assay precision was between 2.69 and 18.54% with the recovery rate ranges from
84.54 to 119.78% for all drugs measured. All analytes in urine samples were stable for 24 h at 25°C, and for 2 weeks at -60°C.
The developed method improves on currently existing methods by including larger number of cardiovascular medications and

better sensitivity of 12 analytes.

Keywords : antihypertensive drugs, screening test, dilute-and-shoot LC-MS/MS, experimental design

Introduction

Hypertension and other cardiovascular diseases which
have been among the leading cause of death worldwide, are
preventable and manageable by medications such as
antihypertensive, hypolipidemic, or anticoagulant agents.'
However, the increasing of non-adherence to antihypertensive
and related drugs is a real menace to patient health and
drug effectiveness. Several conventional methods have

*These authors contributed equally in this study
*Reprint requests to Kyeong Ho Kim, orcid.org/0000-0002-1298-8277
E-mail: kyeong@kangwon.ac.kr

All MS Letters content is Open Access, meaning it is accessible online to
everyone, without fee and authors’ permission. All MS Letters content is
published and distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org /licenses/by/3.0/). Under
this license, authors reserve the copyright for their content; however, they
permit anyone to unrestrictedly use, distribute, and reproduce the content
in any medium as far as the original authors and source are cited. For any
reuse, redistribution, or reproduction of a work, users must clarify the
license terms under which the work was produced.

been applied to evaluate medication adherence including
questionnaires, pharmacy dispense records, pill counts, or
supervised administration.” Besides, recently, drug testing
in urine, oral fluid, or plasma using liquid chromatography
tandem mass spectrometry (LC-MS/MS) has been proven as a
valuable means for assessing the adherence of prescribed
medications. The developed LC-MS/MS methods for drug
adherence monitoring in general and studying cardiovascular
medications in particular generally applied sample
preparation processes employed solid-phase extraction or
liquid-liquid extraction.”® This approach effectively cleans
up and concentrates the analytes but significantly depends
on the characteristics of the surveyed compounds as well
as consumes labor, reagents, and time Nowadays, the
enhancement in the sensitiveness of LC-MS/MS systems
have allowed samples to be minimally diluted and then
directly introduced into the analytical system. This offers a
simple and faster sample preparation process (about 30 s)
with minimal labor, time and reagent consumption and be
able to screen the broader range of analytes in comparison to
other mentioned techniques. For instance, “dilute-and-shoot”
LC-MS/MS has been proven as an effective trend in doping
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control,” analytical toxicology,"® or urine drug testing of a
large number of antipsychotics, opioids, benzodiazepines, and
other pain management medications and metabolites.'"
As such, a limited number of antihypertensive, lipid-
lowering, antihyperglycemic, antithrombotic and other
cardiovascular agents were successfully screened in urine
applying “dilute-and-shoot” LC-MS/MS method."*'® In
which, the study of A.J. Lawson covered a largest number
of antihypertensive medications but only 23 compounds.*

From the above overview, this study developed a “dilute-
and-shoot” LC-MS/MS method to detect a larger number of
cardiovascular preventive compounds, covering 43 prescribed
antihypertensive, lipid-lowering, and antithrombotic agents
available worldwide. The design of experiment (DOE) was
aslo applied through the method development process to
achieve the effectively and reliably optimal LC-MS/MS
condition with minimum experiments, time, cost, and labor
consumption.'”

Experimental

Material

43 surveyed cardiac drugs as well as atenolol-d7, and
sulfameter (as internal standards (IS)) were provided from
Sigma-Aldrich (St. Louis, MO, USA). Other IS including
amlodipine-d4, clopidogrel-d4, diltiazem-d3, losartan-d4,
telmisartan-d7 were supplied by TLC Pharmaceutical
Standard. Formic acid, ammonium formate, HPLC-grade
acetonitrile, and methanol were purchased from Daejung
(Siheung, South Korea). Distilled water was prepared in
the laboratory utilizing an Aqua Max water purification
system supplied by Young Lin Instrument Co., Ltd.
(Anyang, South Korea).

Instrumentation

The LC-MS/MS system included an Agilent 1200 series
(Agilent Technologies) system combined with an API 3200
Q Trap triple-quadrupole mass spectrometer (AB SCIEX)
operated with a Turbo V Ion Spray source. Analyst 1.6
software was employed for LC-MS/MS system management
and data processing. The separation was performed on a
Thermo Scientific Accucore RP-MS column (50 x 3.0 mm
ID., 2.6 um) combined with a CI18 guard column
(Phenomenex, 4.0 x 3.0 mm ID), both maintained at 50°C.
Two separate gradient elution programs established with the
same mobile phases: eluent A containing 8mM ammonium
formate (HCOONH,) and 0.1% formic acid (HCOOH) in
water, and eluent B containing 8mM HCOONH, and 0.1%
HCOOH in acetonitrile (ACN): water (90:10).

Drug calibrators and quality control samples preparation
A 1 mg/mL stock solution in methanol was made for
each compound measured and IS, with the exception of
2 mg/mL for nicotinic acid and 5 mg/mL for HCTZ.
Therefore, the concentration of nicotinic acid and HCTZ is

2 Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 1-10

correspondingly 2 times and 5 times higher than that
mentioned the following solutions. Working standard
mixtures of 4000 pg/L, 200 pg/L, 10 pg/L and IS working
standard mixtures of 4000 pg/L. were prepared by serial
dissolving the stock solutions in water. All solutions were
keeped at -20°C and thawed at room temperature (25°C)
before use. Fifteen calibration standards (0.25, 0.5, 1, 2, 5,
10, 20, 30, 50, 100, 200, 400, 600, 800, 1000 ng/L) were
prepared by spiking an appropriate volume of the diluted
standard solutions into an aliquot containing 250 pL of
drug free human urine, and 200 pL of diluted IS solution,
followed by dilution with water to attain a total volume
of 1000 pL. Quality control (QC) samples correspond
with three concentration levels (low, medium, and high)
were independently prepared in the same way for all
drugs measured. The sample was then vortexed and
filtered using 0.45 um filter before introducing into LC-
MS/MS system.

MS analyte parameters

Precursor and product ion transitions of each compound
were determined by direct infusion of standard solution
with positive and negative electrospray ionization (ESI)
source. The multiple reaction monitoring (MRM)
transitions and compound tuning parameters are shown in
Table 1. According to optimization results, the optimal
mode for each compound which created the higher
intensity signal was selected (i.e. 39 compounds were
detected in a positive ESI method and 4 compounds in a
negative ESI method).

In scouting phase, five MS parameters including ion
spray voltage, capillary temperature, curtain gas, ion
source gas 1, and ion source gas 2 were screened to
identify the significant factors by applying fractional
factorial design. Peak areas of poorly sensitive compounds
(Amlodipine, Atenolol, Captopril, Losartan, Lovastatin,
Moxonidine, Nicotinic acid, and Spironolactone) were
chosen as responses. Analysis of variance (ANOVA) was
utilized to assess the impacts of factors. Selected important
factors were then optimized by Box-Behnken design with
15 runs including 3 centre points.

LC parameters

As the analytical column is stable at temperature below
60°C, the influence of the column temperature was studied
in a range from 20°C to 50°C with a step of 5°C. Three LC
related parameters namely flow rate, ammonium formate
concentration, and percentage of eluent B at 0 min were
also optimized by I-optimal design with 20 runs.
Intensities of poor sensitive compounds were chosen as
responses.

Method validation

Selectivity
The selectivity of method was studied by comparing six

©Korean Society for Mass Spectrometry
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drug-free urine samples from six individual sources and
drug-free urine samples spiked with a surveyed medications
mixture at lower limit of quantification (LLOQ) concentrations.
The absence of interfering peaks at retention times of
analytes indicated satisfactory selectivity.

Sensitivity

The limit of detection (LOD) was assessed by the analyte
concentration with the signal-to-noise (S/N) ratio was > 3.
The LLOQ concentration was determined at which the S/N
ratio was > 10 as well as the precision (assessed by relative
standard deviation, RSD) and variance of accuracy (relative
error, RE) were < 20%.

Carryover
The carryover was tested by analyzing the blank samples
right away the upper limit of quantification (ULOQ)

Table 1. MRM transitions, Compound tuning parameters, and tg.

samples (n = 3). The carryover should ideally be < 20%.

Matrix effect

The matrix factors of the analytes were assessed by
comparing the analyte/IS ratio in urine samples and water
(solvent) at low, medium, and high concentration in three
separate  experiments (n =3). Average percentage
difference between the two should preferably be between -
20% and 20%.

Linearity

The linearity was tested within the concentration range
from LLOQ to ULOQ concentration using a weighting
factor of 1/x in the linear regression analysis. Linearity was
evaluated basing on the coefficient of determination (R) in
five replicates. R* value of >0.95 indicated acceptable
linear.

Compound Ql Q3(1) Q3(2) ESI DP(V) EP(V) CEl(V) CE2(V) tg(min) IS
Acebutolol 337.2 116.3 56.2 +) 56 7 27 47 1.85 Ate7
Amlodipine 410.2 239.2 238.2 (+) 21 4 17 17 4.55 Aml4
Aspirin 178.8 93.0 93 (-) -15 -3.5 -8 -32 4.50 Los4
Atenolol 267.2 145.2 56.2 +) 26 10 37 41 0.85 Ate7
Atorvastatin 5594 440.4 250.3 (+) 66 8.5 23 53 5.12 Clo4
Bendroflu-methiazide 420.0 289.1 197.1 ) -80 -4.5 -24 -66 5.35 Los4
Betaxolol 308.2 55.1 72.2 (+) 61 6 45 33 4.28 Tel7
Bevantolol 346.2 165.2 150.2 ) 56 6.5 25 43 4.27 Aml4
Bisoprolol 326.2 116.3 74.1 +) 51 5.5 23 37 3.98 Tel7
Captopril 218.1 116.1 751 (B 36 7.5 17 27 1.65  Ate7
Carvedilol 407.2 100.0 56.2 +) 56 7 41 63 442  Aml4
Celiprolol 380.2 74.2 2513 () 51 6.5 47 27 3.40 Sul
Clonidine 230.0 74.1 124.0 ) 56 8.5 101 57 1.00 Ate7
Clopidogrel 322.1 155.2 184.3 (+) 36 4.5 47 33 5.69 Clo4
Diltiazem 415.2 178.2 109.2 ) 46 5.5 33 85 4.26 Dil3
Doxazosin 452.2 344.4 2473 +) 106 10 33 51 4.12 Dil3
Enalapril 3773 2343 91.1 (+) 41 6 23 75 4.12 Tel7
Fluvastatin 412.2 3544 354.5 (+) 66 6.5 19 19 5.12 Clo4
Furosemide 329.0 205.0 284.9 (-) -45 -4.5 -24 -14 5.02 Los4
Hydrochlorothiazide (HCTZ) 296.6 77.7 270.1 ) -50 -5 -48 -14 1.78 Sul
Indapamide 366.1 132.2 91.2 +) 46 6.5 23 53 441 Dil3
Irbesartan 429.2 207.1 205.2 +) 56 7 31 69 4.83 Tel7
Labetalol 329.2 91.1 1622 () 36 6.5 53 31 3.84 Dil3
Lisinopril 406.2 84.2 91.1 +) 56 6.5 41 87 0.83 Sul
Losartan 424.2 208.2 207.3 () 51 5 27 33 4.69 Los4
Lovastatin 405.3 199.3 173.2 ) 56 5.5 21 25 5.54 Clo4
Metoprolol 268.2 74.1 56.2 (+) 46 9 33 43 2.13 Sul
Mevastatin 391.3 185.2 159.3 &) 56 25 33 5.40 Tel7
Moxonidine 243.2 207.2 200.1 (+) 66 8 19 27 0.71 Ate7
©Korean Society for Mass Spectrometry Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 1-10 3
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Table 1. Continued.
Compound Q1 Q3(1) Q3(2) ESI DP(V) EP(V) CEI(V) CE2(V) tg(min) IS
Nadolol 310.2 254.3 201.3 @) 51 6 21 27 1.00 Ate7
Nicotinic acid 124.0 80.1 78.1 @) 46 10 29 29 0.71 Sul
Olmesartan 559.2 207.2 190.3 ) 71 6 37 103 4.69 Los4
Perindopril 369.2 172.3 98.1 ) 46 6 25 49 423 Tel7
Pindolol 249.2 116.3 1722 () 46 9 23 21 1.14 Ate7
Pitavastatin 4222 274.3 290.3 @) 91 7 61 31 4.83 Dil3
Propranolol 260.2 116.3 56.1 +) 51 7.5 23 43 4.12 Dil3
Ramipril 417.2 2343 91.2 ) 76 5.5 25 91 441 Dil3
Rosuvastatin 482.3 258.1 258.3 ) 81 5 37 37 4.69 Tel7
Spironolactone 341.2 107.2 91.2 ) 76 7 41 73 4.97 Clo4
Telmisartan 515.2 276.3 261.3 ) 96 8 65 83 4.83 Tel7
Terazosin 388.1 290.3 2473 @) 76 9.5 29 35 1.42 Ate7
Triamterene 2542 237.3 1042 () 76 12 33 51 1.02 Ate7
Warfarin 309.1 163.1 2512 () 71 6 19 23 497 Tel7
Amlodipine-d4 413.2 238.2 298.3 ) 66 5 19 19 441
Atenolol-d7 274.3 145.2 79.2 +) 51 6.5 35 33 0.71
Clopidogrel-d4 326.1 216.2 1592 () 51 6 19 45 5.54
Diltiazem-d3 418.1 178.1 109.1 ) 46 6 31 85 427
427.2 211.3 2102 () 60 5 43 45 4.55
Losartan-d4
425.1 128 157.2 () -60 -4.5 -40 -36 5.43
281.1 65 108.1 ) 51 5.5 65 33 1.71
Sulfameter
279 196.1 264.1 () -45 -4.5 -38 -12 3.02
Telmisartan-d7 522.3 280.4 279.3 ) 111 12 63 67 4.83

