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HIGHLIGHTS

o A highly sensitive and universal method for the quantitation of peptide drugs.
e This method has been fully validated for semaglutide quantifying.
e Pharmacokinetic parameters of somaglutide in the plasma of beagles.

ARTICLE INFO ABSTRACT
Keywords: Aim: To develop a highly sensitive and interference-resistant ultra performance liquid chromatography (UPLC)
Semaglutide coupled with high-resolution selected ion monitoring (HR-SIM) mass spectrometry method for the quantification
Quantification of semaglutide in biological samples, and to apply it for pharmacokinetic analysis.
;(I:{I\;IFM Method: The UPLC-HR-SIM method was utilized to quantify semaglutide in beagle plasma, requiring minimal
Pharmacokinetics sample pretreatment. The method demonstrated a lower limit of quantification (LLOQ) of 5.0 ng/mL for sem-
aglutide in beagle plasma.
Results: Following intravenous (iv) administration at a dose of 0.030 mg/kg, the plasma concentration of sem-
aglutide in beagles exhibited a multi-exponential decay pattern, with an average elimination half-life (t;,2) of
44.90 £+ 11.45 h.
Conclusions: The UPLC-HR-SIM method has proven to be a highly sensitive and robust approach for the quanti-
fication of peptide-based drugs. This method will enhance the understanding of the pharmacokinetics and
pharmacodynamics of semaglutide and facilitate further research into the pharmacokinetics of other peptide
therapeutics.
1. Introduction substantial molecular weight, intricate structures, low concentrations in
vivo, and considerable endogenous interference.? Conventional labeled
Peptide-based therapeutics have attracted considerable attention immunoassay techniques, such as radioimmunoassay and enzyme-linked
owing to their exceptional specificity, minimal immunogenicity, low immunosorbent assay (ELISA), exploit the immunological properties of
toxicity, and remarkable therapeutic efficacy.! However, the quantitative peptides for their quantification.>* Yet, these traditional methods suffer
analysis of peptide drugs remains a formidable challenge due to their from limited selectivity, often failing to distinguish between peptides and

* Corresponding author. State Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia Medica, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, 100050, China.
** Corresponding author.
E-mail addresses: hejiuming@imm.ac.cn (J. He), huangjianpeng@imm.ac.cn (J. Huang).
Peer review under the responsibility of Editorial Board of Intelligent Pharmacy.
1 These authors contributed equally to this work and should be considered co-first authors.

https://doi.org/10.1016/j.ipha.2025.01.002

Received 28 November 2024; Received in revised form 15 January 2025; Accepted 17 January 2025

Available online 4 February 2025

2949-866X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of Higher Education Press and KeAi Communications Co. Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:hejiuming@imm.ac.cn
mailto:huangjianpeng@imm.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ipha.2025.01.002&domain=pdf
www.sciencedirect.com/science/journal/2949866X
www.keaipublishing.com/en/journals/intelligent-pharmacy
https://doi.org/10.1016/j.ipha.2025.01.002
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ipha.2025.01.002
https://doi.org/10.1016/j.ipha.2025.01.002

X. Jiang et al.

their derivatives or degradation products. Moreover, they are typically
costly, exhibit a narrow scope of applicability, and lack universal
adaptability.>® In contrast, liquid chromatography-mass spectrometry
(LC-MS) synergistically integrates the exceptional separation capacity of
chromatography with the high selectivity and sensitivity of mass spec-
trometry, which provides detailed molecular weight and structural
information.”~® Through various sample pretreatment strategies, LC-MS
can mitigate matrix-induced endogenous interference, reduce experi-
mental error via appropriate internal standards, and offer unparalleled
selectivity, sensitivity, accuracy, and precision in quantitative
analysis.'*!!

