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A simple, sensitive, and rapid LC-MS/MS method for the simultaneous determination of BIC, the M7 and
M8 active metabolites in SD rat plasma was developed. After salting-out assisted liquid–liquid extraction
(SALLE) with 5 M ammonium acetate solution, the sample was analyzed on a Sciences column (C18 3.
0 � 100 mm, 3 lm) using a gradient elution at 40 ℃ within 7 min. The assay displayed excellent linearity
in the range of 4–2000 ng/mL for M7 and BIC, and 1–500 ng/mL for M8. The results of this method exhib-
ited that the precision, accuracy, matrix effect, recovery, and stability of BIC, M7 and M8 met all require-
ments for the quantitation in plasma samples. The pharmacokinetic result showed that the AUC(0?t) was
calculated as 383.1 ± 164.4 (ng/mL�h) for BIC, and 5627 ± 1261 (ng/mL�h) for M7 after oral administration
with BIC. Compared with BIC group, the pharmacokinetic parameters in BIC-NPs group were improved.
Augmentation in AUC(0?t) (3.02-fold) and t1/2 (1.43-fold) for BIC. Meanwhile, double peak phenomenon
was observed on the mean plasma concentration–time curves of M7 in BIC and BIC-NPs group. In conclu-
sion, both BIC and BIC-NPs were metabolized to abundant M7 in SD rat, which would provide a basis for
researching the treatment mechanism of liver injury.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bicyclol (BIC, methyl 50-(hydroxymethyl)-7,70-dimethoxy-[4,40-
bibenzo [d] [1,3] diox-ole]-5-carboxylate), a first-in-class
hepatoprotectant, is based on derivative of traditional Chinese
medicine (TCM) Schisandra chinensis (Wuweizi) of North(Hu
et al., 2020). In 2004, Chinese Food and Drug Administration issued
the production license for BIC (Liu 2009). Nowadays, BIC has been
widely used to treat liver injury and many researchers have
illustrated that it possesses a variety of pharmacological activities
(Zhao et al., 2021), including anti-viral effect (Ferenci 2015),
anti-inflammatory(Zhao et al., 2020), anti-oxidative effects(Zhao
et al., 2008), antisteatotic effects (Yu et al., 2009), anti-fibrotic
effects(Zhen et al., 2015), and antitumor effects(Wang et al., 2016).

However, BIC has low bioavailability (9%), which is mostly a
result from P-gp mediated efflux and metabolism by CYP3A in
the intestine(Tan et al., 2008). When BIC was used to treat virus
hepatitis or fatty liver disease, the cause of oral BIC was proposed
to be 6 months at least(Yao et al., 2005, Tang et al., 2022). From our
previous study(Huang et al., 2022), two active metabolites of BIC
were identified and prepared, meanwhile, they possessed higher
efficacy than BIC, which was verified by the isoniazid-induced liver
injury zebrafish model(Huang et al., 2023). Therefore, it is of piv-
otal importance to monitor the metabolic profiles of BIC and the
two active metabolites for pharmacodynamic evaluation. Mean-
while, BIC solubility is poor (0.04 mg/mL)(Tan et al., 2008), which
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also limits BIC’s clinical application. Jae Kuk Ryu(Ryu and Yoo
2012) prepared bicyclol microemulsions to enhance BIC’s solubility
and oral bioavailability. Whereas the security and efficacy of the
BIC microemulsions need further evaluation. Therefore, we
synthesized Bicyclol–Nanoparticles (BIC-NPs) by BIC and human
serum albumin(Liu et al., 2022). The solubility of BIC was enhanced
from 0.04 to 1 mg/mL. BIC-NPs security has been evaluated by
AML-12 mouse hepatocytes cells and macrophages (RAW 264.7)
and its efficacy has been verified by methotrexate induced-liver
injury rat. However, the metabolism of BIC-NPs needs further
investigation, which is useful for understanding its therapeutic
mechanism. Thus, this study aimed to establish an effective and
convenient method to simultaneously determine BIC, M7 and M8
in SD rat plasma for the pharmacokinetics study.