DP: de-clustering potential, EP: entrance potential, CE: collision energy, tz: Retention time

Precision and accuracy

The intra-day, inter-day precisions, and accuracy were
assessed by analyzing five replicates on same day, and over
three different days of four concentrations: LLOQ, low of
quantification (LQC), medium of quantification (MQC),
and high of quantification (HQC). Standard curves for each
batch were prepared and analysed on the same day to
determine the concentration of each QC sample. RSD and
RE were also calculated to evaluate the precision and
accuracy.

Stability

The stability of all compounds in urinary samples was
investigated at 3 QC concentrations (LQC, MQC, and
HQC) in three replicates. The QC samples were stored
under 4 different storage conditions before analyzing: 24 h
at room temperature (25°C), 2 weeks at -20°C, three cycles
of freezing (-60°C for 12 h) and thawing (room
temperature), and autosampler 5°C for 24 h. An analyte
was considered to be stable in urine when the calculated
concentrations were 85-115% of those of the freshly
prepared samples.

4 Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 1-10

Results

Method development

Preliminary experiments were conducted with the
following gradient LC condition proposed by Lawson et
al.: eluent A including ImM HCOONH, and 0.1% HCOOH
in water, and eluent B including 1mM HCOONH, and
0.1% HCOOH in 90% ACN.'" Some analytes such as
captopril, losartan, lovastatin, moxonidine, nicotinic acid,
hydrochlorothiazide (HCTZ) or spironolactone showed the
poor sensitivity and chromatographic performance, so
further experiments were conducted to obtain the more
suitable condition.

Optimization of MS parameters

At first, five MS parameters including ion spray voltage,
capillary temperature, curtain gas, ion source gas 1, and ion
source gas 2 were screened to identify the significant
factors by applying fractional factorial design. Since p-
value < 0.05, ion spray voltage, capillary temperature, and
curtain gas were demonstrated the more importance and
selected for optimization step. These MS selected factors

©Korean Society for Mass Spectrometry
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Table 2. The optimization of MS parameters.

Negative mode

Positive mode

lonspray voltage (V) -4500 ~ -3500 3000 ~ 5000
Factors & 0
ranges Temperature (°C) 450 ~ 650 450 ~ 650
Curtain gas (psi) 30~50 20 ~40
Responses Peak areas of AspirinT Bendroflumethiazide, Peak area.s of Amlosiipine, A.ten.ol.ol, C'aptop.ril, Losartan,
Furosemide, HCTZ Lovastatin, Moxonidine, Nicotinic acid, Spironolactone
Total run 15 runs 15 runs
Desirability value 0.954 0.427
lonspray voltage (V) -4500 4207
) Temperature (°C) 650 637
]?/[psn\rgilles Curtain gas (psi) 50 20
Ton source gas 1 (psi) 60 60
Ton source gas 2 (psi) 30 70
were optimized by Box-Behnken design with 15 runs
including 3 centre points. From the results of Box-Behnken {a)
design, optimal MS conditions were revealed. The
desirability values were 0.954 and 0.427 for negative and
positive mode, respectively (Table 2).
Optimization of LC parameters
The results of column temperature investigation showed
that high temperatures faster elution of analytes, improved
peak shapes, and obtained the acceptable sensitivity (peak
area and peak height). Therefore, the temperature of foges %
analytical column was stabled at 50°C in following i e

experiments.

Three other LC related parameters namely flow rate,
ammonium formate concentration, and percentage of
eluent B at 0 min were also optimized by I-optimal design
with 20 runs. Intensities of poor sensitive compounds were
chosen as responses. At optimal condition, the desirability
values were 0.943 and 0.466 for negative and positive
mode, respectively (Table 3).

Overall, there were the significant differences in
desirability values between positive and negative mode since
the number of responses of positive mode (8) was higher than
that of negative one (4). Despite the low desirability, the
sensitivity and chromatographic performance of almost
surveyed compounds was acceptable and good enough for
drug screening method. Therefore, the finally optimal LC-
MS/MS was selected following DOE results (Table 2 and
3). The complete chromatograms all analytes were shown
in Figure 1.

Method validation
Selectivity and sensitivity

There were no considerable interfering peaks observed at
the retention times expected for the analytesf or IS. The
extracted ion chromatograms of 43 interested compounds
and IS were shown in Supporting Information (Figure S1).

©Korean Society for Mass Spectrometry
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Figure 1. Chromatograms of 40 analytes in a positive ESI mode
(a) and 4 analytes in a negative ESI mode (b): 1. Moxonidine, 2.
Nicotinic acid, 3. Atenolol, 4. Lisinopril, 5. Clonidine, 6.
Nadolol, 7. Triamterene, 8. Enalapril, 9. Pindolol, 10. Terazosin,
11. Captopril, 12. Acebutolol, 13. Metoprolol, 14. Celiprolol, 15.
Labetalol, 16. Bisoprolol, 17. Doxazosin, 18. Propranolol, 19.
Perindopril, 20. Diltiazem, 21. Bevantolol, 22. Betaxolol, 23.
Indapamide, 24. Ramipril, 25. Carvedilol, 26. Amlodipine, 27.
Losartan, 28. Olmesartan, 29. Rosuvastatin, 30. Irbesartan, 31.
Pitavastatin, 32. Telmisartan, 33. Spironolactone, 34. Warfarin,
35. Atorvastatin, 36. Fluvastatin, 37. Mevastatin, 38. Lovastatin,
39. Clopidogrel.

Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 1-10 5
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Table 3. The optimization of LC condition.

Negative mode Positive mode

Flow rate (mL/min)
Buffer conc. (mM)
%B at 0 min (%)

Factors
& ranges

03-0.5 03-05
2-8 2-8
10-30 10-30

Responses

(Similar to MS parameters optimization)

Total run

20 runs 20 runs

Desirability value

0.943 0.466

Flow rate (mL/min)
Buffer conc. (mM)
%B at 0 min (%)

0.3 0.37
8 8
10 15

Optimal LC Gradient elution

condition - Eluent A: 8 mM HCOONH, and 0.2-

0.0-0.2 min: 10%B 0.0-0.2 min: 15%B
2.5 min: 10% — 100%B 0.2-2.5 min: 15% — 100%B

0.1% HCOOH in Water 2.5-6.0 min: 100%B 2.5-6.0 min: 100%B

- Eluent B: 8 mM HCOONH, and 6.0-

7.0 min: 100% — 10%B 6.0-7.0 min: 100% — 15%B

0.1% HCOOH in Water - ACN (1:9) 7.0-12.0 min: 10%B 7.0-12.0 min: 15%B

8 Wbl GG A BN e e

The LODs were from 0.1 to 50 ppb, and the LLOQs
ranged from 0.25 to 100 ppb (Table 4).

Carryover
The carryover of the all surveyed compounds was less
than 19.48% of the LLOQ (Table 4).

I: FewmrpHamy [1 oy | 5 W AR b

= Balwargie (0T 22 P T————

Figure 2. Stability validation.

6 Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 1-10

Matrix effect

Mean percentage difference of the analyte/IS ratio
between human urine and water samples was from -
19.92% to 18.92% for all but three analytes (bevantolol,
carvedilol, nicotinic acid) (Table 4).

Linearity

The coefficient of determination (R*) of all compounds
was more than 0.9870 showing the acceptable linearity of
the developed method.

Precision and accuracy

The good precision and accuracy were observed for all
compounds (Table 5). The RSD% was not more than
19.87% and 18.54% for intra-assay and inter-assay
precision, respectively. The recovery of each compound
was in the range from 84.54 to 119.78%.

Stability

The results of stability validation are shown in Figure 2
and Supporting Information (Table S1). Under four storage
conditions, the mean of recoveries and RSD satisfied the
acceptance criteria (= 15% of the control values) for all
analytes but carvedilol (recovery of 73.07% at LQC). No
significant degradation was detected, so most analytes
were assessed to be stable in urine under all described
conditions.
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Table 4. QC concentrations, sensitivity, linearity, carry over, matrix effect validation.