Quantitative methods based on LC-MS, particularly those utilizing
selected reaction monitoring (SRM) and multiple reaction monitoring
(MRM), have been developed to achieve precise quantification, repro-
ducible reliability, and enhanced sensitivity in the analysis of peptides
within biological samples.'*!® Semaglutide is a 191 amino acid com-
pound that is one of the most effective glucagon-like peptide-1 (GLP-1)
receptor agonists.'*!® The majority of pharmacokinetic studies involving
semaglutide rely on the MRM approach, which, while effective, may not
provide sufficient accuracy for the quantification of semaglutide in more
complex matrices. The LLOQ for the MRM method is reported at 1.94
nmol/L (7.98 ng/mL).*® Excluding low m/z fragment ions in favor of
higher m/z fragments significantly enhances specificity, improving both
selectivity and minimizing spectral noise. Recent studies identified the
ion pair of semaglutide m/z 1029.3 (IM+4H1*") - m/z 1302.9
([M+3H]3+), which facilitated a lower quantification limit of 0.5
ng/mL.!” However, this method necessitates highly sensitive equipment
and sophisticated instrumentation.

This study endeavors to develop a highly sensitive UPLC-HR-SIM
analytical method, harnessing the power of high-resolution mass spec-
trometry, for the quantification of semaglutide in complex biological
matrices, including beagle dog plasma, minipig plasma, and golden
hamster plasma (see Fig. 1). The selected quantification ion for semaglu-
tide was identified as [M+-4H]*t at m/z 1029.3, with isotopic ion peaks
spanning from 1028.8381 to 1030.3438.1%1° To capture the drug's
multiply charged ion peaks, a Q-TOF mass spectrometer was employed for
high-resolution detection.?>?! This HR-SIM mode effectively discrimi-
nates drug-related ion peaks from background noise. Methodological
validation was rigorously conducted, and the results adhered to the ICH
regulatory standards.?? Subsequently, this method was applied to deter-
mine the pharmacokinetic parameters of semaglutide in beagle dogs.

2. Materials and methods
2.1. Materials

Semaglutide (98%) was purchased from Zhejiang Peptites Biotech
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Co., Ltd. The internal standard (IS) liraglutide (99.2%) was obtained
from Jiangsu Aikang Biopharm Co., Ltd. Formic acid was purchased from
Anhui Tedia High Purity Solvents Co., Ltd. Both methanol and acetoni-
trile were all LC-MS grade and purchased from Thermo Fisher Scientific
Inc. Purified water was purchased from Hangzhou Wahaha Group Co.,
Ltd. Blank plasma from beagle dogs, golden hamsters, and miniature pigs
was purchased from Shanghai Yuanye Bio-Technology (Shanghai,
China).

2.2. LC-MS/MS instrumentation

The LC-MS/MS analysis was performed on an LC-MS/MS system
consisting of ACQUITY UPLC system (WatersT™), Q-TOF mass spec-
trometer (Triple-TOF 5600 +, Sciex, Framing-ham, MA) and Qtrap mass
spectrometer (Qtrap 5500, Sciex, Framing-ham, MA). Chromatographic
separation was performed on an Acquity™ Premier Peptide CSH C18,
130 ;\, 1.7 pm, 2.1 x 50 mm, (Waters, Mil-ford, MA) using gradient
elution. The mobile phase consisted of 0.1% formic acid in distilled water
(MP-A) and 0.1 % formic acid in acetonitrile (MP-B). The gradient elution
program was set as follows: 0—2.0 min 30% — 100% B; 2.0-3.0 min 100%
B; 3.0-3.01 min 100% — 30% B; and 3.01-4.5 min 30% B. The total run
time was 4.5 min, the flow rate was 0.5 mL/min and the column oven
temperature was set at 25 °C. The electrospray ionization (ESI) source
was operated in the positive ion mode. The mass spectrometer was
conducted in the TOF MS? mode with a Period Cycle Time of 200 ms and
Accumulation Time of 100.0 ms. The selected m/z ions for SIM analysis
were 1029.3 — (1028-1032) for semaglutide and 938.3 — (935-1200)
for liraglutide. MS parameters were set as follows: ion source gas 1, 60
psi; ion source gas 2, 60 psi; ion spray voltage, 5500 V; ion source tem-
perature, 550 °C; curtain gas, 20 psi. Declustering potential and collision
energy were set at 80 V and 10 V respectively, for both semaglutide and
IS. Analyst® TF 1.6 Software was used to control MS system.

