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-MS/MS determination of
a therapeutic heptapeptide mimic for
inflammatory-related diseases in rat plasma:
application to a pharmacokinetic study

Liang Li,abc Shumei Ma,†d Yan Qinabc and Li Liu *abc

The seven amino acid peptide, GQTYTSG (named as SP), a peptide mimic derived from hypervariable region

1 (HVR1) of the hepatitis C virus (HCV) has presented remarkable anti-inflammatory activities in previous

experiments, indicating that it could be a novel therapeutic peptide candidate for different inflammation-

related diseases, such as HCV infection and asthma. A heptapeptide mimic discovery study highlighted

the need for the development of quantitative bioanalytical assays for measuring the levels of SP. Herein,

a reliable and sensitive ultrahigh-performance liquid chromatography (UHPLC) with tandem mass

spectrometry (MS/MS) assay was established and validated for the determination of SP in rat plasma. C-

11, with two amino acid substitutions compared to SP (Glycine 1 and Glycine 7) and a disulfide, acted as

an internal standard (IS). SP and C-11 were isolated from acidified plasma using protein precipitation and

the extracts were analyzed by reversed-phase UHPLC-MS/MS detection. We used an SHIM-PACK GISS

C18 (2.1 � 100 mm, 1.9 mm) column with water containing 0.2% acetic acid as the aqueous mobile

phase and methanol as the organic mobile phase with a 0.3 mL min�1
flow rate. We used an AB SCIEX

TripleQuad™ 5500 mass spectrometer equipped with a TurboIon Spray interface and operated it in

positive-ion mode. Multiple reaction monitoring (MRM) was used for the quantification of the precursor

to the product ion at m/z 713.3 / 432.2 for SP and m/z 803.2 / 539.1 for IS. The method was fully

validated according to the US Food and Drug Administration (FDA) guideline (2018), and provided

satisfactory accuracy, precision, and reproducibility for the quantification of SP in rat plasma. Excellent

linearity was achieved (r > 0.9977) over a linear dynamic range of 0.1–200 ng mL�1 with a lower limit of

quantification (LLOQ) of 0.1 ng mL�1. The validated assay was applied to gain the pharmacokinetic (PK)

parameters and the concentration–time profile for SP after subcutaneous administration in rats.
Introduction

Inammation is a kind of defensive response of the body to
exterior irritation, such as infection and damage, which might
bring about negative changes to the involved tissues.1 Some-
times, it indicates a starting point of certain chronic diseases,
such as tumours, skin disorders, arthritis, cardiovascular
syndrome and asthma diseases.2 The inammatory reaction
includes the energizing of various biological mechanisms, such
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as the excretion and production of some pro-inammatory
mediators, such as growth factors, interleukins, cytokines and
chemokines.3 However, this kind of inammatory response is
required to maintain homeostasis in injured biological
compartments, and a change of regulation is involved with
different inammation-related diseases.4,5 The treatment of
inammation-related diseases usually depends heavily on
conventional small molecule agents, which can potentially result
in some unexpected side effects.6 Based on the low toxicity, high
selectivity, high potency and broad range of targets, peptide-
based therapies are being developed as an alternative treatment
for different inammatory disorders over the years.7

A variety of bioactive peptides can be found in living organ-
isms and nature is a key source of biologically active peptides.8

However, beyond the traditional focus on endogenous peptides,
peptide drug discovery has turned into a broader range of entities
developed from extra natural origins or from chemical libraries
or from recombinant libraries.9,10 The bioinformatic approach,
empirical approach and integrated approach are the three
RSC Adv., 2019, 9, 32699–32711 | 32699

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra05114g&domain=pdf&date_stamp=2019-10-11
http://orcid.org/0000-0002-0986-5540
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05114g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009056


Table 1 Gradation of the mobile phase elution

Time (min) Flow rate (mL min�1) A% B%

Initial 0.300 98 2
0.50 0.300 98 2
1.50 0.300 81 19
3.00 0.300 81 19
3.50 0.300 20 80
4.50 0.300 20 80
4.60 0.300 98 2
6.00 0.300 98 2
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dominating means for seeking biologically active peptides
according to present studies.11 Besides, there are other studies
demonstrating the peptide display technology for exploring
signicant bioactive peptides.12 Peptides discovered by these
approaches have become the foundation for the development of
therapeutic molecule entities.

Hepatitis C virus (HCV) is a type of ribonucleic acid virus that
is responsible for most chronic and acute viral hepatitis,
cirrhosis and hepatic carcinomas.13 The high-frequency muta-
tion of the HCV gene during replication allows it to smoothly
escape from an immune attack.14 The high rate of mutation
happens cumulatively in a certain restricted region known as
the hyper-variable region 1 (HVR1).15 HVR1, approximately a 28
amino acid long segment of the envelope protein E2, plays a key
role in eliciting immune evasion.16 Under our co-workers'
research into HVR1,17 a battery of peptide mimics derived from
HVR1 were discovered and veried for their anti-inammatory
properties in vitro and in vivo. One of these peptide mimics,
the heptapeptide GQTYTSG (named SP, Fig. 1), was recognized
for its stronger ability to produce a favourable cytokine prole,
which could contribute to the anti-inammatory and anti-virus
immune response.18 The results showed that SP could decrease
the serum levels of alkaline phosphatase, aminotransferases
and bilirubin, and is benecial to improve the histopathological
evidence of a porcine serum-induced rat chronic liver injury.19

Furthermore, SP could notably suppress immunoglobulin E
production from B cell, control T-helper 9 cells development in
the lung and reduce the airway reactivity in a murine asthma
model.20 The World Intellectual Property Organization has
granted a patent for SP (No. PCT/CN2006/001176).

The accurate determination of SP in a biological matrix is
pivotal for evaluating its pharmacokinetics and toxicokinetics
in a preclinical study. Hitherto that date, no bioanalytical assay
or relevant pharmacokinetic (PK) research has been reported for
SP. Allowing for the rapid decomposition of straight-chain SP in
blood samples due to enzymatic degradation with a half-life of
less than 10min (25 �C, in vitro), the general sample preparation
requires processing immediately aer being drawn from rats.21

However, this method is not suitable as it is time-consuming
and requires intensive manpower effort, which makes it espe-
cially challenging when a lab is faced with a large number of
samples. Hence, it is crucial to gure out how to stabilize SP in
blood samples during sampling while ensuring reliable and
actual analytical data.
Fig. 1 Chemical structures of SP and C-11 (IS).