Compound LOD LLOQ LQC MQC HQC ULOQ ) Carry Matrix effect (%)
(ppb)  (ppb)  (ppb)  (ppb)  (ppb)  (ppb) over (%) LQC MQC  HQC
Acebutolol 0.25 1 3 100 400 600 0.9901 9.6l -7.98 653 -10.49
Amlodipine 5 10 30 200 600 800 0.9935 16.13  -5.18 -1.62 3.13
Aspirin 10 20 60 160 800 1000 09954 7.8  -1288  -10.00  -6.26
Atenolol 5 20 60 200 800 1000 0.9907  3.83 12.71 0.76 -4.83
Atorvastatin 5 10 30 200 600 800 0.9935  6.67 18.06 5.38 -7.49
Bendro-flumethiazide 1 2 6 120 600 800 0.9958  6.38 0.61 7.28 3.03
Betaxolol 5 10 30 200 600 600 0.9931  12.51 13.16 0.43 9.94
Bevantolol 0.25 0.5 1.5 50 100 200 09934 1948  -092 2112  -3043
Bisoprolol 0.5 2 100 400 600 09915 843  -1873  13.11 18.92
Captopril 1 2 6 100 400 600 0.9977  0.00 5.69 9.61 -14.08
Carvedilol 10 30 90 200 800 1000 09913 414 4268  -5.16 -3.95
Celiprolol 0.1 0.25 0.75 20 100 100 09870  13.04  10.74 7.56 7.02
Clonidine 0.5 2 6 100 400 600 0.9958  10.02  -0.47 7.50 -7.09
Clopidogrel 1 2 6 100 400 600 09966 1272 -435  -1991  -19.68
Diltiazem 0.25 1 3 100 400 600 09956 1332  -145 -1.85 9.88
Doxazosin 1 5 15 100 400 800 09956  11.11  -1033  -13.86  -11.55
Enalapril 0.1 0.5 15 50 400 600 09965  4.19  -13.18  -1497 1443
Fluvastatin 10 20 60 200 800 1000 0.9901  0.00 0.74 0.13 1421
Furosemide 5 10 30 160 800 1000 09974 1649  -12.88  -13.62  -721
HCTZ 50 100 300 800 4000 5000 09912 189  -13.53 0.22 -12.83
Indapamide 2 5 15 100 400 600 0.9899  16.21 10.72 -5.14 -8.89
Irbesartan 0.25 0.5 15 50 400 600 09949  17.56  -720  -1424  -10.38
Labetalol 5 10 30 200 600 600 09908 12.62  16.89 8.10 18.69
Lisinopril 5 10 30 200 600 800 09920  2.83 -6.46 -1.34 8.39
Losartan 0.5 2 6 100 400 400 09872  14.83 431 -6.41 5.17
Lovastatin 2 10 30 200 600 600 0.9961  11.13 1.00 1.57 5.15
Metoprolol 0.25 0.5 1.5 50 400 400 0.9937 538 -3.26 389 -1546
Mevastatin 1 5 15 100 400 600 09936  13.12 1840 11.00 12.93
Moxonidine 2 5 15 100 400 600 0.9933 534 12.78 -1.19 -4.26
Nadolol 0.5 1 3 100 400 400 0.9968  12.31 7.44 9.96 7.34
Nicotinic acid 50 100 300 800 1600 2000  0.9908  15.65 1220  -4478  -37.56
Olmesartan 0.25 1 3 100 400 600 0.9967  6.01 324 -1821  -1191
Perindopril 0.25 1 3 100 400 600 0.9981  16.64 5.16 -1.73 12.64
Pindolol 0.1 0.25 0.75 20 100 100 0.9960 1357  -2.38 18.02 4.80
Pitavastatin 0.25 0.5 1.5 50 100 200 0.9931  7.02 8.87 -6.10 1.03
Propranolol 2 10 30 200 600 600 0.9934  10.17 7.35 -4.53 -6.42
Ramipril 0.25 0.5 1.5 200 600 600 09969 1720  -1142  -023  -10.06
Rosuvastatin 5 10 30 200 600 600 0.9948  17.60 497 -19.92 615
Spironolactone 10 30 90 200 800 1000 0.9938  9.76 -4.59 7.75 12.40
Telmisartan 1 5 15 100 400 600 0.9937 1888  -17.32 1.78 -12.96
Terazosin 0.1 0.5 1.5 50 400 400 09922 1084  -6.14 15.30 15.13
Triamterene 0.5 2 6 100 400 600 0.9944  6.14  -1040  -11.75 0.57
Warfarin 2 5 15 100 400 600 0.9927 1496  -13.62  -13.91  -12.69
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Table 6. Comparison with related literatures.

LOQ concentration (ppb)

No Drugs

Developed method  References
1 Amlodipine 10 25™
2 Atenolol 20 10"
3 Atorvastatin 10 1'
4 Bendroflumethiazide 2 10"
5 Bisoprolol 2 251
6 Diltiazem 1 25"
7 Doxazosin 5 10"
8 Enalapril 1 1
9 Fluvastatin 20 1'6
10 Furosemide 10 104
11 HCTZ 100 10"
12 Indapamide 5 10"
13 Irbesartan 0.5 1
14 Labetalol 10 1"
15 Lisinopril 10 1
16 Losartan 2 1
17 Lovastatin 10 2'6
18 Metoprolol 0.5 251
19 Mevastatin 5 516
20 Moxonidine 5 10"
21 Perindopril 1 0.5"
22 Pitavastatin 0.5 1"
23 Ramipril 0.5 1
24 Rosuvastatin 10 1'
Discussion

A quick, cost-effective, and specific “dilute-and-shoot”
LC-MS/MS method with minimal sample preparation
process was investigated and validated for the
determination of 43 prescribed antihypertensive and related
drugs in human urine. The optimal mass spectrometric and
chromatographic parameters were investigated by applying
experimental design approach. The validation results
indicated that this screening LC-MS/MS method was
specific, reproducible, and sensitive with the limit of
detection from 0.1 to 50.0 pg/L. For now, this dilute-and-
shoot LC-MS/MS method has simultaneously screened a
largest number of hypertensive and related drugs in human
urine. In comparison with other related literatures, of the
24 drugs compared, 11 were improved the sensitivity and
10 had higher concentration of detection (Table 6). The
less sensitivity of these compounds could be due to the
simultaneously screening a larger number of analytes in
different structures. The assay could be optimized for
concurrently analysis 43 drugs but difficult to obtain the best
solution for each compound. In particular, 4 of 10 less

©Korean Society for Mass Spectrometry

sensitive drugs belong statin group, which has a more
specialized dilute-and-shoot LC-MS/MS method developed
by Jang et al. 2018."°

Future expansion of the assay could include the addition
of drug metabolites, because some drugs have short half-
life as well as are metabolised and excreted as metabolites
in urine, such as spironolactone, aspirin, ramipril, or
fluvastatin. The assay also could be applied to the analysis
of actual urine samples to validate its clinical effectiveness
in further experiments.

Conclusions

In conclusion, the developed method could be a
promising approach for screening the presence of
prescribed cardiovascular drugs in human urine.
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Supporting information is available at https://drive.
google.com/file/d/1QHBrI7yTj0MhxCK1U-8tcBhLXTn
uGv/view?usp=sharing.
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Abstract : Nitarsone is an organoarsenic antiprotozoal drug widely used to treat blackhead disease in turkeys and chickens.
However, since its biological conversion into inorganic arsenic, a carcinogen was known, its residue in foods should be regu-
lated. Thus, here, a novel method to determine residual nitarsone in various food commodities (pork, milk, egg, halibut, eel, and
shrimp) using QUEChERS and LC-MRM was developed. The developed method was successfully validated through specificity,
linearity (coefficient of determination, at least 0.991), recovery (R, 63.6 - 85.6%), precision (the relative standard deviation of R,
0.5 - 10.6%), and sensitivity (the lower limit of quantitation, 5 ppb) by following the Ministry of food and drug safety (MFDS)
guidelines. The present method is the first mean to quantitate nitarsone using LC-MRM, and it was designed to be conveniently
merged into a new method to quantitate multiple veterinary drugs for the positive list system (PLS). Therefore, the present
method could contribute to fortify the food safety system in South Korea.

Keywords : nitarsone, food, QUEChERS, MRM, PLS

Introduction

Nitarsone (4-nitrophenylarsonic acid, Figure 1), an
organoarsenic compound with antiprotozoal activity has
been widely used to treat blackhead disease in turkeys and
chickens."* In 2015, the US Food and Drug Administration
(FDA) withdrew the approval for its applications in animal
feed due to its biological conversion into inorganic arsenic,
a carcinogen.” However, since it is still used in other
countries, its regulation in various food commodities is
needed.* Organoarsenic compounds including nitarsone are
analyzed by inductively coupled plasma mass spectrometry
(ICP-MS).*® Additionally, HPLC-ultraviolet oxidation hydride
generation-atomic fluorescence spectrometry (HPLC-UV-
HG-AFS), HPLC-ultraviolet detector (HPLC-UV), and gas
chromatography-mass spectrometry (GC—MS) were reported to
be used to analyze nitarsone.”” Among these techniques,
ICP-MS is considered as the gold standard for nitarsone

#*Both authors contributed equally to this work.
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E-mail: analysc@dankook.ac.kr
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reuse, redistribution, or reproduction of a work, users must clarify the
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11

G
HO-As-OH

NO>

Figure 1. Chemical structure of nitarsone.

analysis due to its high sensitivity, but there are some
drawbacks. First, ICP-MS is relatively less common in
laboratories due to its cost.'’ Also, since ICP-MS analyzes
targets in elemental ion forms, majority of veterinary drugs
without rare element cannot be determined using ICP-
MS." It means that ICP-MS-based methods to determine
nitarsone cannot be merged into a new method to analyze
various kinds of veterinary drugs simultaneously.

Thus, here, a novel method to determine residual
nitarsone in various food commodities (pork, egg, milk,
halibut, shrimp, and eel) using QUEChERS and LC-MRM
was developed and validated. The present method is the
first LC-MRM method to analyze nitarsone and could
contribute to fortify the food safety system in South Korea.
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Experimental

Chemicals and reagents

Nitarsone (analytical standard grade) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Acetonitrile,
methanol, and water were obtained from J. T. Baker
(Phillipsburg, NJ, USA). Formic acid was purchased from
Sigma-Aldrich (St. Louis, MO, USA). All solvents
mentioned above were at least HPLC grade and used without
further purification. All QUEChERS-related reagents were
purchased from Phenomenex (Torrance, CA, USA).

Sample preparation

Samples (pork, egg, milk, halibut, shrimp, and eel) were
obtained from local food markets and individual samples
were homogenized (in the case of egg, blended without
shell). A portion (2 g or 2 mL) of a homogenized sample
was transferred to a 50-mL polypropylene (PP) conical
tube and tubes were stored at -20°C until extraction and
purification (E/P) processes. As the first step of E/P
procedures, a frozen sample was thawed at room temperature.
Then, the thawed sample was mixed with 0.2 mL of formic
acid, 1 g of magnesium sulfate (MgSO,), 0.25 g of sodium
chloride (NaCl), 0.125 g of sodium citrate dibasic sesquihydrate
(SCDS), 0.25 g of sodium citrate tribasic dihydrate (SCTD),
and 10 mL of acetonitrile. The mixture was vortexed (for
10 min) and centrifuged (at 4°C and 2700 xg for 10 min),

Sample (2 g or 2 mL)

Addition: 0.2 mL formic acid, MgSO, 1 g, NaCl 0.25 g, SCTD 0.25 g,
SCDS 0.125 g, and 10 mL acetonitrile

Vortex for 10 min and centrifugation at 4 °C and 2,700 xg for 10 min
The whole top layer (organic layer)

Addition: dSPE (150 mg of MgSO,, 25 mg of PSA, and 25 mg of C,5)
Vortex for 10 min and centrifugation at 4°C and 2,700 xg for 10 min
The whole supernatant
Nitrogen purging at 40 °C

Reconstitution: 0.4 mL of 50% methanol in water (v/v) (vortex for 3 min)

Centrifugation at 4 °C and 2,700 xg for 3 min

LC-MRM of the supernatant

Figure 2. Schematic diagram of the present method using
QuEChERS and LC-MRM.
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and the whole top layer (organic layer) was transferred to
a 15-mL PP conical tube containing 25 mg of primary
secondary amine (PSA), 150 mg of MgSO,, and 25 mg of
Cig. The resulting mixture was vortexed (for 10 min) and
centrifuged (at 4°C and 2700 xg for 10 min), and the
supernatant was completely taken for enrichment. After
dried under nitrogen stream at 40°C, the residue was
dissolved in 400 pL of a 50% aqueous methanol solution.
Finally, the reconstituted solution was vortexed (for three
min) and centrifuged (at 4°C and 2700 xg for three min),
and a portion of the supernatant was analyzed through
liquid chromatography and tandem mass spectrometry
(LC-MS/MS) (Figure 2). A matrix-matched standard
(MMS) and a standard-spiked sample (SSS) were prepared
by spiking an appropriate volume of a nitarsone standard
solution into the final P/E extract from a blank matrix and
into a blank matrix prior to P/E procedures, respectively.