2.3. Sample preparation

Stock solutions of semaglutide and IS liraglutide were prepared in
90% methanol (methanol/water, v/v) at 1 mg/mL. The stock solution
was serially diluted with 90% methanol to obtain standard working so-
lutions at concentrations of 10000.0, 6400.0, 3200.0, 1600.0, 800.0,
400.0, 200.0, and 100.0 ng/mL. Quality control (QC) samples were also
prepared to provide four concentration levels, i.e., 400.0, 50.0, 15.0, and
5.0 ng/mL for the plasma.

To simulate the presence of semaglutide in plasma, 190 pL of the
beagle blank plasma was mixed with 10 pL of the semaglutide standard
working solution. 60 pL of the mixture was mixed with 5 pL of the IS
working solution (200.0 ng/mL) first, followed by the addition of 415 pL
of methanol to prepare calibration samples of semaglutide in the plasma.

UPLC Q-TOF MS
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Fig. 1. Schematic representation of the workflow and strategy employed in the UPLC-HR-SIM method for peptide quantification, utilizing a Q-TOF mass spectrometer.
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The concentration of semaglutide in the calibration samples for the
plasma were 5.0, 10.0, 20.0, 40.0, 80.0, 160.0, 320.0, and 500.0 ng/mL.
After a 1-min vortex mixing step, the mixture was centrifuged at 15,000
rpm for 15 min. The supernatant (400 uL) was then evaporated until dry
and reconstituted by adding 200 uL of 90% methanol. An aliquot of 10 pL
of the supernatant was injected into the LC-MS/MS.

The preparation of working solutions and QC samples for both golden
hamsters and miniature pigs followed the same manner.

2.4. Assay validation

The validation of the assay encompassed the assessment of its speci-
ficity, selectivity, sensitivity, linearity, accuracy, precision, extraction
recovery, and stability. Specificity and selectivity was assessed by
comparing the blank biological matrix that had been spiked with sem-
aglutide and IS to the unspiked blank biological matrix. The linearity of
the method was evaluated over the concentration ranges of 5.0-500.0
ng/mL in the beagle blank plasma. Intra-day accuracy and precision were
determined by analyzing the replicates of matrix-matched QC samples on
the same day (n = 5). Inter-day accuracy and precision were determined
for 3 consecutive days for plasma (n = 5). The extraction recovery was
calculated by comparing the peak responses of semaglutide and IS in the
biological matrices spiked before and after the extraction. Matrix effects
were evaluated by comparing the response of the analyte spiked after
extraction analyte to that of the analyte in 90% methanol. The stability
was examined under four different conditions: short-term stability at
room temperature for 12 h, long-term stability at —80 °C for 4 weeks,
stability within the autosampler for 24 h, and stability after three
freeze-thaw cycles (n = 5). Additionally, the dilution integrity was
examined using 1/5 and 1/20 dilution of plasma samples, which were
200.0 ng/mL and 50.0 ng/mL, respectively (n = 5).

2.5. In vivo studies

The animal study protocol was approved by the Ethics Committee for
the Treatment of Laboratory Beijing Qiruikangyu Biotechnology Co., Ltd.
(IACUC-202306003) and conducted in accordance with the standard
operating procedures (SOPs). Semaglutide was dissolved in saline and
administered to beagle (8 months, male body weight 11 + 1 kg; female
body weight 10 + 1 kg; Mengtaiberg Biotechnology Co., Ltd., SCXK,
Shanxi, China) via iv injection at a dose of 0.030 mg/kg (n = 4). The
injection volume was 0.06 mL/kg for injection. Approximately 0.6 mL of
the venous blood samples were collected at 0, 0.033,0.167,0.5, 1, 2, 3, 4,
8, 12, 24, 36, 48, and 60 h after drug administration directly from the
jugular vein. Plasma samples were obtained by centrifugation of the
blood samples at 8000xg for 10 min, and stored at —80 °C until analysis.

The plasma samples exceeding the upper limit of quantification
(ULOQ) were diluted by a factor of 1/5.