32700 | RSC Adv., 2019, 9, 32699–32711
In this context, we established and fully validated a reliable
and sensitive ultrahigh-performance liquid chromatography
with the tandem mass spectrometry (UHPLC-MS/MS) assay to
quantify SP in rat plasma. C-11, a stable cyclic peptide derived
from SP, served as an internal standard (IS). The assay was then
performed to evaluate the PK properties of SP. The results were
intended to provide a key reference and an essential comple-
ment for an assay to support the clinical study of SP.
Experimental
Chemicals and reagents

SP (99.4% purity) was provided by Rui Yunhai Bio-Technology
Co., Ltd (Beijing, China). C-11 (purity $ 99%) was synthesized
by Naval Medical University (Shanghai, China). The chemical
structures are presented in Fig. 1. The molecular weight of SP
was 712.30 Da, and that of C-11 was 802.26 Da.

Methanol (HPLC grade) was purchased from Merck
Company (Darmstadt, Germany). LC/MS-grade acetic acid was
purchased from Fisher Scientic (Loughborough, UK). cOm-
plete™ protease inhibitor cocktail tablets were purchased from
Roche (Mannheim, Germany). Pepstatin A (purity$ 98.0%) and
aprotinin (3–7 TIU per mg protein) were purchased from Sigma-
Aldrich (Missouri, USA). Biotech grade 4-(2-aminoethyl) benze-
nesulfonyl uoride hydrochloride (AEBSF, purity $ 97.0%) was
purchased from Fisher Scientic (Loughborough, UK). Analyt-
ical reagent sulphuric acid (H2SO4, 95–98%) was purchased
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China),
and guaranteed reagent perchloric acid (HClO4, 70.0–72.0%)
was purchased from Macklin Biochemical Co., Ltd (Shanghai,
China). HPLC-grade water was produced in-house by a Milli-Q
purifying system (Bedford, USA). Blank rat blood (EDTA-K2 or
heparin sodium as the anticoagulant) containing 0.3%
perchloric acid (v/v), obtained from the Centre for Pharmaco-
logical Evaluation and Research of Shanghai Institute of Phar-
maceutical Industry (SIPI), was centrifuged at 1000�g for
15 min to gain the acidied rat plasma, and was then stored
below �70 �C until analysis.
UHPLC-MS/MS analysis

The UHPLC-MS/MS system was composed of an AB SCIEX
ExionLC™ AD system coupled to an AB SCIEX TripleQuad™
5500 (Applied Biosystems, Foster City, CA, USA) equipped with
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Product ion mass spectrum of SP (a) and IS (b). Illustration: the proposed fragmentation pathway.
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an electrospray ionization (ESI) source. Data processing was
performed using the MultiQuant™ soware (Version 3.0.3, AB
SCIEX).

The separation was performed on a SHIM-PACK GISS C18,
1.9 mm, 2.1 � 100 mm column (Shimadzu Corporation, Kyoto,
Japan) coupled with a SHIM-PACK GISS-HP (G), 1.9 mm, 2.1 �
10 mm pre-column (Shimadzu Corporation, Kyoto, Japan)
maintained at 50 �C. The mobile phase consisted of methanol
(mobile phase B) and water containing 0.2% acetic acid (v/v)
(mobile phase A). The chromatographic analysis was per-
formed with gradient elution, and the gradation of the elution is
shown in Table 1. The temperature of the auto-sampler was set
at 10 �C. The injection volume was 10 mL, and the total run time
was 6.0 min.

The mass spectrometry was performed in the positive ioni-
zation, multiple reaction monitoring (MRM) mode. The ioni-
zation parameters were optimized as follows: curtain gas (CUR),
35 psi; collision gas (CAD), 8 psi; gas1 (GS1), 60 psi; gas2 (GS2),
50 psi; ionization voltage, 5500 V; source temperature, 550 �C.
Nitrogen was used as the CUR, CAD and nebulizing gas. The
precursor ion (Q1) and product ion (Q3) quadrupoles were set at
unit resolution. The dwell time was 150 ms for SP and C-11. The
MRM transitions for SP and C-11 were atm/z 713.3/ 432.2 and
803.2 / 539.1, respectively. Also, the fragmentation parame-
ters, including the de-clustering potential, collision energy,
Fig. 3 Relative recovery of SP and IS after six transfer steps in different
polypropylene tubes; (b) Eppendorf protein LoBind tubes; (c) glass tubes
vessel to the next for UHPLC-MS/MS analysis.

This journal is © The Royal Society of Chemistry 2019
collision cell exit potential and entrance potential, were 120 V,
36.0 V, 16.7 V and 10 V for SP, and 150 V, 44.7 V, 9.7 V and 10 V
for IS.
Preparation of calibration samples and quality control
samples

The reference standard of SP was accurately prepared in water
to gain separate stock solutions (1 mg mL�1) for the calibration
standards and for quality control (QC) of the samples. Standard
material as the IS was accurately weighed and dissolved in
water–methanol (50 : 50, v/v) at 1 mg mL�1 as the stock solu-
tion. The working solutions of SP (1, 5, 25, 100, 500, 1000 and
2000 ng mL�1) were gained by diluting the stock solution with
water containing 0.2% acetic acid (v/v). The working solutions
of QC samples (2.5, 50 and 1500 ng mL�1) were prepared as
above. The working solution for IS (500 ng mL�1) was freshly
prepared when necessary by diluting the stock solution with
water containing 0.2% acetic acid (v/v). All the working solu-
tions were kept at 4 �C, and the aliquots of stock solutions aer
preparation were stored below �70 �C prior to further use.