LC-MS/MS

For separation and analysis of the P/E extract, a LC-MS/
MS system composed of a Shimadzu Nexera UPLC
system (Tokyo, Japan) and a Shimadzu LCMS 8050 triple
quadrupole mass spectrometer were used. Additionally,
electrospray ionization (ESI) with negative ion mode and a
Phenomenex Luna C18 column (2.0 x 150 mm, 5 pm,
Torrance, CA, USA) were employed. For separation,
gradient mobile phase (MP) program between 0.1% (v/v)
formic acid in water and 0.1% (v/v) formic acid in
methanol at 0.25 mL/min for 14 minutes were used and the
column was kept at 40°C (Table 1). In the case of the
sample injector, its temperature and injection volume were
4°C and 10 pL, respectively. The sensitive determination of
nitarsone through mass spectrometry was achieved by
multiple reaction monitoring (MRM), a selective as well as
sensitive MS/MS scan method. As shown in Table 2, three
MRM transitions for nitarsone were prepared: the screening
transition of 245.9 m/z (precursor ion) / 137.9 m/z (product
ion) / -15 V (collision energy); the confirmatory transition
1 of 2459 m/z / 107.8 m/z / -24 V; the confirmatory
transition 2 of 245.9 m/z / 122.7 m/z / -27 V. Additional
parameters for the mass spectrometer were as follows:
nebulizing gas flow at 3 L/min, heating gas flow at 10 L/
min, drying gas flow at 10 L/min, interface temperature at

Table 1. Gradient mobile phase program.

Time 0.1% (v/v) Formic acid 0.1% (v/v) Formic acid

(minutes) in water (%, v/v) in methanol (%, v/v)
0.0 100.0 0.0
1.0 100.0 0.0
6.0 10.0 90.0
8.5 10.0 90.0
8.6 100.0 0.0
14.0 100.0 0.0

©Korean Society for Mass Spectrometry
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Table 2. Properties of nitarsone.

Molar mass Retention time MRM transitions
Compound . - - - o
(Da) (minutes) Precusor ion (m/z) Product ion (m/z) CE (V)
245.9 137.9 15
Nitarsone 247.0 5.6 [M-HT 107.8 24
122.7 27

*The product ion of the screening transition; the product ion of a confirmatory transition
"Collision energy; the CE of the screening transition; the CE of a confirmatory transition

300°C, DL temperature at 250°C, and heating block
temperature at 400°C. All data were acquired and analyzed
using Lab Solutions (version 5.93, Shimadzu). For
quantitation, peak area values of the screening transition
from sample analyses were compared to calibration curves
built using those from MMS analyses. However, a couple
of preconditions were tested prior to quantitation. First,
three transitions peaks should have the same retention time
(the identity confirmation). Also, the signal-to-noise ratio
(S/N) values of the screening transition peak and the
confirmatory transition peaks should be at least 10 and at
least 3, respectively (the sensitivity test).

Validation

The present method was validated in the aspects of
specificity, linearity, recovery, precision, and sensitivity
following guidelines of the ministry of food and drug
safety, South Korea (MFDS)."* First, the specificity was
tested by comparisons between blank matrices and their
conjugate SSSs (5 ppb). Also, linearity (the coefficient of
determination, 7*) was evaluated by individual calibration
curves built from analyses of 6 MMSs (5, 10, 20, 30, 40,
and 50 ppb, »=3). Third, a recovery (R) value was
calculated by the division of the screening transition peak
area of a SSS by that of its counter MMS. In each matrix,
recovery values at three levels (5, 10, and 20 ppb) for three
consecutive days were studied and computed (» = 5). In
the case of precision, it was expressed by the relative
standard deviation (RSD) of R values. Finally, the lower
limit of quantitation (LLOQ), a parameter representing
sensitivity was determined to the lowest concentration
which satisfies R criteria of MFDS guidelines within the
linear dynamic range.

Results and discussion

To develop a highly sensitive method to determine
nitarsone in diverse kinds of food commodities, food
matrices with broad spectrum of fat content (0.7, 0.9, 3.3,
7.4, 16.4 and 17.1% in shrimp, milk, halibut, egg, pork and
eel, respectively), considered as a major interfering factor
in food residual analyses, were cautiously selected as
sample matrices.”"

Since the merge of the present method to a novel PLS

©Korean Society for Mass Spectrometry

method to determine various veterinary drugs in foods in a
near future was considered, there are a couple of unique
points in the present method. First, no internal standard
(IS) was employed in the present method, because IS is not
used in multiresidual analysis methods. Also, MRM was
carried out in negative ion mode, but the pH of MPs was
set to 2.8. While there must have been a disadvantage in
the aspect of sensitivity due to less deprotonation of
nitarsone, LC conditions of present method became
compatible to LC conditions of most residual veterinary
drug analyses in foods. Consequently, regardless of these
unique points, the present method was found to be good
enough for quantitation with LLOQ of 5 ppb, the
requirement for PLS.'®

For MRM transitions, the [M-H] ion (245.9 m/z) of
nitarsone was selected as the precursor ion. Also, the ions
with 137.9, 107.8 and 122.7 m/z values, the strongest, the
second, and the third strongest fragment ions from the
product ion scan of the [M-H]| ion of nitarsone,
respectively, were decided as product ions (data not
shown). Thus, the most sensitive 245.9/137.9 transition
was used for quantitation (the screening transition), and
other transitions (245.9/107.8 and 245.9/122.7 transitions)
were used as confirmatory transitions to confirm the
identities of ions detected (Table 2).

E/P of nitarsone in matrices were performed using
QuEChERS in the present method. To obtain the best
recovery, major steps (the amount of a sample, the
composition of the extraction solvent, the volume of the
extraction solvent, the composition of the dSPE adsorbent,
and the amount of the dSPE adsorbent) of our previous
QuEChERS-EDTA method were changed and their
resulting recovery values were compared (data not
shown)." As a result, a novel QUEChERS method
optimized for E/P of nitarsone in various food commodities
was confirmed (Figure 2).

The present method was validated in the aspects of
specificity, linearity, R, precision, and sensitivity (Table 3).
First, specificity was confirmed by the absence of the
nitarsone screening transition peak at the retention time of
nitarsone from a blank matrix (negative control) results
(Figure 3). Second, since all calibration curves built by
using MMSs (5-50 ppb) of individual matrices showed r*
values of at least 0.991, its linearity satisfied MFDS

Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 11-15 13
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Table 3. Method validation results.

Matrices ) }inearity Fortified concentration Intraday (n =b 5) Interday (n = 5; 3 days) ‘LLOQ
(%, 5-50 ppb) (ppb) Recovery (%) RSD (%)  Recovery (%) "RSD (%) (ppb)
5 80.57 0.46 83.12 2.93
Pork 0.993 10 79.97 4.50 80.56 3.11
20 85.56 1.57 83.35 2.88
5 67.50 7.58 64.02 6.12
Egg 0.997 10 73.12 8.39 67.73 9.12
20 76.71 5.24 73.27 4.56
5 69.74 4.23 63.59 10.56
Milk 0.991 10 71.70 8.85 75.35 5.93
20 75.90 8.42 73.54 5.27 5
5 81.20 1.65 81.58 4.43
Halibut 0.999 10 79.05 3.37 78.62 2.72
20 83.17 2.54 78.29 5.75
5 68.27 2.84 70.25 434
Shrimp 0.995 10 65.88 3.95 68.02 6.08
20 76.99 2.97 73.95 3.53
5 71.66 5.33 72.39 7.34
Eel 0.991 10 73.70 1.52 73.62 3.35
20 73.95 3.27 74.41 4.77

“Coefficient of determination
®Relative standard deviation of recovery
“Lower limit of quantitation
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Figure 3. MRM chromatograms from blank halibut (A) and standard (5 ppb)-spiked halibut (B) analyses. S and C stand for the
screening transition peak and the confirmatory transition peaks, respectively.
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guidelines (at least 0.98)." Third, R values evaluated
between 5 and 20 ppb were 63.6-85.6% with intra-day
RSD less than 8.9% and inter-day RSD less than 10.6%
and they are good enough to pass the criteria of MFDS
guidelines.'? Finally, the S/N values of all nitarsone MRM
peaks observed over validation studies were found to be
higher than 10 (for screening transition) and 3 (for
confirmatory transitions) (data not shown). Thus, the good
quantitative performance (including LLOQ of 5 ppb) of the
present method was proved and it is good enough to be
used for the PLS which requires LLOQ of 5 ppb.'°

The validated method was applied to determine residual
nitarsone in pork, milk, egg, halibut, eel, and shrimp (three
samples per commodity) purchased from local food
markets. Each sample extract was prepared and analyzed in
triplicates and there was no sign of nitarsone residue in all
samples (data not shown).

Conclusions

As a part of efforts to establish the PLS in South Korea,
a novel method to determine residual nitarsone in various
food commodities (pork, milk, egg, halibut, eel, and
shrimp) using QUEChERS and LC-MRM was developed
and validated. This is the first method to quantitate
nitarsone using LC-MRM. Also, the present method was
designed to be conveniently merged into a new method to
quantitate multiple veterinary drugs for PLS. Therefore,
the present method could contribute to fortify the food
safety system in South Korea.
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Abstract : We aimed to compare the content of ginsenosides and the pharmacokinetics after the oral administration of four dif-
ferent ginseng products at a dose of 1 g/kg in rats. The four different ginseng products were fresh ginseng extract, red ginseng
extract, white ginseng extract, and saponin enriched white ginseng extract prepared from the radix of Panax ginseng C.A. Meyer.
The ginsenoside concentrations in the ginseng product and the rat plasma samples were determined using a liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS). Eight or nine ginsenosides of the 15 tested ginsenosides were detected; however,
the content and total ginsenosides varied depending on the preparation method. Moreover, the content of triglycosylated ginse-
nosides was higher than that of diglycosylated ginsenosides, and deglycosylated ginsenosides were not present in any prepara-
tion. After the single oral administrations of four different ginseng products in rats, only four ginsenosides, such as 20(S)-
ginsenosides Rbl (GRb1), GRb2, GRc, and GRd, were detected in the rat plasma samples among the 15 ginsenosides tested.
The plasma concentrations of GRb1, GRb2, GRc, and GRd were different depends on the preparation method but pharmacoki-
netic features of the four ginseng products were similar. In conclusion, a good correlation between the area under the concentra-
tion curve and the content of GRb1, GRb2, and GRe, but not GRd, in the ginseng products was identified and it might be the

result of their higher content and intestinal biotransformation of the ginseng product.