2.6. Data analysis

The data were expressed as the mean + SD. The UPLC-HRMS data
were acquired by Analyst TF 1.6 (AB Sciex) and processed by PeakView
1.2 (AB Sciex). The automatic integration function is implemented by
MarkerView 1.2.1 (AB Sciex). Pharmacological parameters were calcu-
lated by MasS Studio software (Biovoice & BioGuider).

3. Results and discussion
3.1. Optimization of MS conditions

Figure 2 shows the MS/MS spectrum of the semaglutide standard on
the Qtrap 5500 mass spectrometer and the MRM (m/z 1029.1 — 136.0

Da) chromatogram of 100.0 ng/mL semaglutide in beagle plasma, and
Fig. 2 (C) shows significant blank interference in the 1.5-2.0 min time
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period. These results revealed that the low-resolution (LR) MRM method
is low selective and significant interfered by endogenous matrix in beagle
plasma.

The Triple-TOF 5600 + mass spectrometer with higher resolution
was chosen to improve the selectivity and anti-interference ability.
Figure 3(A) and (B) show the TOF full scan spectrum of semaglutide and
IS in Triple-TOF 5600 mass spectrometer. Multiple charged ions were
detected during the full scan of protonated semaglutide due to its high
molecular weight (m/z 4114). Quantitative ions were chosen in Q1, and
after passing through the collision chamber, a TOF full scan within the
specified range was conducted. The ion detection condition was m/z
1029.3 — (1028-1032) for semaglutide, and the selected ion were m/z
938.8 — (937-940) for liraglutide (1S).%% Ton [M + 4H]*" was selected at
m/z 1029.3 in Q1, followed by the selection of the ion with the
second-highest signal intensity at m/z 1029.4575 for semaglutide
quantification (Fig. 3). Figure 3(C-I) demonstrate that the two quanti-
tative ion pairs had a negligible effect on quantitation in beagle and Sus
scrofa domestica plasma. However, the detection of semaglutide in Syr-
ian hamster plasma was significantly influenced by endogenous inter-
ference at m/z 1029.7079, but not at m/z 1029.4575. The key advantage
of this method was the avoidance of strong endogenous matrix inter-
ference by selecting different isotope ion peaks (Fig. 1).

3.2. Optimization of LC conditions and sample preparation

Chromatographic conditions were optimized to achieve the best
chromatographic resolution of semaglutide with minimum matrix
interference.”* We tested the addition of 0, 0.05 %, 0.1 %, 0.2 %, and
0.5 % concentrations of formic acid in the mobile phase. Results showed
that adding 0.1 % formic acid increased the peak intensity of semaglutide
in the mobile phase.

Analytical columns Acquity™ Premier Peptide CSH C18, 130 A, 1.7
pm (2.1 x 50 mm) was examined, and resulted in adequate chromato-
graphic separation. A mobile phase consisting of 0.1 % formic acid in
distilled water and 0.1 % formic acid in acetonitrile was selected, leading
to better sensitivity with sharp peak shapes and less endogenous inter-
ference. The retention times of semaglutide and IS were 0.9 min and 1.2
min (Fig. 4).

Protein precipitation with methanol provided recovery over 94.78 %
of both semaglutide and IS for the plasma samples. Acetonitrile was also
examined as precipitation solvent and resulted in poor sensitivity and
recovery. By evaporating and reconstituting the supernatant extract in
90 % methanol, 5.0 ng of semaglutide was stably measured. Experi-
mental results show that concentrating 2 vol of supernatant into 1 vol-
ume of solution has the highest signal-to-noise ratio.

4. Assay validation
4.1. Specificity and selectivity

Figure 4(A-D) show the typical chromatograms of semaglutide and IS
in plasma compared with the corresponding blank matrices. There were
no interfering endogenous or exogenous peaks at retention times corre-
sponding to semaglutide and internal standards, indicating that the
method has good specificity.