Seven non-zero calibration standards were freshly prepared
on each day of analysis at the following concentrations: 0.1, 0.5,
2.5, 10, 50, 100 and 200 ng mL�1 by adding 5 mL of the working
solution of SP to a 45 mL aliquot of blank acidied plasma. QC
vessels (n ¼ 3). SP was dissolved in the vessels indicated: (a) ordinary
. After every 30 min storage at 25 �C, 300 mL was transferred from one

RSC Adv., 2019, 9, 32699–32711 | 32701
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samples were obtained in a similar way at low, medium and
high concentrations (0.25, 5 and 150 ng mL�1).
Estimation of adsorption

To estimate the loss of SP and IS during the solution prepara-
tion, the extent of adsorption was measured. Adsorption was
investigated at low and high concentrations (1 and 2000 ng
mL�1) of SP and at 500 ng mL�1 of IS. Six consecutive steps,
transferring a portion of the working solutions from a ordinary
polypropylene tube or Eppendorf Protein LoBind tube or glass
tube to another, followed by UHPLC-MS/MS analysis, were fol-
lowed to perform the adsorption test. Adsorption was evaluated
by relative recovery, dened by comparing the peak area before
and aer transfer.
Working solutions and stock solutions stability

The stability of SP and IS in the working solutions under
different conditions was inspected. The test concentrations
were 2000 ng mL�1 for SP and 500 ng mL�1 for IS. Aliquots (500
mL) of SP or IS working solution were set at ambient tempera-
ture (25 �C) and in an ice-water bath (0 �C) for 6 h, respectively.
The loss of SP and IS was determined by comparing the peak
area of the samples before and aer incubation. Other aliquots
(500 mL) of SP or IS working solution were stored in an ice
chamber (4 �C) for 30 days. The long-term stability of the
working solutions was evaluated by comparing the peak areas of
the freshly prepared solutions and original solutions.

The stability of SP and IS in the stock solutions was also
inspected. Aliquots (1 mL) of SP or IS stock solution were stored
in a freezer (�70 �C) for 90 days. The loss of SP and IS was
checked by comparing the peak areas of the freshly prepared
solutions and original solutions. The stock solutions stability
was assessed by HPLC with a diode array detector (l ¼ 224 nm).
Precipitant selection

One of the most common and convenient sample processing
methods is precipitation with organic solvents to remove
plasma proteins, and for this, a selection of organic solvents
was investigated herein. Medium concentration acidied
plasma samples (5 ng mL�1) were prepared and precipitated by
Table 2 Stability of the SP and IS in the stock solutions and working sol

Solution-type
Compound
(concentration)

Storage
condition

Peak area of t
(mean � SD,

Working solution SP (2000 ng mL�1) 25 �C for 6 hours 29 855 000 �
0 �C for 6 hours 30 184 000 �
4 �C for 30 days 31 668 000 �

IS (500 ng mL�1) 25 �C for 6 hours 2 958 500 �
0 �C for 6 hours 3 077 500 �
4 �C for 30 days 2 850 300 �

Stock solution SP (1 mg mL�1) �70 �C for 90 days 143 �
IS (1 mg mL�1) �70 �C for 90 days 129 �

a The 6 h stability at 25 �C and 0 �C was determined by comparing the pe

32702 | RSC Adv., 2019, 9, 32699–32711
different volumes of acetonitrile or methanol with 0.2% acetic
acid (v/v). Also, the samples were centrifuged for 10 min at
1000�g at ambient temperature. The supernatant was then
transferred into a vial containing low-volume inserts for the
UHPLC-MS/MS analysis. The extraction efficiency was examined
by comparing the recovery of SP in samples precipitated with
different volumes of different organic solvents.

Sample processing

Here, a 5 mL working solution of IS (except for double blanks)
was added into a volume of 50 mL of each sample before being
extracted by triple volumes (150 mL) of cooled methanol con-
taining 0.2% acetic acid (v/v). Aer shaking for 10 min on
a horizontal shaker at 160 strokes per min, the samples were
centrifuged for 10 min at 1000�g at ambient temperature.
Then, 150 mL of the supernatant was transferred into a tube and
evaporated to dry under a nitrogen stream at 40 �C. The residue
was re-dissolved into 80 mL of methanol : water : acetic acid
(2 : 98 : 0.2, v :v :v) by thoroughly mixing for 30 s. The mixture
was then centrifuged for 10 min at 1000�g at room tempera-
ture. The supernatant was directly collected into a vial con-
taining low-volume inserts for UHPLC-MS/MS analysis.

Stabilization tactics for biological samples

During method development, a couple of factors affecting the
stabilization of SP in biological samples were probed, including
anticoagulant, enzyme inhibitors and acidied samples. High
concentration blood samples (150 ng mL�1) were prepared and
employed to evaluate the different factors. The sample-
processing procedure was the same as in the previous section.

Anticoagulants. Samples using different anticoagulants
(EDTA-K2 and heparin sodium) were incubated at ambient
temperature (25 �C) and in an ice-water bath (0 �C), respectively.
The samples before incubation and at 2, 5, 10, 20, 30, 60 min
aer incubation were collected to measure the levels of SP.
Then, the half-lives were calculated.

Protease inhibitors. To investigate the inuence of protease
inhibitors, including pepstatin A, aprotinin, cOmplete™
protease inhibitor cocktail tablets and AEBSF, the samples were
incubated at ambient temperature (25 �C). The samples con-
taining different inhibitors before incubation and at the same
utions

he fresh solutiona

n ¼ 5)
Peak area of the original solutiona

(mean � SD, n ¼ 5)
Percentage of
initial level (%)

964 421 29 942 000 � 101 825 100.3
227 618 29 916 000 � 382 537 99.1
853 542 31 174 000 � 799 235 98.4
92 984 2 975 100 � 128 621 100.6
103 641 2 944 500 � 96 614 95.7
86 554 2 911 700 � 100 528 102.1
1.12 145 � 0.976 101.4
0.991 127 � 0.852 98.4

ak area of the solutions before and aer incubation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Recovery of SP after plasma precipitation (n ¼ 3). Blank acid rat
plasma was spiked with SP (5 ng mL�1) and precipitated with methanol
or acetonitrile containing 0.2% acetic acid (v/v) at the ratios indicated.
SP in the supernatant was determined by UHPLC-MS/MS analysis and
the recovery was calculated by comparing the peak areas of SP.
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time points as in the previous section aer incubation were
collected to determine the concentrations of SP, and the half-
lives were calculated.

Acidied samples. The stability of the samples pre-treated
with H2SO4 (0.1–0.3%, v/v) and HClO4 (0.1–0.3%, v/v) were
estimated at ambient temperature (25 �C) and in an ice-water
bath (0 �C), respectively. The samples acidied with different
reagents before incubation and at the same time points as in
the previous section aer incubation were collected to detect
the variation of SP, and the half-lives were calculated.