Since the composition of the biological sample is complex, sam-
ple pre-treatment must be conducted before LC-MS analysis
(Ahmed et al., 2022). The three methods of protein precipitation
(PPT), liquid–liquid extraction (LLE), and solid-phase-extraction
(SPE) were widely used for sample pre-treatment(Li et al., 2021).
However, PPT may cause high matrix effects with insufficient sam-
ple purification(Zhang et al., 2010). LLE can’t extract target com-
pounds invariably with the restriction of the low dielectric
constant of extraction solvent(Pavan et al., 2022). SPE possesses
high applicability on different samples but is complicated, time-
consuming, and cost ineffective(Rizzo et al., 2020). Salting-out
assisted liquid/liquid extraction (SALLE) with water-miscible
organic solvent has shown its distinctive advantages in bioanalyt-
ical research(Anthemidis and Ioannou 2009, Tang and Weng 2013,
Hajkova et al., 2016). The extraction solvent of SALLE can be polar
solvent with high dielectric and abundant hydrogen donor which
make up for the deficiency of LLE(Anthemidis and Ioannou 2009,
Zhang et al., 2009).

In the current study, the metabolism of BIC-NPs in SD rat
plasma was clarified and an effective LC-MS/MS method was
established, verified, and subsequently applied to analyze the mul-
ticomponent pharmacokinetics of BIC, M7, and M8 in SD rat
plasma following oral administration with BIC or BIC-NPs, or intra-
venous injection with BIC-NPs.
2. Material and method

2.1. Chemicals and materials

BIC was purchased from the Beijing Concorde pharmaceutical
factory (batch no. 170657, purity 98.0%). Dimethyl dicarboxylate
biphenyl (DDB; purity > 98%) was provided by Dalian Meilun Bio-
tech Co., Ltd. M7, M8 was prepared by our laboratory. Ammonium
formate, formic acid and ammonium acetate were acquired from
ANPEL Lab Tech. (Shanghai, China). Methotrexate (MTX), sodium
dodecyl sulfate (SDS), dithiothreitol (DTT), human serum albumin
(HSA), 4-morpholineethanesulfonic acid (MES), and urea were pur-
chased from Aladdin Chemistry Co. Ltd.; The pure water (18.2 MX/
cm) was deionized by a Milli-Q system (Millipore, Bedford, MA,
USA). Methanol and acetonitrile (LC/MS grade) were purchased
Table 1
Optimized mass spectrometry conditions for BIC, M7 and M8.

Analytes Precursor Ion Product Ion
（Da） （Da）

Bicyclol 373.0 387.0
Bifendate 419.0 341.0
M7 361.0 329.0
M8 359.0 327.0

Note: CAV, cell accelerator voltage; CE, collision energy; FM, fragmentor.

2

from Thermo Fisher Scientific China Co., Ltd. Methanol (LC grade)
was acquired from Merck (Darmstadt, Germany).

2.2. UPLC-Q-TOF/MS instruments and conditions

Samples were analyzed on an Agilent 1290 Infinity UPLC system
(Milford, MA, USA) equipped with an Agilent UPLC column (Poro-
shell 120 EC-C18 2.1 � 150 mm, 1.9 lm). The mobile phases con-
sisted of (A) 0.1% formic acid and 2 mM ammonium formate
aqueous solution and (B) acetonitrile. The gradient elution was
optimized as follows: 0–12 min, 10%-30% B;12–15 min, 30%-60%
B; 15–16 min, 60%-90% B; 16–17 min, 90% B; 17–18 min, 90%-
10% B, post time 2 min. The flow rate was 0.3 mL/min. The column
temperature was 45 ℃. The injection volume was 2 lL.

Mass spectrometric data were obtained by Agilent 6545 Q-TOF
MS/MS equipped with a Dual Agilent Jet Stream electrospray ion-
ization (ESI) source. The ESI source was set in positive ionization
mode. The parameters in the source were set as follows: scan
range, 100–1000 m/z (MS) and 50–800 m/z (MS/MS); fragmentor
voltage, 175 V; gas temperature, 320 ℃; sheath gas temperature,
350 ℃; sheath gas flow, 11 L/min; and drawing gas flow, 8 L/
min; nebulizer gas pressure, 35 psig. the collision energy was oper-
ated at alternative voltages of 10–30 eV.