4.2. Linearity and sensitivity

The calibration curve of semaglutide was linear over the concentra-
tion range of 5.0-500.0 ng/mL. The typical linear equation of semaglu-
tide in the plasma was y = 0.002064 x + 0.03331 (r? = 0.996) with a
weighting factor of 1/x2. The LLOQ of semaglutide, which was defined as
the lowest concentration in the calibration range, was 5.0 ng/mL.
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Fig. 2. (A) Semaglutide MS/MS spectrum on Qtrap 5500 mass spectrometer; (B) MRM of m/z 1029.1 — 136.0 Da in 100 ng/mL semaglutide solutions; (C) MRM of m/
2z 1029.1 - 136.0 Da in blank solutions.
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Fig. 3. Full-scan MS spectra of semaglutide (A) and liraglutide (B); EIC of m/z 1029.4575 in different plasma matrices: (C) beagle plasma, (E) syrian hamster, and (G)
sus scorfa domestica; EIC of m/z 1029.7079 in different plasma matrices: (D) beagle plasma, (F) syrian hamster, and (H) sus scorfa domestica; EIC of m/z 938.9508 (I)
and m/z 939.2004 (J) in beagle plasma.

4.3. Accuracy and precision

Table 1 summarizes the intra- and inter-day accuracy and precision
determined by using matrix-matched QC samples at four different
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concentration levels in each biological matrix. The intra- and inter-day
accuracies were 95.84 %-105.67 % in the plasma. The precision was
<9.66 % in the plasma, respectively. The obtained accuracy and preci-
sion satisfied the criteria set by ICH guidance.
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4.4. Extraction recovery and matrix effects

Table 2 shows the extraction recovery and matrix effects of the
semaglutide LC-MS/MS analysis at low, medium, and high matrix-
matched QC samples.

The accuracy of HQC, MQC, and LQC falls within the range of
94.39 %-102.76 %, with a precision of under 4.63 % in experiments
related to matrix effect and extraction recovery, meeting the ICH re-
quirements. The extraction recovery demonstrates efficient and consis-
tent extraction of semaglutide from each biological matrix. Furthermore,
it is noted that matrix effects do not affect method accuracy and
precision.

4.5. Stability

The stability test results of semaglutide determined under four
different storage conditions, i.e., short-term, long-term, autosampler, and
freeze/thaw cycles, are summarized in Table 3. The average stability of
semaglutide was 95.62 %-107.56 % in the plasma, with no significant
deviations in all the tested conditions. These data demonstrated that
semaglutide was stable for routine analysis.

4.6. Dilution integrity

Dilution integrity was examined with 1/5 and 1/20 dilution of plasma
samples spiked with 1000.0 ng/mL. For the 1/20 dilution (n = 5), the

Table 1
Results of accuracy and precision testing.

Matrix Concentration Intra-day(n = 6) Inter-day(n = 3)
L.
(ng/mL) Accuracy Precision Accuracy Precision
(%) (%) (%) (%)
Plasma 400.0 96.54 4.79 98.38 6.83
50.0 99.20 9.16 96.00 7.14
15.0 105.67 8.49 104.48 8.54
5.0 95.84 9.55 97.24 9.66

Table 2
Results of extraction recovery and matrix effects testing.
Analyte Concentration Accuracy Precision
(ng/mL) (%) (%)
Extraction Semaglutide (n 400.0 102.76 1.92
recovery =4) 50.0 94.39 1.90
15.0 96.49 1.10
Matrix effects Semaglutide (n 400.0 99.56 2.04
=4) 50.0 97.05 4.63
15.0 100.08 1.51

accuracy and precision were 108.17 % and 2.16 %, respectively; for the
1/5 dilution (n = 5), the corresponding values were 102.24 % and 2.45 %.
These data indicates that the dilution of plasma samples did not affect the
accuracy and precision of semaglutide analysis.

5. Pharmacokinetics of semaglutide in beagles

The validated bioanalytical method was successfully applied to
describe intravenous pharmacokinetics in beagles. As shown in Fig. 5, the
resulting drug concentration-time curve was obtained. Table 4 shows the
pharmacokinetic parameters of semaglutide after intravenous injection
obtained from the non-compartment models: the average elimination
half-life (t;,2) is 44.90 + 11.45 h, and the clearance (CL) is 0.94 & 0.12
mL/h/kg, mean residence time (MRT) is 23.59 + 0.30 h, indicating that
semaglutide is a long-acting preparation and is eliminated slowly in the
body.