System suitability tests

System suitability tests were utilized to conrm that the
performance of the UHPLC-MS/MS system was applicable for
batches to be done. A separate medium concentration sample (5
ng mL�1) was analysed as a reference standard before each run.
The resolution and reproducibility of the UHPLC-MS/MS system
were regarded as acceptable if the relative standard deviations
(RSD%) of the retention time and peak area of analytes from six
replicate injections was no more than 15%.

Validation of the UHPLC-MS/MS assay

The UHPLC-MS/MS method validation was performed on the
basis of the bioanalytical guideline documented by the US Food
and Drug Administration (2018).22 The following parameters
were evaluated: selectivity and specicity, linearity, sensitivity
(lower limit of quantication, LLOQ), carryover, precision,
accuracy, stability, dilution integrity, matrix effect and extrac-
tion recovery.

Selectivity and specicity. Selectivity is the ability to which
the assay can determine a particular analyte in biological
matrices without endogen interference from the matrices.
Specicity is the extent of the assay to determine, positively, the
target component in the presence of other expected analytes.
The selectivity and specicity of the assay were assessed using
acidied blank rat plasma from six rats. Also, ve LLOQ
samples (reference samples) and six blank samples (with or
without IS) were analysed and the interference at the retention
time of SP and C-11 was evaluated. The acceptance criteria was
the peak areas being no more than 20% of the average for the
reference samples for SP and no more than 5% for C-11.

Linearity and sensitivity. The linearity was investigated by
analysing seven non-zero calibration samples ranging from 0.1–
200 ng mL�1, along with a double blank sample (no analyte, no
IS) and a blank sample (containing 500 ng mL�1 of IS). The
calibration curves were prepared in duplicate in each batch.
Also, the calibration curves were supplied using the SP to IS
peak area ratios by weighted linear least-squares (1/x2) regres-
sion. The double blank and blank samples were not considered
to calculate the calibration parameters. The sensitivity was
evaluated by analysing ve LLOQ samples in three independent
batches. The correlation coefficients (r) of the calibration curves
should be greater than 0.99. At least three quarters of the back-
calculated concentrations should be within 15% deviation from
the theoretical concentrations (20% for LLOQ level), and
a minimum of six non-zero calibration levels should meet the
This journal is © The Royal Society of Chemistry 2019
above criteria. The LLOQ samples from sensitivity validation
were acceptable when the accuracy was within 20% of the
nominal concentration and the precision was greater than 20%.
Besides, the signal-to-noise (S/N) ratios of the LLOQ samples
should be greater than 5.

Carryover. Carryover was evaluated by injecting double blank
samples, following the upper limit of quantication (ULOQ)
samples in three separate batches during the method valida-
tion. The acceptance criterion was the peak areas being nomore
than 20% of the average of LLOQ samples for SP and no more
than 5% for C-11.

Precision and accuracy. The within-run and between-run
precision and accuracy were performed by analysing the QC
samples at three concentration levels and LLOQ samples in ve
replicates in three continuous validation runs over at least 2
days. The within-run and between-run precision was accept-
able, if the RSD% was no more than 15% for the QC samples
and 20% for the LLOQ samples. The within-run and between-
run accuracy was acceptable if the calculated concentrations
were within 15% deviation from the theoretical concentrations
for the QC samples and 20% for the LLOQ samples.

Stability. Stability studies were determined in the given
matrix, including the effects of sample collection, processing
and storage. The stability tests were assessed at low and high
concentration levels (0.25 and 150 ng mL�1) with ve replicates
under the following conditions: acidied whole blood samples
stored in an ice-bath (0 �C) for 1 h, plasma samples stored at
ambient temperature (25 �C) for 1 h before processing, extracted
samples at ambient temperature (25 �C) for 1 h, reconstituted
samples in the auto-sampler (4 �C) for 24 h, plasma samples
stored in a freezer (�70 �C) for 60 days and plasma samples
aer three freeze–thaw (from �70 �C to ambient temperature)
cycles. In addition, the investigation of the stock solutions and
working solutions stability was as described in the previous
section. The accuracy (deviation from nominal concentration)
at each level should be within 15%.

Dilution integrity. The dilution integrity was evaluated by
determining ve replicates of QC samples at a concentration
RSC Adv., 2019, 9, 32699–32711 | 32703
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level of 400 ng mL�1 (two times the ULOQ) diluted with blank
acidied rat plasma with a factor of 5. Also, the dilution factor
was applicable if the accuracy (deviation from nominal
concentration) was within 15% and the precision was better
than 15%.

Extraction recovery. The extraction recovery of the assay was
investigated by comparing each SP to the IS peak area ratio at
low, medium and high concentration levels (six replicates) with
the mean ratio from the extracts of the blank samples spiked
with the analyte post-extraction. The extraction recovery need
not be 100%, but the recovery of analytes should be reproduc-
ible and consistent. The extraction recovery was deemed
acceptable if the RSD% was no more than 15%.

Matrix effect. The matrix effect of the assay was assessed at
low and high concentration levels (n ¼ 6) from six different rat
Fig. 5 Stability results of SP in blood samples under different test conditio
temperatures; (b) blood samples inhibited by different enzyme inhibitors,
tablets (cOmplete™ tablets) and AEBSF; (c) blood samples pre-treated w
pre-treated with H2SO4 (0.1–0.3%, v : v) in an ice-water bath; (e) blood sa
(f) blood samples pre-treated with HClO4 (0.1–0.3%, v : v) in an ice-wat

32704 | RSC Adv., 2019, 9, 32699–32711
plasma lots. Also, the matrix factors were determined by
comparing the peak areas of the analytes spiked into post-
extracted blank plasma samples with the mean value from
pure authentic standards at the same concentration levels. The
matrix effect was deemed acceptable if the precision for the IS-
normalised matrix factors was better than 15%.

Acceptable runs

The calibration curve for each analytical batch should meet the
acceptance criteria for linearity described in the previous
section. Also, samples with at least three QC concentration
levels (n $ 2) were tested in each analytical batch. In addition,
the data from batches were qualied when at least two-thirds of
the QC samples and at least half of the QC samples per level
were within 15% deviation from the theoretical concentrations.
ns (n ¼ 3). (a) Blood samples using different anticoagulants at different
including pepstatin A, aprotinin, cOmplete™ protease inhibitor cocktail
ith H2SO4 (0.1–0.3%, v : v) at ambient temperature; (d) blood samples
mples pre-treatedwith HClO4 (0.1–0.3%, v : v) at ambient temperature;
er bath.