Keywords : ginseng product preparation, LC-MS/MS, ginsenoside content, pharmacokinetics

Introduction

Ginseng, Panax ginseng C.A. Meyer (Araliaceae), has
been one of the most popular herbal medicines in the world
for > 2000 years; it is especially popular in East Asian
countries, including Korea, China, and J apan.l’2 Ginsenosides,
also called steroid-like saponins, are considered as the major
active pharmacological constituents of ginseng." Ginseng and
its associated ginsenosides are reported to exert antineoplastic,
antihypertensive, antidiabetic, anti-inflammatory, anti-
oxidative, anti-allergic, neuroprotective, hepatoprotective,
and immunologic effects.”® In addition to their therapeutic
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effects, ginseng products are frequently administered as
health supplements with therapeutic drugs, such as
anticancer drugs and anti-diabetes drugs, and for fatigue
and physical performance.’

Therefore, the market for ginseng products has rapidly
grown, and ginseng products include fresh ginseng, white
ginseng product, and red ginseng extracts and others.
These ginseng products are processed via steaming, drying,
extraction with water or ethanol, and concentration and
these processes lead to biochemical transformations in the
constituent peptides, ginsenosides, polysaccharides, fatty
acids, and polyacetylenic alcohols.® Thus, the content of
ginsenosides may vary during these processes.

Therefore, we aimed to analyze the content of
ginsenosides in the ginseng products prepared from
different process and to investigate the pharmacokinetics of
ginsenosides after oral administration of these ginseng
products to rats at a dose of 1 g/kg.

Experimental
Chemicals and reagents

Ginseng products were obtained from Punggi Ginseng
Cooperative Association (Youngjoo, Kyungpook, Korea).
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The preparation scheme for the four different ginseng
products, including fresh ginseng extract, red ginseng
extract, white ginseng extract, and saponin enriched white
ginseng extract are shown in Figure 1. 20(S)-ginsenosides
Rbl (GRbl), GRb2, GRc, GRd, GRgl, GRg3, GRe,
GRh1, GF1, GF2, 20(S)-compound K (CK), 20(S)-
proptopanaxadiol (PPD), and 20(S)-protopanaxatriol (PPT)
were purchased from the Ambo Institute (Daejeon, Korea).
Berberine and *C-caffeine were used as internal standards
(IS) and were purchased from Sigma—Aldrich Chemical
Co. (St. Louis, MO, USA). All the other chemicals and
solvents were of reagent or analytical grade.

Pharmacokinetic study

All animal procedures were approved by the Animal
Care and Use Committee of Kyungpook National
University (Approval No. KNU 2018-0077 and KNU
2019-0005) and carried out in accordance with the
National Institutes of Health guidelines for the care and use
of laboratory animals.

The male Sprague Dawley rats (7-8 week old, weighing
225-270 g) were purchased from the Samtako (Osan,
Kyungi-do, Korea). After their arrival, the rats were housed
with a 12 h light/dark cycle; food and water were supplied
ad libitum for 1 wk. The rats were made to fast for 16 h;
however, free access to water was given before the
pharmacokinetic experiments. Four ginseng products
(Figure 1) were suspended with distilled water (1 g/kg/
2 mL) and administered to the rats using oral gavage at a
dose of 1 g/kg. Blood samples were withdrawn from the
cannulated femoral artery at 0.25, 0.5, 1, 2, 4, 8, and 24 h
after the administration of ginseng products. Blood
samples were centrifuged at 16000 rpm for 1 min, and
aliquots (30 pL) of plasma samples were stored at -80°C
until the analysis of ginsenosides.

LC-MS/MS analysis of ginsenosides

The concentrations of ginsenosides were analyzed using
a modified liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method”!" using an Agilent 6470 triple
quadrupole LC-MS/MS system (Agilent, Wilmington, DE,
USA). In order to analyze GRb1, GRb2, GRc, GRd, GRe,
GRf, GRgl, GRg3, GF1, and GF2, 200 pL of an IS (0.05
ng/mL berberine in methanol) was added to 30 pL of
plasma samples. Thereafter, the mixture was vortexed for
15 min and centrifuged at 16,000 x g for 5 min. After
centrifugation, 200 pL of the supernatant was transferred to
a clean tube and evaporated to dryness under nitrogen
stream at 40°C. The residue was reconstituted using
100 pL of 70% methanol supplemented with 0.1% formic
acid, and a 10 pL aliquot was injected into the LC-MS/MS
system. The ginsenosides were separated on a Polar RP
column (150 x 2.0 mm, 4.0 um particle size) with mobile
phase comprising 0.1% formic acid in water (phase A) and
0.1% formic acid in methanol (phase B) at a flow rate of
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Figure 1. The preparation scheme for four different ginseng
products prepared from the radix of Panax ginseng C.A. Meyer.
P1, fresh ginseng extract; P2, red ginseng extract; P3, white
ginseng extract; P4, saponin enriched white ginseng extract.

Il'-raaza drying

0.27 mL/min. The gradient elution was used: 69% of phase
B for 0-2.0 min, 69%—-85% of phase B for 2.0-4.0 min,
85%—69% of phase B for 6.0—-6.5 min.

To analyze GRh1, GRh2, CK, PPD, and PPT, 30 pL of
an IS (20 ng/mL 13C-caffeine in water) and 400 puL of
methyl tert-butyl ether was added to 30 pL of plasma
samples. The mixture was vortexed for 10 min and then
centrifuged at 16,000 x g for 5 min. After centrifugation,
the samples were frozen at -80°C for 4 h. Next, the upper
layer was transferred to a clean tube and evaporated to
dryness under a nitrogen stream. The residue was
reconstituted with 100 pL of 80% methanol supplemented
with 0.1% formic acid, and a 10-pL aliquot was injected
into the LC-MS/MS system. Ginsenosides were separated
on a Luna C18 column (150 x 2.0 mm, 3.0 um particle
size) with mobile phase consisting of 0.1% formic acid in
water (8%) and 0.1% formic acid in methanol (92%) at a
flow rate of 0.15 mL/min.

The ginsenoside content in the RGE was quantified in a
similar manner. The ginseng product (100 mg) was diluted
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Table 1. MS/MS parameters for the detection of the ginsenosides
and IS prepared from protein precipitation and liquid-liquid
extraction method.

Ginsenosides Prefsursor Prf)duct Retentign Collision
ion ion  time (min) energy
Protein precipitation method
GRbl1 1131.6 365.1 4.6 65
GRc/GRb2 1101.6 335.1 4.7/5.5 60
GRd 969.9 789.5 6.6 50
GRe 969.9 789.5 2.0 50
GRf 823.5 365.1 32 55
GRgl 824.0 643.6 2.1 40
GRg3 807.5 365.1 9.3 60
GF1 661.5 203.1 4.5 40
GF2 807.5 627.5 9.3 40
Berberine (IS) 336.1 320.0 4.5 30
Liquid-liquid extraction method
GRh1 603.4 4234 3.1 10
GRh2 587.4 407.4 7.1 15
CK 645.5 203.1 6.3 35
PPD 4253 109.1 10.9 25
PPT 4413 109.1 3.9 30
BC-caffeine (IS)  198.0 140.0 29 20

100-fold with 80% methanol, and 30 uL. of the diluted
sample was prepared using the method described previously.
Aliquots (10 pL) of the supernatant were directly injected
into the LC-MS/MS system.

Quantification was performed using multiple reaction
monitoring in positive ion mode, and the details are shown
in Table 1. The standard calibration curve for the mixture
of 15 ginsenosides was linear in the concentration range of
0.5-200 ng/mL for the plasma samples, and the inter-day
and intra-day precision and accuracy for ginsenosides was
< 15%.

Data Analysis

The pharmacokinetic parameters were determined with
non-compartmental analysis (WinNonlin® 2.0; Pharsight,
Mountain View, CA, USA).° All data are expressed as
mean + standard deviation values.

Results and Discussion

Ginsenosides content in four ginseng product

The ginseng product prepared from the radix of Panax
ginseng C.A. Meyer contained eight or nine ginsenosides
of the 15 tested ginsenosides (Table 2). The ginsenoside
content varies as per the preparation method of ginseng
product, such as steaming, extraction, and drying; each
affect the composition of the final ginseng product.” In red
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Table 2. Content of ginsenosides in the four ginseng products.

Ginsenoside content (mg/g extract)
P1 P2 P3 P4
GRbl 1.4+£0.1 24+£02 57+0.04 1.6+0.0
GRb2 0.7+0.02 1.6+0.06 3.7+0.06 0.5+0.0
GRc 0.5+£0.01 1.1+0.04 2.7£0.06 0.4+0.0
GRd 0.1+0.0 0.7+0.02 09+0.05 0.07+0.0

PPD- GRh2 ND ND ND ND

type GRg3 0.1+£00 12+0.02 09+0.01 02+0.0
GF2 ND ND ND ND
CK ND ND ND ND
PPD ND ND ND ND
Sum 2.7 8.2 13.9 2.8

GRe 1.5+0.07 1.8+0.06 2.8+0.05 0.6+0.2
GRf 03+0.0 0.8+0.02 0.8+0.01 ND

GRhl ND 09+0.03 0.2+0.0 0.9+0.08
1:;;1; GRgl 1.7+£0.09 1.6+0.01 3.7+0.07 4.7+0.5
GF1 ND ND ND ND
PPT ND ND ND ND
Sum 3.6 5.1 7.5 6.2

P1, Fresh ginseng extract; P2, Red ginseng extract; P3, White
ginseng extract; P4, Saponin enriched white ginseng extract;
ND, not detected

Data represents the mean + standard deviation (n = 3).

ginseng extract and white ginseng, the sum of PPD-type
ginsenosides was higher that the sum of PPT-type
ginsenosides, consistent with that in previous reports.”
However, the fresh ginseng and saponon enriched white
ginseng extract showed a higher sum of PPT-type
ginsenosides than that of PPD-type. The results suggested
that steaming and extraction with water may increase the
content of PPD-type ginsenosides. Among them, triglycosylated
ginsenosides, such as GRb1, GRb2, GRc, and GRd were
present in the highest content compared with the
diglycosylated ginsenosides. Likewise, triglycosylated
PPT-type ginsenosides, such as GRe and GRgl, showed
higher content than diglycosylated ginsenosides. In all
ginseng products, mono-glycosylated or deglycosylated
ginsenosides that need enzymatic deglycosylation from tri-
or diglycosylates were not detected (Table 2).”

Plasma concentrations of ginsenosides in rats

The plasma concentrations of ginsenosides after oral
administration of four ginseng products in rats are shown
in Figure 2, and the relevant pharmacokinetic parameters
are presented in Table 3. After the single oral
administration of the four different ginseng product in rats,
only four ginsenosides were detected in the rat plasma
samples among the 15 ginsenosides that were tested, which
is consistent with the human case.'” As shown in Figure 2,
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Table 3. Pharmacokinetic parameters of ginsenoside GRbl,
GRb2, GRc, and GRd in rats.