2.3. LC-MS/MS instruments and conditions

Samples were analyzed on an Agilent 1260 Infinity HPLC system
(Milford, MA, USA) equipped with a Sciences column (C18 3.0 � 1
00 mm, 3 lm). The mobile phases consisted of (A) 0.1% formic acid
and 4 mM ammonium formate aqueous solution and (B) acetoni-
trile. The gradient elution was optimized as follows: 0–3 min,
30%-50% B; 3–3.1 min, 40%-95% B; 3.1–5 min, 95% B; 5–5.1 min,
95% �30%B; 5.1–7 min, 30%B, post time 2 min. The flow rate was
0.5 mL/min. The column temperature was 40 ℃. The injection vol-
ume was 2 lL.

Mass spectrometric data were obtained by Agilent G6400 LC-
MS/MS system equipped with a Dual Agilent Jet Stream electro-
spray ionization (ESI) source. The ESI source was set in positive
ionization mode. The parameters in the source were set as follows:
gas temperature, 325 ℃; sheath gas temperature, 400 ℃; sheath
gas flow, 11 L/min; and gas flow, 8 L/min; nebulizer gas pressure,
40 psig. BIC enantiomers and the two active metabolites were
quantified by Multiple reaction monitoring (MRM). The
compound-dependent parameters of the four MRM channels
including cell accelerator voltage (CAV), collision energy (CE),
and fragmentor (FM), were optimized individually by MassHunter
Optimizer and were displayed in Table 1. Agilent MassHunter
Workstation� (version B.08.03, Agilent Technologies Inc., Santa
Clara, CA, USA) was used for system control, data acquisition, frag-
ment optimizer, and data processing.

2.4. Preparation of calibration standards and quality control (QC)
samples

The BIC, DDB, the M7 and M8 were accurately weighed and dis-
solved in ACN to yield stock solutions with a concentration of
FM CE CAV
（V） （V） （V）

109.0 12.0 4.0
82.0 4.0 4.0

103.0 8.0 4.0
108.0 8.0 4.0



X. Huang, Z. Wu, Y. Liu et al. Arabian Journal of Chemistry 16 (2023) 105287
1 mg/mL. Working standard solutions were diluted from the stock
solutions with an ACN: H2O (50:50) mixture. The final concentra-
tions range of working standard solutions of BIC, and M7 were
40–20,000 ng/mL, and M8 was10-5,000 ng/mL.

Samples for the calibration curve and QC were prepared by
SALLE. The final calibration standards were 4, 20, 40, 200, 400,
1000, 2000 ng/mL for BIC and M7, and 1, 5, 10, 50, 100, 250,
500 ng/mL for M8. The concentrations of QC samples at low, med-
ium, and high levels were 10, 100, and 1600 ng/mL for BIC and M7,
and 2.5, 25, and 400 ng/mL for M8.
2.5. Sample preparation

Two different sample preparation methods, SALLE and PPT,
were compared in this study.

PPT method: 90 lL blank plasma, 10 lL working standard solu-
tion (1 lg/mL), and 10 lL IS (2 lg/mL) were successively added
into 1.5 mL Eppendorf (EP) tube and the mixture was vortexed
for 30 s. Next, 200 lL of 100% acetonitrile was added for protein
precipitation followed by vortex (3 min) and centrifugation
(12,000 rpm, 10 min), and the supernatant was finally collected
and 2 lL was used for LC–MS/MS analysis.

SALLE method: 90 lL blank plasma, 10 lL working standard
solution (1 lg/mL), 10 lL IS (2 lg/mL), and 100 lL 5 M ammonium
acetate solution were successively added into 1.5 mL Eppendorf
(EP) tube and the mixture was vortexed for 30 s. The subsequent
steps were the same as PPT.
2.6. Tested LC-MS/MS method validation

The validation procedures were performed based on interna-
tional recommendations published by FDA.
2.6.1. Specificity and selectivity
The specificity and selectivity of the method for each validation

series was proved using 6 individual sources of blank plasma. The
peak area at the retention time of the analyte in blank samples
should be <20% of LLOQ and <5% for the IS.
2.6.2. Residual effects
Residual effect was evaluated by injecting a blank plasma sam-

ple after the highest CAL. The eluting peaks area of the blank
plasma at the retention times of each analyte should <20% of the
LLOQ and 5% of the IS peak area.
Table 2
The ms/ms data of bic-nps and metabolites.