This journal is © The Royal Society of Chemistry 2019
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Also, the acceptance criterion for the analytical batch contain-
ing the diluted samples was the same as above.
Pharmacokinetic study

Twelve Sprague-Dawley rats (female andmale in half, 200� 20 g
for each) were purchased from Shanghai Slac Laboratory
Animal Co., Ltd. (Shanghai, China). The rats were maintained
under specic pathogen-free conditions with 12 h light–dark
cycles, kept at 22 � 2 �C and a relative humidity of 55 � 15%.
The rats took commercial food and autoclaved water freely and
adjusted themselves to their new situation for a week before
experiment. The experimental workings were authorized by the
Experimental Animal Care and Use Committee of SIPI, and
appropriate animal welfare was seriously applied according to
the related guidelines.

The rats were forced to stop food ingestion for about 12 h
before receiving SP via subcutaneous administration (10 mg
kg�1). The blood samples were collected via orbital bleeding
into pre-acidied EDTA-K2 tubes at 0 (before administration),
0.5, 1, 2, 3, 5, 10, 20, 30, 45 and 60 min, following administra-
tion and placed in an ice-water bath (0 �C) immediately. Then,
the plasma samples were obtained by centrifugation at 1000�g
for 15 min and stored at �70 �C until analysis.
Data treatment

The data was acquired using the Analyst® soware (Version
1.7, AB SCIEX), and data processing was performed using the
MultiQuant™ soware (Version 3.0.3, AB SCIEX). During
data analysis, the concentrations before administration
below the LLOQ were dened as zero, and the concentrations
aer administration below LLOQ were dened as below
LLOQ. The T test results were evaluated with Microso®
Excel for Mac 2011 (Microso Corp., USA). PK parameters
Fig. 6 Half-lives of SP in blood samples under different test conditions (n
and 0.3% HClO4 (v : v) (0 �C) was highly stable, and the half-lives could

This journal is © The Royal Society of Chemistry 2019
were calculated using the Phoenix WinNonlin soware
(Version 6.3, Pharsight).
Results and discussion
Method development

In the present study context, a reliable and sensitive UHPLC-
MS/MS assay was developed for the determination of SP in rat
plasma, and a stable cyclic peptide (C-11) acted as IS to improve
the variability during bio-analysis.

Design of the IS for SP. The IS is a test compound added to
both samples and calibration standards at constant concen-
trations to promote the quantication of the analyte. The IS
should behave similar to the target peptide during sample
preparation, chromatography and MS detection. Although the
isotope-labelled peptide containing stable 2H or 13C isotope
might act as a proper IS, its synthesis could be extremely
expensive. The employment of structurally related analogues
derived from an earlier structure–activity relationship exami-
nation during pharmaceutical development is usually sup-
ported.23 Also, alternatives to analogues obtained from amino
acid exchange and other modications of the peptide have been
covered.24,25 Furthermore, because such ISs and their corre-
spondence to analytes are different in terms of molecular
weight, separation and quantication can be easily performed
without intricate processing. In the present study, a cyclic
peptide (C-11) with a modied amino acid composition was
synthesized and used as the IS for SP. Most notably, the half-life
of C-11 was longer than 60 min (25 �C, in vitro) compared to that
of SP, which might result from some change in the metabolic
sites.

Optimization of the mass conditions. The standard solu-
tions (200 ng mL�1) of analytes were directly infused into the
mass spectrometer with ESI or atmosphere pressure chemical
¼ 3). * SP in the blood samples acidified with 0.3% H2SO4 (v : v) (0 �C)
not be calculated (that is, much more than 350 min).

RSC Adv., 2019, 9, 32699–32711 | 32705
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ionization by a built-in syringe pump at a ow rate of 10
mL min�1. Also, the positive or negative ionization modes were
evaluated to gain better ionization efficiency. The optimal signal
stability and intensity was achieved in the ESI (+) analysis
according to a observed full-scan mass spectrum. The MRM
mode was employed to guarantee the specicity of the assay. In
order to obtain the higher intensity at the LLOQ level, Q1
resolution was set at low. On the Q1 mass spectrum of SP and C-
11, the predominant molecular ions [M + H]+ appeared at mass-
to-charge ratios (m/z) of 713.3 and 803.2 and were selected as the
precursor ions to obtain the product ions (Fig. 2). For the
further investigation of the fragment ions of SP and C-11, the
collision energy was regulated and a full-scan of the product ion
was performed. The product ion mass spectrum of SP displayed
the formation of abundant product ions at m/z 638.3, 551.1,
432.3, 287.3 and 185.9 (Fig. 2a). On the product ion mass
spectrum of C-11, the characteristic fragment ions were recor-
ded at m/z 684.2, 539.3 and 438.1 (Fig. 2b). Due to the excellent
charge stabilization of the conjugated p electron systems, the
Fig. 7 Typical MRM chromatograms of SP and IS from (a) a double blank s
mL�1); (d) sample taken at 10 min after administration (20.3 ng mL�1).

32706 | RSC Adv., 2019, 9, 32699–32711
most consistent product ions were the fragments from aromatic
amino acids, which could produce a superior signal.26 Also, in
consideration of the sensitivity and interference, molecular ion
transitions at m/z 713.3 / 432.2 for SP and m/z 803.2 / 539.1
for IS were selected for the UHPLC-MS/MS analysis. Moreover,
other mass spectrometry parameters were optimized to obtain
the rst-rank signal.