= - T Cnax AUC MRT
; — (hy  (ngmL)  (ngh/mL) (h)
: TT—— GRbl 56+1.0 392+12 751.6+236 11.6+0.1
g e P GRb2 72+0.8 13.3+3.6 271.6+757 11.8+0.2
. ":; resy GRec 64+1.0 17751 3355+103 11.2+03
Y GRd 17+3.9 13+05 1993+10.0 13.9+1.7
- @ = ! i GRbl 8.0+0.0 123+19  2223+319 10.6+0.2
T jH] Tl (1)
s = - GRb2 8.0+0.0 66.7+16  1152+249 11.1+£0.3
o a0 GRec 8.0+£0.0 652+93 1137132 10.7+0.3
- GRd 8.0£00 24.6+2.6 389.6+457 11.0+0.5
E GRbl 2.6+0.6 36054 5839+£577 11.3£0.5
E P3 GRb2 34+0.6 189+26  3082+315 11.8+0.5
5 GRec 2.6+0.6 221+£32  3360+351 11.3+04
E GRd 3.0£05 345+4.7 470.1+349 129+0.9
GRbl 64+1.5 162+14  2619+205 10.4+0.1
U 1““.: z = : :..--. m‘l E : P4 GRb2 64+1.5 458+55 725.8+809 10.8+0.2
GRe 64+15 472+£53 6669+472 10.0+0.2
Figure 2. Plasma concentration-time profile of the ginsenoside GRd 13+4.7 178+6.1 2125+62.7 15.6+2.1

GRb1, GRb2, GRc, and GRd after an oral administration of four
ginseng products (1 g/kg) in rats. P1, Fresh ginseng extract; P2,
Red ginseng extract; P3, White ginseng extract; P4, Saponin
enriched white ginseng extract. Each data point represents the
mean + standard deviation (n = 4).

GRb1, GRb2, GRc, and GRd in rat plasma were all found in
the four ginseng products, and their plasma concentration
profiles in rats were similar. That is, GRb1 had the highest
concentration and GRd had the lowest concentration.
Moreover, the plasma concetration of these four ginsenosides
were maintained stably for 24 h, limiting the calculation of
elimination half-life.

However, other PPD-type ginsenosides were not
detected in the rat plasma samples after single
administration of the ginseng product. In other studies after
repeated oral administration of red ginseng extract, GRg3,
CK, and PPD were detected in mice, rats, and humans.”"
Although the content of PPT-type ginsenosides was
comparable or lower than that of PPD-type ginsenosides,
none of the PPT-type ginsenosides were detected in the rat
plasma samples in this study. With repeated oral
administration of red ginseng extract, only GRe was
detected in mice, and PPT was detected in rats and
humans.”"" This could be attributed to the limited intestinal
absorption or faster metabolism and elimination of PPT-
type ginsenosides than in PPD-type ginsenosides.'"*

Then, we compared the plasma concentrations of GRbl,
GRb2, GRc, and GRd with their content in ginseng
products. Correlation analyses on the pharmacokinetic
parameters of GRb1l, GRb2, GRc, and GRd revealed a
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P1, Fresh ginseng extract; P2, Red ginseng extract; P3, White
ginseng extract; P4, Saponin enriched white ginseng extract;
Chax: maximum plasma concentration; T,,,,: time to reach C,,,, ;
AUC: area under the plasma concentration-time curve; MRT:
mean residence time.

Data expressed as mean+ standard deviation (n = 4).
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Figure 3. Correlation between the ginsenoside content and the
area under the plasma concentration curve (AUC) of
ginsenosides after oral administration of four ginseng products
(1 g/kg) in rats. The data are taken from Table 2 and 3.

good correlation between the AUC values and the content
of GRb1, GRb2, and GRc, but not GRd in ginseng product
(Figure 3). In our previous results, the fecal recovery of
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GRbl1, GRb2, and GRc was < 10% of the oral intake;
however, GRd was ~291% of the oral intake."" It suggested
that GRb1l, GRb2, and GRc were transformed into GRd;
thus, the plasma concentrations of GRd could be higher
than the content of GRd in the ginseng product. The results
suggested that the pharmacokinetic properties of various
ginsenosides, including GRbl, GRb2, GRc, and GRd
could be determined by the composition of ginseng
product as well as the intestinal biotransformation of
ginsenosides. Therefore, researchers should be careful
when selecting the ginseng product to explore the
pharmacology and therapeutic effect of ginseng with a
specific focus on the individual ginsenosides.

Conclusions

In this study, we investigated and compared the content
of individual ginsenosides from four different ginseng
products prepared from the radix of Panax ginseng C.A.
Meyer with the pharmacokinetics after oral administration
of these products. The major ginsenosides found in the
plasma were GRbl, GRb2, GRc, and GRd, which are
present in the highest content in ginseng products.
Consequently, the good correlation between the AUC
values and the content of GRb1, GRb2, and GRc, but not
GRd, in the ginseng product might be the result of their
higher concentration in the ginseng product and intestinal
biotransformation process from GRb1, GRb2, and GRc to
GRd. A strategy to increase the ginsenoside content of
interest in the ginseng product or to modulate the
metabolic biotransformation may improve the plasma
ginsenoside concentrations and therapeutic response of the
ginseng product.
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Abstract : We aimed to develop and validate a sensitive analytical method of nannozinone A, active metabolite of Nannochelins
A extracted from the Myxobacterium Nannocytis pusilla, in mouse plasma using a liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). Mouse plasma samples containing nannozinone A and “C-caffeine (internal standard) were extracted
using a liquid-liquid extraction (LLE) method with methyl fert-butyl ether. Standard calibration curves were linear in the concen-
tration range of 1 - 1000 ng/mL (r* > 0.998) with the inter- and intra-day accuracy and precision results less than 15%. LLE
method gave results in the high and reproducible extraction recovery in the range of 78.00-81.08% with limited matrix effect in
the range of 70.56-96.49%. The pharmacokinetics of nannozinone A after intravenous injection (5 mg/kg) and oral administra-
tion (30 mg/kg) of nannozinone A were investigated using the validated LC-MS/MS analysis of nannozinone A. The absolute
oral bioavailability of nannozinone A was 8.82%. Plasma concentration of nannozinone A after the intravenous injection sharply
decreased for 4 h but plasma concentration of orally administered nannozinone A showed fast distribution and slow elimination
for 24 h. In conclusion, we successfully applied this newly developed sensitive LC-MS/MS analytical method of nannozinone A
to the pharmacokinetic evaluation of this compound. This method can be useful for further studies on the pharmacokinetic opti-

mization and evaluating the druggability of nannozinone A including its efficacy and toxicity.

Keywords : Nannozinone A, LC-MS/MS analysis, pharmacokinetics

Introduction

Nannochelins A (Figure 1), a siderophores extracted
from the Myxobacterium Nannocytis pusilla, strain
MNal09131, was discovered to have cytotoxic activity as
an iron complex.! Nannozinone A, a metabolite of
nannochelins A, posseses a dihydropyrrolopyrazinone
structure, and has antibacterial activity against some gram-
positive bacteria, fungi, and viruses and has also shown to
possess anti-cancer activity.” However, these biological
activities of nannozinone A were previously only investigated
in cell systems. The bioanalysis and pharmacokinetic
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properties of nanozinones A should be conducted during
the early stages for investigating its in vivo activity and
toxicity as well as its its potential as therapetic agent.
Therefore, we aimed to develop and validate the bioanalysis
of nanozinones A in mouse plasma samples and to investigate
its pharmcokinetic properties when administered to ICR mice
using our developed analytical method.

We used the liquid-liquid extraction (LLE) method for
sample preparation since LLE has the advantage of
lowering interferences from the sample matrix and
increasing analyte sensitivity.* Moreover, our method was
fully validated by observing the the U.S. Food and Drug
Administration Guideline for Bioanalytical Method with
regard to its linearity, selectivity, accuracy, precision,
stability, recovery, and matrix effects.’

Experimental

Chemicals and reagents

Nannozinone A (Figure 1) were synthesized, with a purity
of > 99.0%, and purtiy was confirmed by nuclear magnetic
resonance spectroscopy and mass spectroscopy.’ C-
Caffeine was used as the internal standard (IS), which was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
methyl fert-butyl ether (MTBE) was obtained from
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Mallinckrodt Baker (Phillipsburg, NJ, USA). Acetonitrile,
water, and methanol were purchased from Tedia (Fairfield,
CT, USA). Formic acid was purchased from Sigma-
Aldrich (St. Louis, MO, USA). All solvents and chemicals
were of HPLC or reagent grade.

Preparation of stock and working solutions

Stock solutions were prepared by dissolving the
nannozinone A in acetonitrile at a concentrations of 2 mg/
mL. The nannozinone A working solutions were prepared
by diluting the stock solution serially with acetonitrile and
to achieve final concentrations of 10, 20, 50, 200, 500,
2000, 5000, and 10000 ng/mL. The B(C-caffeine solution
was prepared at a concentration of 20 ng/mL in water.

Preparation of standard calibration curve and quality
control (QC) samples

The standard calibration curve and quality control (QC)
samples were prepared by spiking 5 pL aliquot of the
working solution with 45 pL aliquot of blank mouse
plasma. The final concentrations of standard calibration
curve and QC samples were 1, 2, 5, 20, 50, 200, 500,
1000 ng/mL and 1 (QC for lower limit of quantification;
LLOQ QC), 3 (low QC), 100 (middle QC), 750 (high QC)
ng/mL, respectively.

Sample preparation

The standard calibration curve and QC samples were
added to 20 uL of "C-caffeine solution (20 ng/mL in
water) and 400 pL of methyl ferz-butyl ether. The mixture
was vigorously vortexed for 10 min then centrifuged at
16,000 x g for 10 min. The supernatant was transferred to
a clean tube and dried under a gentle stream of nitrogen.
The residue was reconstituted in 150 pL. of mobile phase
and 5 pL aliquot of the solution and was injected into the
LC-MS/MS system.

Instrument conditions

Nannozinone A in mouse plasma samples were analyzed
using an Agilent 6430 triple quadrupole liquid chromatography-
tandem mass spectrometry (LC-MS/MS) system (Agilent
Technologies, Wilmington, DE, USA) equipped with an
Agilent Infinity 1260 Infinite 1I HPLC system.
Chromatographic separation was performed on a Luna C18
column (150 x 2.0 mm, 5 um; Phenomenex, Torrance, CA,
USA). Isocratic mobile phase consisting of mixture of
water and acetonitrile (20:80, v/v) containing 0.1% formic
acid was used at a flow rate of 0.2 mL/min with a column
temperature maintained at 30 °C. The total run time for
each injection was 4 min. The mass spectrometer was
operated in the positive ion mode with multiple reaction
monitoring (MRM) ftransitions at m/z 241.1—150.1 for
nannozinone A and at m/z 198.2—140.0 for *C-caffeine
with optimized fragmentor of 115 V and collision energy
of 25 eV, respectively.
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Method validation

Blank plasma samples from six different mouse were
used for assessing selectivity. Signals of six blank plasma
samples were compared to those of the corresponding
LLOQ samples and IS. By plotting the ratio of the peak
areas of the analyte and IS versus the concentrations of
nannozinone A, the linearity of an eight-point standard
calibration curve (1-1000 ng/mL) was generated using a
least square linear regression utilizing 1/x* as weighting
factors. The extraction recovery and matrix effect was
determined using three levels of QC samples (low-,
middle-, and high QC) of nannozinone A and IS solution
(20 ng/mL). The extraction recovery was calculated by
comparing the peak areas of nannozinone A in QC samples
through the extraction process with those in blank plasma
extracts spiked with correstponding concentrations. The
matrix effect was determined by dividing the peak areas in
blank plasma extracts spiked with QC concentrations by
those in neat solutions of the corresponding concentrations.
The intra-day precision and accuracy were analyzed for the
six replicates at four levels of QC samples (LLOQ-, low-,
middle-, and high QC) on the same day. The inter-day
precision and accuracy were determined by measuring the
four levels of QC samples for six consecutive days. The
bench-top stability was assessed by placing QC samples at
25°C for 5 h. The freeze-thaw stability was analyzed by
comparing QC samples that underwent three freeze-thaw
cycles (from -80°C to 25°C for 5 h as one cycle).
Autosampler stability was evaluated by placing processed
QC samples in the autosampler at 6°C for 24 h.