NO. Formular RT(min) [M + H-H2O]+

m/z

M1 C24H24O15 6.10 535.1094
M2 C24H24O15 6.57 535.1073
M4 C25H26O15 8.01 566.4273
M5 C18H18O9 8.39 361.0906
M6 C24H24O15 8.61 535.1081
M7 C18H18O9 9.91 361.0917
M8 C18H16O9 11.30 359.0760
M9 C19H18O9 11.36 373.0923
M10 C18H16O9 12.06 359.0762
M11 C19H20O9 13.19 375.1076

[M + H]+

m/z
M3 C18H16O8 6.85 361.0914

3

2.6.3. Linearity and sensitivity
The linearity ranges of BIC, M7, and M8 were chosen from our

preliminary experiment. For each linearity range, the response of
highest point were more than three times as much as the actual
blood sample after 6 h of oral administration with BIC-NPs. The
calibration curves contained seven points and were generated
using a 1/x2 weighted linear least-squares regression. The degree
of fitness calculated using correlation coefficient (r) had to
be > 0.990. The accuracy of each concentration point had to be in
the range of 85%–115%, except for lower limit of quantification
(LLOQ), which had to be in the range of 80%–120%.

2.6.4. Accuracy and precision
For determining the accuracy and precision, LLOQ and three dif-

ferent concentrations of QCs (low, medium, high) samples from the
same day were analyzed with three consecutive days (n = 6). Rel-
ative recovery (RR) was used to define the accuracy. Relative Stan-
dard Deviation (RSD) was used to calculate the intra and inter-
batch precisions. The RR had to be in the range of 85%–115%
(80%–120% for LLOQ), and the RSD had to be <±15% (±20% for
LLOQ).

2.6.5. Extraction recovery and matrix effect
Three different sample sets were prepared: (1) stock solutions

containing all the compound and IS were diluted by pure water;
(2) Three different concentrations of QCs. (3) stock solutions con-
taining all the compounds and IS were added into pretreatment
blank plasma. The final concentration of the three groups was
the same. The extraction recovery of each compound was evalu-
ated as the peak area ratio of (2) to (3). The matrix effect of each
compound was evaluated as the peak area ratio of (3) to (1). The
extraction recovery and matrix effects had to be in the range of
80–120%.

2.6.6. Dilution effect
Dilution integrity was investigated using drug free plasma

spiked at 2-fold of high QC in six replicates, dilution folds (1:2
and 1:4). The RR should be within 85% to 115%, and the RSD should
be within ± 15%. Diluted samples were then treated as under
described in Section 2.5.

2.6.7. Stability
The stability of all compounds in plasma was studied by analyz-

ing the three QCs in different conditions (n = 6). (1) The prepared
sample was placed in the autosampler 12 h before injection. (2)
The unextracted sample was placed in room temperature (RT)
6 h before sample preparation and analysis. (3) The unextracted
Fragment ions

Calc m/z Diff (ppm)

535.1088 1.12 359.0757, 327.0497, 297.0391
535.1088 �2.80 359.0757, 327.0495, 297.0389
566.4295 �3.88 390.0845, 358.0637, 328.0519
361.0923 �4.71 329.0642, 297.0387, 269.0435
535.1088 �1.31 359.0753, 327.0486, 297.0385
361.0923 �1.66 329.0657, 297.0386, 269.0435
359.0766 �1.67 327.0502, 297.0394, 269.0442
373.0920 0.80 343.0805, 341.0652, 314.0777
359.0766 �1.11 329.0653, 327.0500, 300.0629
375.1080 �1.07 343.0784, 331.1286, 313.1151

Calc m/z Diff (ppm)
361.0923 �0.83 329.0656, 314.0419, 301.0695



Fig. 1. Parent ions scan (image shown inside the box) and products ions MRM spectra of (A) BIC, (B) DDB, (C) M7, (D) M8.
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sample were placed in �40 ℃ 30 days before sample preparation
and analysis. (4) The unextracted sample underwent three
freeze–thaw cycles at room temperature or �40 ℃.