Optimization of the chromatographic conditions. Obtaining
a good chromatographic performance for a linear heptapeptide
with high polarity in the presence of certain complicatedly
interferential substances from plasma was quite tough. First of
all, different chromatographic columns, including a Waters
ACQUITY UPLC® BEH C18 column (2.1 � 100 mm, 1.7 mm),
Waters ACQUITY UPLC® HSS T3 column (2.1 � 50 mm, 1.8
mm), Waters ACQUITY UPLC® HILIC column (2.1 � 100 mm,
1.7 mm) and Kromasil® C18 column (2.1 � 100 mm, 4.6 mm)
were evaluated to obtain the good peak shape and intensity.
Also, the use of a SHIM-PACK GISS C18 column (2.1 � 100 mm,
1.9 mm) maintained at 50 �C allowed for symmetrical peak
ample (no SP and IS); (b) blank sample (IS only); (c) LLOQ sample (0.1 ng

This journal is © The Royal Society of Chemistry 2019
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shapes and satisfactory retention of the analytes. Besides,
several attempts to optimize the composition of the mobile
phase, including 0.1–0.4% acetic acid (v/v), 0.1–0.2% formic
acid (v/v), 2–10 mM ammonium formate/acetate, acetonitrile
and methanol, were conducted to achieve better peak shapes
and a better response for the analytes. The results illustrated
that methanol afforded a higher response for SP than acetoni-
trile. An aqueous phase containing 0.2% acetic acid (v/v) was
found to provide a stronger signal intensity for SP than that
containing 0.1–0.2% formic acid (v/v), which might result from
the ionization efficiency. However, the aqueous phase contain-
ing more acetic acid could not exhibit an enhanced signal
intensity. Therefore, methanol and water containing 0.2% ace-
tic acid (v/v) were nally selected as the organic phase and
aqueous phase for the UHPLC-MS/MS analysis due to their
better performance in separation and greater ability to enhance
the signal response. The programme was held for half a minute
for a high proportion of the aqueous phase before the gradient
to eliminate distractions from compounds with a higher
polarity eluted at the same time as the targeted peptide.
However, this failed to achieve the results hoped for and the
plot was compromised with endogenous interference from the
plasma samples in spite of several attempts to shorten the run
time. Also, double gradient elution was addressed to solve this
problem. The entire method validation and the PK study con-
sisted of a huge number of samples. This UHPLC-MS/MS assay
proved to offer wonderful repeatability for the chromatographic
separation, and no signicant variability of the retention times
was detected aer 150 injections. SP and IS were eluted at the
retention times of 2.41 � 0.02 min and 2.95 � 0.01 min under
the optimized gradient condition (RSD% ¼ 0.8% and 0.7%, n ¼
50). The total run time was 6 min for each sample.
Estimation of the adsorption

One of the most common traps run into during the inchoate
development of analysis methods for peptides is the adsorption
to the frequently used materials in instrumental analysis. A
large number of factors could affect the detected concentrations
of target peptides and the robustness of analysis methods,
including, but not limited to, extraction recovery and matrix
effects. The rst thought concerns the nonspecic binding of
target peptides to the solid surfaces of the containers.27 In
addition, because the capacity of binding to the wall is limited,
the relative loss caused by adsorption in low concentration
Table 3 Precision and accuracy of SP in rat plasma samples

Run Item
LLOQ
(0.1 ng mL�1)

Lo
(0.

Within-run (n ¼ 5) Mean � SD 0.109 � 0.003 0.2
Precision (RSD%) 2.8 2.3
Accuracy (%) 109.0 105

Between-run (n ¼ 15) Mean � SD 0.112 � 0.005 0.2
Precision (RSD%) 4.5 5.9
Accuracy (%) 112.0 107

This journal is © The Royal Society of Chemistry 2019
solutions is more widespread than for high concentration
samples.28 In the present study, a fast method composed of six
consecutive steps for transferring the SP solutions (1 and 2000
ng mL�1) and IS solution (500 ng mL�1) from a container to
another, followed by UHPLC-MS/MS analysis was developed.
Also, a process for the experimental capacity measurement of
the extent of adsorption was developed. The adsorption results
of SP and IS are depicted in Fig. 3. No remarkable adsorption for
SP and IS was observed for the test concentrations and three
kinds of containers. Due to the hard-to-predict nature of the
adsorption behaviour caused by the huge variability of amino
acid sequences in peptides and their structural modications,
the adsorption aspect must be considered during quantitative
analysis.

Stock solutions and working solutions stability

Considering the cysteine residue in C-11 is potentially sensitive
to oxidation and the disulphide bond could be cleaved, leading
to the amide bonds breaking down and releasing smaller frag-
ments, stability tests for IS were necessary. The stabilities of the
SP and IS in stock solutions and working solutions are shown in
Table 2. The results demonstrated that there was no obvious
degradation in the working solutions within the test concen-
trations aer 6 h incubation at 25 �C and 0 �C, respectively. As
shown in Table 2, the working solutions of SP and IS were stable
aer being stored in an ice chamber (4 �C) for 30 days, and the
stock solutions of SP and IS were also stable aer being stored
in a freezer (�70 �C) for 90 days. Consequently, the two peptides
were conrmed to have sufficient chemical stability during the
process required for the UHPLC-MS/MS analysis.

Precipitant selection

The precipitation of the plasma samples with organic solvents
could result in the removal of large abundant proteins, such as
albumin, leaving only the low molecular weight proteins or
peptides in solution. Moreover, the addition of ion-pairing
agents, such as certain organic acids, could also separate the
smaller proteins and peptides from the high molecular weight
proteins, which is benecial for the extraction of peptides.29

Also, the organic solvents should be kept below 4 �C to reduce
thermally stressing the peptide.30 The precipitation of plasma
samples was performed by spiking the samples with increasing
the volumes of cooled acetonitrile or methanol with 0.2% acetic
acid (v/v) to affect the deproteinization (Fig. 4). The results
w QC
25 ng mL�1)

Medium QC
(5 ng mL�1)

High QC
(150 ng mL�1)

Dilution
(400 ng mL�1)

63 � 0.006 4.95 � 0.352 146 � 2.98 387 � 11.4
7.1 2.0 2.9

.3 99.1 97.0 96.8
69 � 0.016 5.27 � 0.487 142 � 3.73 —

9.2 2.6 —
.6 105.4 94.7 —
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indicated that methanol was the best choice as the precipitant
due to its more satisfactory recovery compared to acetonitrile.
Although many papers have reported that the generic acetoni-
trile precipitation strategy is favourable for the extraction of
small peptides in a biological matrix for mass spectrometry
analysis,31–34 methanol was considered a better precipitating
agent for SP in this study. Moreover, Fig. 4 also illustrates that
the increase in the volumes of acetonitrile or methanol caused
a tendency to reduce the recovery of SP. This suggests that
increase in the volumes of organic solvents might cause a loss of
the peptide to some extent on account of the co-precipitation or
an insufficient solubility in a high concentration of precipitants.
Solid-phase extraction (SPE) was frequently applied during the
sample preparation process to avoid possible interferences that
could impact the result of the UHPLC-MS/MS analysis, but it
nally fell out of favour owing to its unsatisfactory accuracy and
poor precision of the assay. Hence, the handy protein precipi-
tation by applying triple volumes of cooled methanol contain-
ing 0.2% acetic acid (v/v) was applied to extract the peptide from
the plasma samples.