In this experiment, female and male beagles exhibit gender differ-
ences in pharmacokinetic parameters, with females having a longer t; /2
(54.00 h) than males (35.80 h). There are also differences in apparent
volume of distribution and mean residence time. However, due to the
limited number of animals, additional studies are required to confirm
these sex differences in semaglutide pharmacokinetics.
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Table 3
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Stability of semaglutide in the beagle plasma under four different storage conditions (n = 5).

Concentration (ng/mL) Short-term Long-term

Autosampler Freeze/thaw

(12 h at room temperature)

(4 weeks at —80 °C)

(24 h in the autosampler) (3 freeze/thaw cycles)

Accuracy (%) Precision (%) Accuracy (%)

Precision (%)

Accuracy (%) Precision (%) Accuracy (%) Precision (%)

400.0
15.0

96.45
100.83

3.19
6.01

95.62
107.56

6.92
5.23

107.32
105.29

7.47
13.51

107.06
96.53

4.39
5.25

Concentration Time Curve
1000
Beagle 1

800 Beagle 2

_— Beagle 3

Beagle 4
400

CONC(ng/mL)

200

20 40

time(h)

60

Fig. 5. Drug time curve of semaglutide in beagles.

Table 4
Pharmacokinetic parameters of semaglutide after a single intravenous injection
of 0.030 mg/kg semaglutide in beagles (n = 4).

All(n = 4) Female(n = 2) Male(n = 2)
T 2m) 44.90 +11.45 54.00 + 2.18 35.80 + 2.65
Timax (h) 0.033 0.033 0.033
Cnax (ng-mL™Y) 1024 + 149 905 + 57 1143 + 64
AUCo_¢ (h-ng-mL™1) 20,572 + 4663 16,541 + 732 24,603 + 751
AUCy-o, (h-ng-mL™1) 32,288 + 4341 29,169 + 1435 35,407 + 1577
V4 (mL-kg™) 61.83 + 21.24 79.82 + 5.32 43.29 + 3.72
CL (mL-h~'kg™!) 0.94 + 0.118 1.03 + 0.08 0.85 + 0.07
MRTo- (h) 23.59 + 0.30 23.52 + 0.12 23.65 + 0.23
MRTp- (h) 61.77 + 14.81 73.09 + 5.69 50.45 + 4.93

6. Conclusion

The recent advancements in high-resolution mass spectrometry
instrumentation, such as hybrid Q-Orbitrap and Q-TOF mass spectrom-
eters, have significantly enhanced the precision and accuracy of peptide
quantiﬁcation.25 The Multiple Reaction Monitoring (MRM) technique,
however, often results in the generation of numerous fragment ions,
which can lead to lower product ion abundance, reduced sensitivity, and
potential interference from background noise.?® These limitations can be
mitigated through the use of the HR-SIM method. Unlike the traditional
SIM approach, which is typically employed in quadrupole mass ana-
lyzers, HR-SIM utilizes a wide m/z range selection via Q1, followed by
high-resolution detection in TOF or Orbitrap analyzers, with
post-acquisition data analysis.?”**® This approach allows the Q-TOF in-
strument to conduct high-resolution scans of all ions, enabling the precise
identification and selection of optimal ions for subsequent quantifica-
tion.?**% By judiciously selecting the quantitative ions, HR-SIM effec-
tively minimizes interference from endogenous metabolites with
overlapping m/z values.'® This method is particularly renowned for its
robust anti-interference capabilities, ensuring highly accurate quantita-
tion, and thus broadening its applicability across diverse sample
matrices. Furthermore, the absence of the need to preselect ion pairs
considerably reduces the development cycle of the HR-SIM method.
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Consequently, HR-SIM offers significant potential for providing deeper
insights into quantitative studies of a wide array of peptides.

The HR-SIM method has been validated for use in beagle plasma and
applied to in vivo pharmacokinetic studies of semaglutide. This meth-
odology demonstrates considerable versatility, enabling both qualitative
and quantitative analyses across a diverse spectrum of peptides. It facil-
itates the rapid screening and optimization of potential peptide candi-
dates and provides robust support for in vivo metabolism and
pharmacokinetic investigations.
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