2.7. Synthesis of BIC-NPs

The synthesis method was from our previous study (Liu et al.,
2022). First, a solution of 2% SDS and 0.15% DTT was used to elim-
inate hydrophobic forces and intramolecular disulfide bonds from
SA. Then, the HSA solution was heated to 90 �C for 2 h to liberate
free thiol groups, and BIC (in 1.0 mL of MES, 0.1 M, pH 4.8, stirred
at 70 �C for 3 min) was spiked into the HSA solution and magnet-
ically stirred at 770 rpm. Next, the reaction bottle was immersed in
an ice bath. Following the thermal drive, molecular HSA was
reformed into large-sized nanostructures via the reconstructed
intermolecular disulfide bond and hydrophobic interaction. The
abundance of binding sites between BIC and HSA nanostructures
allowed for efficient BIC loading and NP formation. The treated
HSA was redissolved in MES, and BIC-NPs were prepared by adding
4

different mass ratios of BIC in the reaction solution (BIC: HSA = 1:
2, 1: 5, 1: 7.5, and 1: 10; w/w).

2.8. Application of the method to pharmacokinetics of BIC and BIC-NPs
in rats

15 Pathogen free male SD rats (180–200 g, 4–5 weeks) were
provided by Shanghai Jiao Tong University. Rats were adaptively
grown in the laboratory for a week before the experiment. 15 rats
were randomly divided into three groups and each group was
given drug once a day and lasting five days: group Ⅰ was orally
administrated with BIC (suspended in 0.5% carboxymethyl cellu-
lose, 1 mg/mL) 15 mg/kg; groupⅡ was administrated with BIC-
NPs (contains BIC 1 mg/mL) 15 mg/kg; group Ⅲ was intravenously
injected with BIC-NPs (contains BIC 1 mg/mL) 1.5 mg/kg. The blank
blood samples were collected before oral administration. The blood
samples were collected into heparinized tubes at 5 min, 15 min,
30 min, 45 min, 1 h, 2 h, 3 h, 6 h, 12 h, and 24 h after the fifth
day oral administration or intravenous injection and immediately



Fig. 2. Representative MRM chromatograms of BIC, M7, M8, and IS in SD rat sample: blank plasma (A), LLOQ for each analyte (B) and rat blood sample after 6 h of orally
administrated with BIC-NPs (C).

Table 3
The regression equations, linear range and LLOQs of BIC, M7, and M8.

Analyte Regression equation r Linear range (ng/mL) LLOQ (ng/mL)

BIC Y = 0.189X + 0.0038 0.996 4–2000 4
M7 Y = 0.152X + 0.0012 0.998 4–2000 4
M8 Y = 0.206X + 0.0011 0.993 1–500 1
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placed in ice. Collection tubes were gently inverted for 4–5 times
and centrifuged at 3000 rpm for 5 min at 4 ℃. The separated
plasma samples were collected and stored at �80 ℃ until analysis.

Animal studies were performed following the recommenda-
tions in the Guidelines for the Care and Use of Laboratory Animals
and relevant Chinese laws and regulations, which were approved
by the Institutional Animal Care and the Use Committee of Shang-
hai Jiao Tong University (approval number A2018075).
3. Results and discussion

3.1. Identification of BIC-NPs metabolites in SD rat plasma

Firstly, the metabolite identification was conducted on UPLC-Q-
TOF-MS/MS to investigate whether the metabolites of optimized
BIC-NPs were changed in SD rat plasma. The analyzed plasma sam-
5

ple was prepared from the rats after 1, 2, and 6 h after oral admin-
istration with BIC-NPs. 11 metabolites of BIC-NPs were tentatively
identified and are listed in Table 2. The relative mass spectrums are
shown in Fig. S1. The proposed metabolic pathways of BIC-NPs in
SD rat plasma are shown in Figure S2. Compared with BIC the main
metabolites of BIC-NPs were not changed(Huang et al., 2022). Con-
sequently, the active M7 and M8 metabolites possess superior
pharmacodynamics than BIC which was verified on the isoniazid
(INH)-induced liver injury zebrafish model and were chosen for
quantitative analysis(Huang et al., 2023).
3.2. LC-MS/MS condition optimization

The optimization of LC-MS/MS condition were conducted on the
mobile phase, the compound-dependent parameters, and the gra-
dient elution. As only [M + Na]+ ions was detected for BIC, M7,



Table 4
Accuracy and precision of intra- and inter-batch at lower limit of quantification, low, medium, and high concentrations.