Stabilization of the SP in the samples

SP was detected to have insufficient chemical stability in the
samples as a result of enzymatic degradation. As it is well-
known, the preclinical samples collected from rats are in the
form of whole blood, and stabilization should be considered in
the sampling step. Therefore, different stabilization tactics for
the blood samples were investigated so as to identify the
degradation process and to determine the optimal sample
processing method.

The effects of different anticoagulants on the stability of
SP in the samples are shown in Fig. 5a. EDTA-K2 was used as
an anticoagulant and the samples were kept at 0 �C, which
simultaneously slightly improved the degradation of SP,
which prolonged the half-life to 11.48 � 0.22 min. This sug-
gested that EDTA-K2 could be a better choice for its potential
inhibition of metal-catalysed oxidation, but it could not meet
all our needs. The addition of protease inhibitors, such as
pepstatin A, aprotinin, cOmplete™ protease inhibitor
Table 4 Stability results of SP under different conditions

Matrix Test conditions
Theoretical conc
(ng mL�1)

Plasma Short-term stability (0 �C for 1 h) 0.25
150

Post-preparation stability (25 �C for 1 h) 0.25
150

Auto-sampler stability (4 �C for 24 h) 0.25
150

Freeze–thaw stability (three cycles) 0.25
150

Long-term stability (�70 �C for 60 days) 0.25
150

Blood Blood stability (0 �C for 1 h) 0.5
300

32708 | RSC Adv., 2019, 9, 32699–32711
cocktail tablets and AEBSF, did not slow down the degrada-
tion process compared to the control group (Fig. 5b). The
results (Fig. 6) showed that there was no signicant change in
the half-life of SP. As illustrated in Fig. 5c and d and Fig. 5e
and f, the samples pre-treated with 0.3% H2SO4 (v/v) or 0.3%
HClO4 (v/v) combined with an ice-water bath were stable
within 1 h. Also, the half-life of SP in both the blood samples
acidied with 0.3% H2SO4 (v/v) or 0.3% HClO4 (v/v) was far
longer than 350 min (Fig. 6). This suggested that the pre-
treatment with acidication agents could signicantly
improve the degradation and afford a fairly stable environ-
ment for SP. However, we found that the samples acidied
with 0.3% H2SO4 (v/v) produced extra signal suppression and
impacted the sensitivity during UHPLC-MS/MS analysis. We
also speculated that the samples were moderately haemo-
lysed, which might have resulted in severe matrix effects.
Accordingly, the addition of 0.3% HClO4 (v/v) into the
samples was nally applied to stabilize SP.

The enzymatic degradation of SP in blood is a sophisti-
cated process and the mechanism has not been fully probed
fully before. The relevant protease inhibitors did not block
the degradation of SP, manifesting that the corresponding
protease hydrolysis might not be the critical mechanism
behind the degradation. In addition, other kinds of enzymes
may be conducive to the degradation. Hence, an extensive
investigation of different stabilization factors was accom-
plished to elucidate the SP process. An effective, low-cost
and time-saving stabilization tactic is presented in this
study despite the mechanism of degradation still not being
explicitly set out. Moreover, hydrochloric acid and formic
acid were not adopted due to their volatility, which goes
against the long-term stability (unpublished data). More-
over, phosphoric acid could bring about acute haemolysis
and nearly curdle the blood samples, and was thus dis-
carded. Finally, it was demonstrated that simply pre-
treating the samples with 0.3% HClO4 (v/v) combined with
EDTA-K2 as an anticoagulant and sitting in an ice-water
bath was suitable for inhibiting the activity of the enzymes
and stabilizing SP.
entration Calculated concentration
(ng mL�1) (Mean � SD, n ¼ 5)

Precision
(RSD%)

Accuracy
(%)

0.241 � 0.011 4.6 96.4
144 � 3.17 2.2 96.0

0.227 � 0.018 7.9 90.8
158 � 6.12 3.9 105.3

0.275 � 0.009 3.3 110.0
160 � 7.17 4.5 106.7

0.266 � 0.005 1.9 106.4
142 � 4.21 3.0 94.7

0.240 � 0.005 2.1 96.1
141 � 3.85 2.7 94.0

0.572 � 0.078 13.6 114.4
312 � 10.0 3.2 104.1

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Mean plasma concentration–time profiles of female and male
Sprague-Dawley rats after a subcutaneous administration of 10 mg
kg�1 (n ¼ 6).
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Method validation

Selectivity and specicity. The selectivity and specicity were
evaluated by comparing acidied blank plasma samples from
six matrices with the spiked samples. The representative
UHPLC-MS/MS chromatograms are illustrated in Fig. 7. Fig. 7a
shows there was no obvious interference from endogenous
compounds in the blank rat plasma at the retention times of SP
and C-11. As depicted in Fig. 7b, the absence of C-11 did not
exert direct interference on the MRM channel of SP. Fig. 7c
shows a typical chromatogram for the LLOQ sample. It was
indicated that all the plasma lots were free of interference from
the analytes.

Linearity and sensitivity. The resulting standard calibration
curves for SP from three independent batches demonstrated
that good linearity was obtained in the range of 0.1–200 ng
mL�1 in rat plasma by using a weighting factor of 1/x2. Also, the
correlation coefficient of each standard calibration curve was
greater than 0.9977. The RSD% values for each point of the
standard calibration curves were all below 8.7%, and the accu-
racies of the back-calculated concentrations ranged from 93.1%
to 106.8%. For sensitivity, Table 3 shows that the acceptable
accuracy (within �12.0%) and precision (RSD% < 2.8%) for
LLOQ samples were performed with S/N ratios above 5. The
assay for the quantitation of SP could afford an LLOQ of 0.1 ng
mL�1 with 50 mL of rat plasma.

Carryover. Carryover for the analyte and IS, expressed as the
percentage of the LLOQ samples, was less than 7.4% and 0.7%,
respectively. It was suggested that no direct interference of the
analytes from a preceding sample was observed.