Pharmacokinetic study

All animal procedures were approved by the Animal
Care and Use Committee of the Kyungpook National
University (Permission no. 2019-0126). The male ICR
mice (7-8 weeks old, 30-35 g) were purchased from the
Samtako (Osan, Korea). Mice were acclimated to the
animal facility of Kyungpook National University for a
week with free access to food and water and fasted for 12 h
prior to performing the pharmacokinetic experiments. Blood
samples were collected via the Retro-Orbital plexus using
heparinized collection tube at 0, 0.25, 0.5, 1,2, 4, 8, and 24 h
under anesthesia with isoflurane following the intravenous
administration of nannozinone A (5 mg/kg dissolved in
1 mL mixture of DMSO : saline = 20:80 (v/v)) via the tail
vein or following the oral administration of nannozinone A
(30 mg/kg suspended in 2 mL of 0.5% carboxymethyl
cellulose suspension) using oral gavage. The blood was
centrifuged to separate the plasma at 16,000 x g for 1 min,
and the plasma sample was stored at -80°C until analysis.

Data analysis

The pharmacokinetic parameters were determined by the
non-compartmental analysis (WinNonlin® 2.0; Pharsight,
Mountain View, CA, USA).° The area under the plasma

©Korean Society for Mass Spectrometry
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concentration-time curve from time 0 to the last measurement
(AUC,,,) was calculated using the linear trapezoidal method.
The area under the plasma concentration-time curve from
zero to infinity (AUC,)) was calculated by the trapezoidal
extrapolation method. Elimination rate constant (k) was the
slope obtained from the plasma concentration-time curve.
Half-life (T,,) was calculated as 0.693/k. Absolute oral
bioavailability (BA) was calculated by dividing dose
normalized AUC after intravenous injection (AUC/
Doseyy) by dose normalized AUC after oral administration
(AUCpy/Dosepg). Mean residence time (MRT), the average
time a molecule stays in the body, was calculated by
summing the total time in the body and dividing by the
number of molecules. Maximum plasma concentration
(Chay) and time to reach C,,, (Ta) Was read from the
pharmacokinetic data. All data are expressed as the mean
+ standard deviation (SD)

Results and Discussion

MS conditions

Nannozinone A and "C-caffeine (IS) showed optimal
ionization in positive mode when monioted from the direct
injection of nannozinone A and "*C-caffeine into the mass
spectrometer ionization source. MRM transition of nannozinone
A was selected from the precursor ion ([M+H]", m/z 241.1)
and the most frequent product ion (m/z 150.1), as shown in
Figure 1. Similarly, MRM transition of "*C-caffeine was
selected from the precursor ion ([M+H]", m/z 198.2) and
the most frequent product ion (m/z 140.0).

Analytical method validation
Figure 2 shows the representative MRM chromatograms
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Figure 1. Product ion mass spectra of (A) nannozinone A and
(B) "*C-caffeine (IS).
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of double blank sample, zero blank sample, LLOQ sample
(1 ng/mL), and plasma sample after oral administraion of
nannozinone A. The retention times for nannozinone A and
IS were 2.35 min and 1.99 min, respectively. The signal-to-
noise (S/N) ratio of nannozinone A was more than 10.0 in
the LLOQ samples and there was no significant matrix
interference for the retention times of nannozinone A and
IS in the blank samples compared with the LLOQ samples.

The extraction recoveries for nannozinone A were
calculated at three levels of QC samples and were found to
be high and reproducible, with a the range of extraction
recoveries between 78.00-81.08% and a coefficient of
variation (CV) 3.22-5.18% (Table 1), suggesting that the
sample preparation method developed in this study was
capable of efficiently extracting nannozinone A from
mouse plasma. The matrix effects were between 70.56-
96.49% with a CV of lower than 13.6%, indicating that co-
eluting substances did not interfere with the ionization of
the nannozinone A (Table 1).

The standard calibration curves showed good linearity
over the concentration range of 1-1000 ng/mL (+* > 0.998).
Table 2 summarizes the intra- and inter-day precision and
accuracy for nannozinone A from four levels of QC
samples. The intra- and inter-day precision was found to

(A) HNannozinone A

Doubls blank

" Zoro blank

-_%- 1. LLOG (1 ngmi|

z I PMaama sample
L Time (minj i

(B} C-Calfeine (I5; 20 ng/mL)

Deuble bamk

l £ero blank
L LLOG
L Plasma sample

Terna iminj

Inlerdily (one)

Figure 2. Representative MRM chromatograms of (A)
nannozinone A and (B) “C-caffeine (IS) in mouse plasma of
double blank, zero blank, LLOQ sample (1 ng/mL), and plasma
sample at 2 h following oral administration of nannozinone A.
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Table 1. Extraction recoveries and matrix effects of nannozinone A.

Analyte Nominal concentration (ng/mL) Extraction recovery (%) CV (%) Matrix effects (%) CV (%)
3 81.08 +£2.81 3.47 72.81+1.70 2.33
Nannozinone A 100 78.00 £2.51 322 70.56 + 1.42 2.01
750 79.18 £ 4.10 5.18 96.49 + 13.1 13.6
Data represented as mean + SD from six independent experiments.
Table 2. Intra- and inter-day precision and accuracy of nannozinone A in mouse plasma.
Nominal concentration (ng/mL) Measured concentration (ng/mL)  Precision (%) Accuracy (%)
1 1.01 £0.09 9.31 101.04
3 2.64+0.13 491 87.87
Intra-day
100 93.07 £ 12.61 13.55 93.07
750 794.76 + 63.86 8.04 105.97
1 1.02 +£0.09 9.07 99.98
3 3.00+£0.21 7.02 99.91
Inter-day
100 97.39+7.49 7.69 97.39
750 756.22 + 72.81 9.63 100.83
Data represented as mean + SD from six independent experiments.
Table 3. Stability of nannozinone A in mouse plasma.
Nominal concentration (ng/mL) Measured concentration (ng/mL) Precision (%) Accuracy (%)
Bench-top stability
Low QC (3) 2.77+0.18 6.34 92.23
High QC (750) 861.21+21.14 2.45 114.83
Freeze-thaw stability
Low QC (3) 2.94+0.22 7.38 98.08
High QC (750) 788.34 +50.59 6.42 105.11
Autosampler stability
Low QC (3) 3.17+0.03 0.82 105.53
High QC (750) 74725 +29.17 3.90 99.63

Data represented as mean + SD from three independent experiments

range between 4.91 to 13.55% for nannozinone A and the
intra- and inter-day accuracy was from 87.87 to 105.97%,
which statisfies the acceptability criteria (less than 15%).’
The results of the stability experiments are presented in
Table 3. It was found that the accuracy of QC samples was
within 114.83% for bench-top stability, within 105.11% for
freeze-thaw stability, and within 105.53% autosampler
stability. These results confirmed that nannozinone A is stable
for up to 5 h on the bench-top at 25°C, and for over three
freeze-thaw cycles, and for 24 h in an autosampler at 6°C.

Pharmacokinetic study

The plasma concentrations of nannozinone A after
intravenous and oral administration in ICR mouse are
shown in Figure 3, and the relevant pharmacokinetic
parameters are listed in Table 4. The plasma concentrations of
nannozinone A after intravenous injection declined sharply for

24 Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 21-25

4h, but the plasma concentrations of nannozinone A
following oral administration showed a sharp decrease for
4h and gradual decrease for 4-24 h, suggesting a high
distribution kinetics. Consisently with this phenomenone,
the clearance and volume of distribution of this compound
were high (Table 4). It suggests that nannozinone A may
undergo substantial metabolism or distribution, although
the underlying mechanisms need to be further investigated.

The terminal half-life after oral administration of
nannozinoe A was calculated as 8.0 = 4.7 h, which was
significantly longer compared to that of the intravenous
injection (0.29 £+ 0.12 h). Moreover, the mean absorption
time, calculated by subtracting the mean residence time
from the intravenous injection (MRT}y) from the MRTpq
form the oral administration®® was calculated as 3.66 h,
suggesting a long absorption time. The T, value of
nannozinone A was 15 min, indicating the rapid gastrointestinal

©Korean Society for Mass Spectrometry
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Figure 3. Plasma concentration-time profile of nannozinone A in
mouse following an intravenous (IV, 5 mg/kg), and an oral (PO,
30 mg/kg) administration. Each data point represents the mean +
SD from four independent experiments.

Table 4. Pharmacokinetic parameters of nannozinone A
following an intravenous (IV) and an oral (PO) administration in
mouse.

Parameters IV (5 mg/kg) PO (30 mg/kg)
Cax (ng/mL) - 205.37+82.91
Trnax (h) - 0.25£0.00
AUC,, (ng'h/mL)  535.67 £ 100.73 258.32 +83.93
AUC,, (ng'h/mL) 536.73 +100.89 284.14 + 87.86
Ty (h) 0.29+0.12 8.0+4.7
MRT (h) 0.24 +£0.08 39+1.6
CL (mL/h/kg) 9561.30 £ 1762.99 -
Vs (mL/kg) 2269.34 + 819.15 -

BA (%) - 8.82
Data represents the mean + SD from four independent experi-
ments

absorption of nannozinone A.The AUC of intravenous and
oral administration were calculated as 536.73 + 100.89 and
284.14 + 87.86 ng-h/mL, respectively, yielding a 8.82% of
absolute oral bioavailability (BA). Taken together, once
nannozinone A was given orally to mouse, nannozinone A
was absorbed rapidly and stayed for long time but the
extent absorbed was not great considering the low oral
bioavailability. We should note the distinctive different

©Korean Society for Mass Spectrometry

half-life (T,,) after an intravenous and oral administration.
The limited aqueous solubility of nannozinone A (4.44 +
0.06 mg/mL), which was lower than oral dose (30 mg/kg/
2mL) and the long absorption time (3.66 h) could be
attributed to the higher Ty, po than T v since Ty, po
could reflect the elimination and the delayed absorption.

Conclusions

In this study, we developed and validated a sensitive LC-
MS/MS analytical method for nannozinone A in mouse
plasma and we successfully applied this newly developed
sensitive LC-MS/MS analytical method of nannozinone A to
the pharmacokinetic evaluation of this compound.
Consequently, the analytical method, and the pharmacokinetic
features obtained from this study will facilitate the further
preclinical investigation of nannozinone A.
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Abstract : The impurity concentration is a crucial parameter for semiconductor thin films. Evaluating the impurity distribution
in silicon thin film is another challenge. In this study, we have investigated the doping concentration of boron in silicon thin film
using time of flight secondary ion mass spectrometry in dynamic mode of operation. Boron doped silicon film was grown on 1)
p-type silicon wafer and ii) borosilicate glass using hot wire chemical vapor deposition technique for possible applications in
optoelectronic devices. Using well-tuned SIMS measurement recipe, we have detected the boron counts 10'~10* along with the
silicon matrix element. The secondary ion beam sputtering area, sputtering duration and mass analyser analysing duration were
used as key variables for the tuning of the recipe. The quantitative analysis of counts to concentration conversion was done fol-
lowing standard relative sensitivity factor. The concentration of boron in silicon was determined 10'7~10' atoms/cm®. The tech-
nique will be useful for evaluating distributions of various dopants (arsenic, phosphorous, bismuth etc.) in silicon thin film

efficiently.