Analytes Spiked Conc.(ng/mL) Intra-batch (n = 6) Inter-batch (n = 18)

Mean ± SD Precision Accuracy Mean ± SD Precision Accuracy

conc.(ng/mL) (%RSD) (%RR) conc.(ng/mL) (%RSD) (%RR)

M7 4 4.08 ± 0.35 8.65 101.89 ± 8.82 3.89 ± 0.32 8.21 97.17 ± 7.98
10 9.18 ± 0.63 6.82 91.85 ± 6.26 9.16 ± 0.46 4.97 91.65 ± 4.55
100 93.98 ± 8.19 8.72 93.98 ± 8.19 92.74 ± 7.75 8.36 92.74 ± 7.75
1600 1482 ± 106 7.20 92.63 ± 6.67 1502 ± 106 7.09 93.88 ± 6.66

M8 1 0.95 ± 0.11 11.16 94.76 ± 10.57 0.97 ± 0.11 11.06 97.41 ± 10.78
2.5 2.32 ± 0.16 6.71 92.66 ± 6.22 2.30 ± 0.12 5.38 92.18 ± 4.96
25 23.69 ± 1.83 7.71 94.78 ± 7.31 23.21 ± 1.58 6.82 92.83 ± 6.33
400 377.8 ± 31.4 8.33 94.46 ± 7.87 387.31 ± 31.08 8.03 96.83 ± 7.77

BIC 4 3.92 ± 0.30 7.62 98.07 ± 7.48 4.18 ± 0.33 7.99 104.61 ± 8.36
10 9.59 ± 0.66 6.85 95.86 ± 6.57 9.72 ± 0.76 7.78 97.17 ± 7.56
100 97.92 ± 7.66 7.82 97.92 ± 7.66 94.56 ± 5.89 6.23 94.56 ± 5.89
1600 1473 ± 85.7 5.82 92.09 ± 5.36 1535 ± 118 7.71 95.95 ± 7.40

Note. Conc. Concentration;

Table 5
Matrix effects and recoveries of BIC, the M7, M8 metabolite and DDB.

Analytes Concentration Matrix Effect (%) Recovery

(ng/mL) Mean ± SD RSD (%) Mean ± SD RSD (%)

M7 10 93.35 ± 5.82 6.23 90.69 ± 3.59 3.96
100 90.35 ± 4.43 4.91 92.93 ± 4.07 4.38
1600 93.78 ± 6.24 6.65 90.77 ± 4.79 5.28

M8 2.5 96.63 ± 4.52 4.68 92.30 ± 2.62 2.84
25 95.35 ± 2.85 2.99 102.95 ± 2.84 2.76
400 96.18 ± 2.26 2.35 90.12 ± 3.00 3.33

BIC 10 93.12 ± 5.65 6.07 87.85 ± 4.22 4.81
100 97.76 ± 2.82 2.88 87.59 ± 5.11 5.11

DDB 1600 94.80 ± 3.67 3.87 96.42 ± 4.48 4.65
100 93.65 ± 2.46 2.63 96.94 ± 1.67 1.72

Table 6
Stability of analytes in different storage conditions (n = 6 for each value).

Ana-lytes Spiked Conc.(ng/mL) RT Stability Autosampler Stability Freeze-Thaw Stability Long-Term Stability

Accuracy Precision Accuracy Precision Accuracy Precision Accuracy Precision

(%RR) (%RSD) (%RR) (%RSD) (%RR) (%RSD) (%RR) (%RSD)

M7 10 102.61 ± 4.97 4.85 91.36 ± 2.63 2.87 92.63 ± 3.98 4.30 92.99 ± 4.85 5.22
100 92.57 ± 4.14 4.47 98.25 ± 6.94 7.06 94.55 ± 5.35 5.65 91.73 ± 3.57 3.90
1600 93.13 ± 5.89 6.32 93.90 ± 3.77 4.01 104.07 ± 6.83 6.56 93.50 ± 4.70 5.03

M8 2.5 92.67 ± 5.34 5.76 91.69 ± 7.38 8.05 102.27 ± 7.90 7.73 94.44 ± 7.32 7.75
25 91.76 ± 5.79 6.31 100.22 ± 7.95 7.94 91.74 ± 4.01 4.37 94.67 ± 6.98 7.37
400 95.65 ± 3.96 4.14 96.56 ± 7.40 7.66 94.13 ± 5.47 5.81 94.75 ± 4.68 4.94