Precision and accuracy. LLOQ samples and QC samples were
analysed to identify the precision and accuracy of the assay, and
the results are summarized in Table 3. The within-run and
between-run precisions were less than 7.1% and 9.2%, respec-
tively. Also, the within-run and between-run accuracies were
within 96.8–109.0% and 94.7–112.0%, respectively, compared to
the theoretical concentrations. The data demonstrated that the
present method was robust and reproducible with excellent
accuracy and precision.
This journal is © The Royal Society of Chemistry 2019
Stability. The results of the stability studies are shown in
Table 4. Regarding the short-term stability, acidied blood
samples were stable at 0 �C for 1 h, and unprocessed plasma
samples were also stable at room temperature aer being
incubated for 1 h. Regarding the post-preparation stability,
the extracted samples remained stable at room temperature
for 1 h. As depicted in Table 4, the re-dissolved samples were
deemed as stable when kept in the auto-sampler at 4 �C for
24 h. The stability of freeze–thaw proved that SP was stable
in acidied rat plasma while stored at �70 �C and then
thawed to ambient temperature for three cycles. In terms of
the long-term stability, the data indicated a reliable stability
for SP during 60 days storage at �70 �C in acidied rat
plasma.

Dilution integrity. The dilution samples prepared at two
times the ULOQ were diluted vefold, along with QC samples
and a standard calibration curve was plotted, and the results are
shown in Table 3. It was revealed that the precision of the
diluted samples was lower than 2.9% and the accuracy was
greater than 96.8%, which met the acceptance criteria. Hence,
dilution with a factor of 5 was qualied for the determination of
SP.

Extraction recovery. Protein precipitation was used for
extracting the analytes from the acidied plasma samples,
affording united extraction efficiencies for SP and C-11. The
average extraction recoveries of SP from rat plasma at three
concentrations levels ranged from 82.7% to 86.9%, together
with acceptable precisions (RSD% # 3.5%). Also, the IS had
a similar recovery (84.4 � 3.02%) compared to the corre-
sponding analyte. This suggested that the IS, C-11, was
adequate for facilitating the quantication of SP during the
UHPLC-MS/MS analysis.

Matrix effect. The average IS-normalized matrix factors for
SP at concentrations of 0.25 ng mL�1 and 150 ng mL�1 were
97.8 � 3.6% and 99.3 � 7.2%. Also, the precisions were
within acceptable limits (RSD% # 3.7%). These results
convincingly proved that no susceptible signal suppression
or enhancement was detected and the matrix effect was
negligible.
Application to pharmacokinetic study

The fully validated UHPLC–MS/MS method was applied to a PK
study of SP. Single-dose data in 12 Sprague-Dawley rats (equal
number females and males) weighing 200 � 20 g was obtained
aer a subcutaneous dose of 10 mg kg�1 was administered. The
typical MRM chromatogram from a rat plasma sample taken at
10 min aer administration is shown in Fig. 7d, and the
concentration of SP was 20.3 ng mL�1. The mean plasma
concentration–time proles of the female and male Sprague-
Dawley rats aer a single subcutaneous administration are
illustrated in Fig. 8. It was demonstrated that there was no
signicant statistical difference between the plasma concen-
trations of female rats and male rats (p > 0.5). Also, it was
indicated that the PK behaviour in rats was independent of
gender differences. Furthermore, an examination of Fig. 8
shows that the developed UHPLC–MS/MS method possessed
RSC Adv., 2019, 9, 32699–32711 | 32709
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Table 5 Main pharmacokinetic parameters of SP in rats after the
subcutaneous administration of 10 mg kg�1a

Parameters Unit
Values
(mean � SD, n ¼ 12)

AUC0-t ng min mL�1 712 � 43.0
AUC0-N ng min mL�1 714 � 43.3
Cmax ng mL�1 210 � 21.6
Tmax min 1.75 � 0.957
T1/2 min 8.65 � 1.79
CL L min�1 17.9 � 9.96
Vz L 230 � 118

a AUC0�t, area under the plasma concentration–time prole from 0 to
60 min; AUC0�N, area under the plasma concentration–time prole
from 0 to innity; Cmax, maximum concentration; Tmax, time to Cmax;
T1/2, elimination half-life; CL, apparent total plasma clearance; Vz,
total volume of distribution.
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the desired sensitivity to display the absorption, distribution
and elimination process of SP following subcutaneous infusion.

The PK parameters were evaluated by using a non-
compartmental model and the results are summarized in
Table 5. Aer subcutaneous administration, the mean
maximum concentration (Cmax) of SP in plasma was 210 � 21.6
ng mL�1 and the area under the plasma concentration–time
prole (AUC0-t) was 712 � 43.0 ng min mL�1. The plasma
concentration of SP declined by 50% within 10 min (T1/2 ¼ 8.65
� 1.79 min), and the LLOQ level of the assay was reached at
around 60 min (Fig. 8). This indicates SP could be a therapeutic
peptide candidate for inammatory-related diseases, because
the continuous existence of compounds in the body might
cause adverse events related to immunomodulatory therapies.
Fast absorption was found following the subcutaneous admin-
istration of 10 mg kg�1 SP with the Tmax at 1.75 � 0.957 min.

Conclusion

In conclusion, a reliable, simple and sensitive UHPLC-MS/MS
method with a stable cyclic peptide acting as an IS was
successfully developed for the determination of SP in rat plasma
and fully validated according to the latest bioanalytical guide-
line documented by the US Food and Drug Administration.
Also, it fullled all the acceptance criteria for working as a bio-
analytical method in pharmaceutical analysis. The instability of
SP in blood samples, a primary challenge for the analysis, was
cracked by acidifying the blood samples with perchloric acid
(0.3%, v/v). Besides, a simple deproteinization was employed to
extract the peptide from the plasma samples, which did not
require a complicated pre-treatment, thus shortening the
sample processing and weakening the variability of the assay.
The expected sensitivity of SP was accomplished with an LLOQ
of 0.1 ng mL�1 using 50 mL of plasma. Also, clearly, the
proposed UHPLC-MS/MS assay for the quantitation of SP could
provide reference for the determination of other unstable small
peptides in biological matrices. The application of the fully
veried method to a PK study of SP in rats during preclinical
stage enabled calculation of the main PK parameters. It was
32710 | RSC Adv., 2019, 9, 32699–32711
found that SP was eliminated quickly from body with a half-life
of less than 10 min, which was a promising result for an
immunomodulatory candidate in the eld of safety for the
reason that some inammatory-related diseases, such as
asthma, would require repeated doses. The work could provide
the basis for further in-depth studies into a clinical assay of SP.
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