Keywords : ToF-SIMS, HWCVD, boron concentration, p-type silicon, RSF, thin film.

Introduction

Secondary ion mass spectrometry is an established
method for identification and quantification of isotopes and
elements on the top surface or below the surface of a solid
sample. Dopant concentrations and their depth distribution
are of major importance for the electrical performance of
semiconductor devices such as transistors and optoelectronic
devices such as sensors, photovoltaic devices etc. Due to the
high detection sensitivity, secondary ion mass spectrometry
(SIMS) is widely used for the determination of impurity
concentration of dopant materials in silicon thin films.'
Since its inception in 1949, the major improvement in
instrumentation came in 1980-2013.> Depending on the
mass analyser, available types of instrumentation of SIMS
are 1) Magnetic sector ii) Quadruple and iii) Time of Flight
(ToF).** The data acquisition of SIMS is performed in two
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distinct modes of operation, the static and dynamic modes.
In the static mode, materials from several points of the top
surface of a sample is sputtered. In the dynamic mode,
materials from a single point on the top surface of a sample
is sputtered to produce a crater which provides in-depth
data of elements.’ The mass spectrum is obtained by
rastering the top of the sample surface using a pulsed
primary ion gun followed by sputtering the region using
secondary ion gun.’

The detection, interpretation and identification of the
isotope of interest is crucial as the detector detects a cluster
of different isotopes.”® The process becomes further
challenging for thin film devices such as transistors,
sensors and photovoltaic devices, where the distribution of
dopants dictates the performance of the device.”'' An
established method for the data analysis is to use a reference
sample of known impurity concentration obtained from ion
implantation techniques.”” The availability of the ion
implantation facility and reference samples limits the
characterization process.

In this article, we demonstrate, how by using well-tuned
conditions, the detection of Boron (B) in silicon thin film
can be performed by time of flight secondary ion mass
spectrometry (ToF-SIMS) wusing dynamic mode of
operation efficiently. In most works using SIMS
measurement, only the final results are tabulated. In this
work, primary ion beam raster area, secondary ion beam
sputtering area, sputtering duration and mass analyser
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analysing duration were used as key variables for well-
tuned recipe are specified. The data acquisition and
interpretation were followed by conversion of counts to
concentration using relative sensitivity factor (RSF)
procedure.

Experimental

Sample preparation

Samples used in this work were thin films synthesized
by hot wire chemical vapor deposition (HWCVD)
technique, widely used because of its simplicity of
operation. Initially, thin ~20 nm nucleation layer of
intrinsic silicon was grown on 1) p-type silicon (100) single
side polished wafer (89-Boron) and ii) alkali free
borosilicate corning 7059 glass (88-Boron), as substrate, at
400°C with a gas ratio SiH,:H, = 1:20 for 100 s. Filament
temperature was kept at 1900°C at all stages. After the
nucleation stage, a mixture of silane (SiH,) and hydrogen
(H,) were used as process gas with a ratio of SiH,:H, =
5:15 for 20 min at 600°C substrate temperature. The
intrinsic silicon film was annealed at this stage under 20
scem (standard cubic centimetre per minute) of H, flow for
30 min followed by a H, soaking, during cooling the
sample from the growth temperature to a lower
temperature of 200°C for another 45 min."” These poly
crystalline intrinsic silicon films have (220) preferred
crystalline orientation.'* At this stage boron containing gas
(5% diborane in hydrogen) was introduced with a gas ratio
SiH,:5%B,Hg:H, = 1:1:20 for 10 min to grow the
amorphous boron doped layer. The thicknesses of intrinsic
silicon film and boron doped film are 800 nm and 100 nm
respectively, estimated from cross sectional transmission
electron microscopy.'> A boron diffused silicon wafer was

used as reference to validate the data acquisition technique
and comparison of boron concentration of this study to
values shown in other literature.'"""® The reference boron
diffused sample was prepared using standard diffusion
furnace at 1000°C for 20 min on 2 inch diameter p-type
silicon wafer. This diffusion process allowed the boron
atoms to diffuse into the Si wafer to a depth of about
1000 nm.

Depth profile analysis

The total crater depth was measured using Veeco Dektak
150 surface profiler and the data given in Figure 1 and
Table 1. The sputtering rate was obtained from the total
crater depth divided by the total sputtering duration. The
sputtering rate for reference boron diffused silicon wafer is
0.34 nm/s, where the crater depth is 1416 nm as shown in
Figure 1(i) and total sputtering duration is 4120 s. The
sputtering rate for 89-Boron doped intrinsic silicon thin
film using HWCVD is 0.39 nm/s, where the total crater
depth is 1266 nm as shown in Figure 1(ii) and total
sputtering duration is 3260s. The duration of mass
analyser analysing duration was deducted from the total
time to calculate actual sputtering duration.

TOF-SIMS data acquisition

The detection of secondary ions is carried out using a
mass analyser based on the time of flight principle: ions are
accelerated into a flight tube and measures the exact flight
duration. Thus, ions are separated by the time of flight
analysis from which a mass spectrum is generated.'**’

To measure the secondary ion counts, the PHI nano TOF
II TRIFT was used from Physical Electronics, MN, USA.
In this process, a 10 ns pulsed liquid metal ion gun (LMIG)
uses Gallium sources to produce (Ga") ions as primary ion

Table 1. Veeco Dektak 150 surface profiler data for the crater depth and the scanning length.

Cursor Width ~ X-axis position ~Crater Length ~ Y-axis position Crater Depth

Sample Name Cursor Position (mm) (mm) (mm) (nm) (nm)
Left 0.1668 0.9212 111.32
Reference boron . 1.2574 1416.74
Middle 02113 1.5499 -1381.18
Left 0.1668 0.2285 42.1655
89-Boron . 1.6328 1266.16
Middle 0.2039 1.0449 -1242.14
“i: Reference Boron it} K9-Horon .
s — l:l i
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Figure 1. The surface profile of the total depth of the crater for i) reference boron diffused silicon wafer is 1416 nm and ii) 89-Boron
doped intrinsic silicon thin film using HWCVD is 1266 nm measured using Veeco Dektak 150 surface profiler.
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Table 2. ToF-SIMS scanning parameters for the detection of boron isotope (‘'B) and silicon isotope (*°Si) in silicon thin film using

oxygen ion (O*") sputtering gun.

Sample Name

Boron thin film  Sputtering beam  Sputtering beam  Sputtering beam  Sputtering dura- Mass analyser ana-

thickness (nm) current (A) Energy (kV)  raster area (um?) tion (s) lysing duration (s)
Reference boron 1000 4 200 x 200
8.4x10 20 60
89-Boron 100 400 x 400

Table 3. Part of data for the conversion of ToF-SIMS data to concentration-depth profile. The complete data set is provided as

supporting information.

Measured Measured

Cycle Spuﬁering Total Time Sputtering rate Crater Intensity of "B Intensity of *Si Boron '
number Duration (s) (s) (nm/s) depth (nm) isotope isotope concentratlc;n
(A) (B) (AxB) ©) [(AxB)C] (counts) (counts) (atoms/cm®)
i) Reference Boron diffused silicon wafer
20 20 0.34 6.88 4333 113765 8.26E+19
20 40 0.34 13.75 8470 138927 1.32E+20
20 60 0.34 20.63 11015 140310 *1.70E+20
i) 89-Boron doped intrinsic silicon thin film using HWCVD
20 20 0.39 7.77 50365 33616 3.25E+21
20 40 0.39 15.53 58367 46138 2.75E+21
20 60 0.39 23.30 56577 47072 2.61E+21
*Using equation-1, C = 7x10%x0.03 1x( 11015 )= 1.720x10% atoms/cm’
140310
beam to ionise the surface molecules.”’ The beam energy i FhT dob 8o T TR T
was kept 30 kV with a beam current of 8x10° A and the s T
raster size 200 x 200 um2.22 The oxygen ion (OH) gun was ¢ .
used as sputtering tool to produce positive secondary ions.” 1EZS f’r T — .

In this study, the boron isotope (''B) and silicon isotope
(*°Si) were detected. The scanning parameters are given in
Table 2. For sample with lower impurity concentration, the
ion counts can be increased by allowing the mass analyser
to analyse for longer duration. The tuning was also
performed on the sputtering area. For thinner sample, a
larger sputtering area was used where, for thicker sample,
a smaller sputtering area allows the sputtering to occur
deeper. The sputtering beam raster area given in the Table
2 was selected by performing the sputtering at different
locations on the sample with the variation of the raster size
range 100 x 100 pm” to 600 x 600 um>.

Results and Discussion

The ToF-SIMS signal is interpreted using relative
sensitivity factor for Boron Counts to concentration
conversion. The concentration of boron (Cg) in silicon is
calculated using the following equation 1,

Loe
Cp = RSFys) x %'Si x (7) (1)
308i

Here, Cy is Concentration of boron in silicon, RSFy; is
relative sensitivity factor of boron in silicon,® %*"Si is

28 Mass Spectrom. Lett. 2021 Vol. 12, No. 1, 26-30
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Figure 2. Boron concentration — depth curve of Reference boron
diffused silicon wafer

fractional isotope abundance of 39Si in silicon,?* Iy s
intensity of boron isotope (''B) counts and I is intensity
of silicon isotope (*°Si) counts with oxygen (O*") gun
using ToF-SIMS. Table 3 shows the part of data used in the
Boron counts to concentration conversion calculation. The
complete data table is provided with the article as
supporting information.
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Figure 3. Boron concentration — depth curve of 89-Boron doped
intrinsic silicon thin film using HWCVD.

Table 3 is used to plot Boron concentration versus crater
depth curve for i) Reference Boron and ii) 89-Boron as
shown in Figure 2 and 3 respectively. Figure 2 shows the
concentration of boron, diffused in p-type silicon wafer for
Reference Boron sample. The concentration at the top
surface of the wafer is 2x10% atoms/cm’® which decreases
with the depth. Figure 3 shows the concentration of boron
in intrinsic silicon thin film grown using HWCVD. The
concentration is 3.25x10?' atoms/cm’ at the top amorphous
layer. This remain uniform over the top 150 nm and then
starts to decrease as it reaches the lower intrinsic silicon
thin film. This shows that the intrinsic silicon film also gets
diffused by boron atoms. This may happen due to the
reason that the out-diffusion of boron atoms from the wafer
at high (600°C substrate and 1900°C filament) process
temperature contaminated the intrinsic silicon film.>?’ The
Boron concentration in the reference boron diffused silicon
wafer shown in Figure 2 is 1x10% atoms/cm’ at 400 nm
which is in close agreement with the data found in other
measurements.”**’ At room temperature the boron
concentration in 200 pm silicon wafer published in other
literature was found 7x10% atoms/cm’ using hot probe
method.’’

Conclusions

The concentration of boron in silicon thin film was
measured using versatile ToF-SIMS technique. Relative
sensitivity factor was used to interpret the ToF-SIMS data
of boron isotope and silicon matrix element. The boron in
silicon detected on the top surface of amorphous boron
doped silicon thin film was 3.25x10*' atoms/cm® where
1x10" atoms/cm’® was detected at one-micron depth. The
tuning of 1) sputtering area to the thickness of thin film and

©Korean Society for Mass Spectrometry

il) mass analyser analysing duration to the boron counts,
provides an efficient route for the detection of dopants in
the silicon thin film. The results of this study will be useful
for the detection and quantification of impurities in wide
area of thin films using complex ToF-SIMS technique.
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