BIC 10 101.14 ± 6.10 6.04 94.02 ± 6.55 6.97 102.47 ± 8.96 8.75 102.77 ± 7.87 7.66
100 92.79 ± 3.85 4.15 93.52 ± 3.25 3.48 94.66 ± 3.79 4.01 91.53 ± 4.01 4.38
1600 95.53 ± 6.37 6.67 93.92 ± 6.07 6.46 92.90 ± 5.79 6.23 95.91 ± 6.67 6.95

Note. Conc. Concentration; RT. Room Temperature.
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and M8 with the mobile phase of 0.1%FA H2O and ACN, ammonium
formate was added to the water to generated [M + H-H2O]+ ions
which were stable. In addition, 2 mM, 4 mM, 6 mM ammonium
formate were tested, and the 4 mM ammonium formate was finally
chosen for the best response and peak shapes. The compound-
dependent parameters of the four MRM channels including CAV,
CE, FM, were optimized individually by MassHunter Optimizer
and were displayed in Table 1. The mass spectrograms of parent
and product ions are shown in Fig. 1. DDB was chosen as internal
standard for similar structure with BIC and non-interfering. As
the isomeride M10 also was detected in the optimized MRM chan-
nel of M8, the elution gradient of 30%–50% ACN during 0–3 min
6

was added to separate M8 and M9. Furthermore, the organic phase
ratio was enhanced to 95% to adequately clean the column. Finally,
the elution gradient was optimized to 7 min for each analysis.

3.3. Sample preparation

The four methods of PPT, LLE, SALLE, and SPE were widely used
for sample pre-treatment. As SPE is cumbersome and costly and
LLE was restricted by the extraction solvent, PPT and SALLE was
compared in this study. As shown in Fig. S3, the sample which
was prepared by SALLE possessed lower endogenous impurity than
that by PPT on the ultraviolet spectrogram at 276 nm. Meanwhile,



Fig. 3. The mean plasma concentration–time curves of BIC, M7, and M8 in SD rats
(n = 5). A: oral administration with BIC; B: oral administration with BIC-NPs; C:
intravenous injection with BIC-NPs.
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the pre-treatment of SALLE only diluted the sample twice over and
the prepared sample possesses a higher concentration than that in
PPT. Consequently, 5 M ammonium acetate was selected as salt for
SALLE for sample pre-treatment in this study.

3.4. Method validation

3.4.1. Specificity and selectivity
The MRM chromatograms of blank plasma (A), LLOQ (B), and

real plasma sample (C) are shown in Fig. 2. There are no peak
observed with the areas higher than 20% of the LLOQ for any ana-
lyte, which suggested that the selectivity was considered
acceptable.

3.4.2. Residual effects
In the blank sample, no peak with the area of >20% for LLOQ or

5% for IS was detected in each analyte retention time after the
ULOQ sample injection. Consequently, the residual effects of this
analytical method can be ignored.

3.4.3. Linearity and sensitivity
The hybrid calibration curves, which contained seven concen-

tration points were proved to possess good linearity with a mean
coefficient of determination (r) � 0.99 over the calibration range
7

(Table 3). The accuracy of the analytes back-calculated concentra-
tion was within the range of 85%–115% with all the verified con-
centration points.

3.4.4. Precision and accuracy
As shown in Table 4, the accuracy and precision of intra-batch

and inter-batch for all analytes in LLOQ and QCs (low, medium,
and high) were within the criterion. The value of RR% was between
91.65% and 104.61% and the value of RSD% was between 4.97% and
11.16%. The results suggested that the method was accurate and
reproducible. The raw data were supplemented in Table S1.

3.4.5. Extraction recovery and matrix effect
The extraction recovery and matrix effect of all the analytes

were determined on the three QC levels and these results are
shown in Table 5. The matrix effects of the QC samples ranged from
90.35% to 97.76% (RSD% values <6.65%), and the average extraction
recoveries ranged from 87.59% to 102.95% (RSD% values <5.28%).
Consequently, the recovery of this method was stable, and the
matrix effect could be ignored. The raw data were supplemented
in Table S2.

3.4.6. Dilution effect
To demonstrate the dilution integrity of three studied analytes,

rat plasma samples were spiked with high concentrations of the
three analytes beyond the linear range of the presented method
and diluted with blank rat plasma (1:2 and 1:4) then analyzed.
As shown in Table S3, the RR% ranged from 91.31% to 103.27
(RSD% was < 8.42%) indicating the integrity of the analytes up to
four times dilution of plasma samples.

3.4.7. Stability
The results of RT stability, autosampler stability, freeze–thaw

stability, and long-term stability are shown in Table 6. The RR%
of RT stability of QC samples ranged from 91.76% to 102.61%
(RSD% was < 6.67%). The RR% of injector stability ranged from
91.36% to 100.22% (RSD% was < 8.05%). The RR% of freeze–thaw
stability ranged from 91.74% to 104.07% (RSD% was < 8.75%). The
RR% of long-term stability ranged from 91.73% to 102.77% (RSD%
was < 7.75%). The result suggests that all the bio-samples were
stable under the conditions of the existing storage. The raw data
were supplemented in Table S4.

3.5. Application of the method to pharmacokinetics study of BIC and
BIC-NPs in rats

After an oral doses of 15 mg/kg BIC or BIC-NPs, or an intra-
venous injection dose of 1.5 mg/kg BIC-NPs, the newly established
LC-MS/MS method was performed to determine the concentrations
of plasma of the three analytes in rat plasma. The mean plasma
concentration–time curves of BIC, the M7, and M8 metabolite in
SD rats are displayed in Fig. 3, and the main pharmacokinetic
parameters calculated by DAS 2.0, were shown in Table 7 (the
raw data were supplemented in Table S5).

BIC was quickly absorbed and metabolized after administration,
reaching their maximum concentration (Tmax) within 0.21 ± 0.08
(h) and with 2.3 ± 0.16 (h) half-life (t1/2), which is in good agree-
ment with previous studies(Tan et al., 2008, Tan et al., 2008, Ryu
and Yoo 2012, Yang et al., 2019). Compared with BIC, the value
of AUC0?t, t1/2, and Cmax in BIC-NPs were improved to 3.02, 1.43,
and 2.37 times, respectively. Meanwhile, the plasma clearance of
BIC was reduced from 51.73 ± 23.49 to 12.18 ± 3.36 (L/h/kg), which
may contribute to the BIC bioavailability improved (from 8.4% to
25.4%). Interestingly, the AUC0?t of M7 were 16.7 times more than
that in BIC after administration with BIC. In addition, the Cmax and
t1/2 of M7 were 547.54 ± 85.55 (ng/mL) and 3.46 ± 1.48 (h), which
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were obviously bigger than that in BIC with 119.14 ± 50.66 (ng/mL)
and 2.3 ± 0.16 (h), respectively. Furthermore, the double peak phe-
nomenon was observed on the mean plasma concentration–time
curves of M7 after administration with BIC or BIC-NPs, which sug-
gested that the M7 active metabolite may possess the enterohep-
atic recirculation. It is obviously that both BIC and BIC-NPs were
metabolized to abundant M7 active metabolite in SD rat.

4. Conclusion

In conclusion, the main metabolites of optimized BIC-NPs in SD
rat plasma were studied and proved to be same with that in BIC.
Then, a sensitive and selective LC-MS/MS method to quantify BIC,
M7, and M8 in SD rat plasma was developed, validated, and subse-
quently applied for studying the multicomponent pharmacokinet-
ics of the three analytes after oral administration with BIC or BIC-
NPs, or intravenous injection with BIC-NPs. According to the
results of the study, the synthetic BIC-NPs was proved to obviously
improve the bioavailability of BIC from 8.4% to 25.4% by increasing
the plasma concentration and reducing the plasma clearance of
BIC. Interestingly, the M7 active metabolite possess enterohepatic
recirculation and higher Cmax and AUC compared with BIC after
oral administration with BIC or BIC-NPs, which would provide a
basis for researching the treatment mechanism of liver injury.
Meanwhile, the metabolism between rat and human was quite dif-
ferent, the similar research will be conducted on human or model
group to verify the M7 active metabolite in our future work.
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