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Background: Mass spectrometry (MS) methods exhibit higher accuracy and comparability
in measuring serum C-peptide concentrations than immunoassays. We developed and val-
idated a novel isotope dilution-ultraperformance liquid chromatography-tandem MS (ID-
UPLC-MS/MS) assay to measure serum C-peptide concentrations.

Methods: Sample pretreatment involved solid-phase extraction, ion-exchange solid-phase
extraction, and derivatization with 6-aminoquinolyl-N-hydroxysuccinimidylcarbamate (Cay-
man Chemical, Ann Arbor, Michigan, USA). We used an ExionLC UPLC system (Sciex, Fram-
ingham, MA, USA) and a Sciex Triple Quad 6500 MS/MS system (Sciex) for electrospray
ionization in positive-ion mode with multiple charge states of [M+3H]3+ and multiple reac-
tion monitoring transitions. The total run time was 50 mins, and the flow rate was 0.20
mL/min. We evaluated the precision, trueness, linearity, lower limit of quantitation (LLOQ),
carryover, and matrix effects. Method comparison with electrochemiluminescence immu-
noassay (ECLIA) was performed in 138 clinical specimens.

Results: The intra- and inter-run precision coefficients of variation were <5% and the bias
values for trueness were <4%, which were all acceptable. The verified linear interval was
0.050-15 ng/mL, and the LLOQ was 0.050 ng/mL. No significant carryover or matrix ef-
fects were observed. The correlation between this ID-UPLC-MS/MS method and ECLIA was
good (R=0.995, slope =1.564); however, the ECLIA showed a positive bias (51.8%).

Conclusions: The developed ID-UPLC-MS/MS assay shows acceptable performance in
measuring serum C-peptide concentrations. This will be useful in situations requiring ac-
curate measurement of serum C-peptide in clinical laboratories.
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atic islets [1]. C-peptide and insulin are generated via proteolytic

cleavage of proinsulin and released into the blood in equimolar

C-peptide is a polypeptide of 31 amino acids derived from proin-
sulin, a prohormone synthesized in the beta cells of the pancre-
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amounts [2]. Although C-peptide and insulin are secreted to-
gether, plasma concentrations of C-peptide are higher than
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those of insulin because of its longer half-life [1]. In patients
treated with exogenous insulin, serum C-peptide is a good indi-
cator of beta-cell activity because of the cross-reactivity between
endogenous and exogenous insulin [3].

Various immunoassays are used in laboratories to measure
serum C-peptide concentrations. An international comparison of
different C-peptide measurement procedures conducted by the
C-peptide Standardization Committee revealed significant varia-
tion among laboratories and measurement procedures and
showed that C-peptide immunoassay results are often incompa-
rable [4, 5]. The committee also reported considerable among-
laboratory imprecision in C-peptide measurement and revealed
that, although calibration with pure C-peptide standards (WHO
IRR 84/510) does not improve comparability, patient samples
can successfully be used to calibrate assays and reduce impre-
cision [5]. They reported that the comparability of clinical immu-
noassays among laboratories can be substantially improved by
using a calibrator serum determined via liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [5, 6].

LC-MS/MS is used as a reference method for many clinical in-
dicators owing to its high specificity, accuracy, and sensitivity, all
of which are listed on the Joint Committee for Traceability in
Laboratory Medicine (JCTLM) website (https://www/bipm.org/
jetim/home.do). This technology is highly effective for measuring
small molecules; however, it is not extensively used for measur-
ing biological macromolecules such as intact C-peptides for rea-
sons such as the requirement for sample processing, sample
complexity, and high cost [4]. However, LC-MS/MS is becoming
increasingly popular for measuring such macromolecules owing
to continuous complex method development. For example, Fore-
man, et al. [7] developed an LC-MS/MS-based detection method
for circulating proinsulin-derived peptides that showed high
specificity.

LC-MS/MS assays have ample potential to overcome the limi-
tations of immunoassays [8, 9]. Previous MS assays for the
quantification of serum C-peptide analyzed intact peptide, which
has a low ionization efficiency, thus limiting its analytical sensi-
tivity on many instruments [1]. This limited ionization efficiency
has been overcome through the use of multiple dimensions of
LC separation [1, 10-12] or immunoaffinity enrichment [1, 13,
14].

We developed and validated a novel isotope dilution-ultraper-
formance liquid chromatography (ID-UPLC-)MS/MS assay for
measuring serum C-peptide. Additionally, we compared the re-
sults with those of the immunoassay.
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MATERIALS AND METHODS

Experiments involving human specimens were performed ac-
cording to the Declaration of Helsinki (2019) and approved by
the Institutional Review Board (IRB) of GC Labs (IRB No. GCL-
2023-1034-01).

Reagents and chemicals

HPLC-grade water (Fisher, Pittsburgh, PA, USA), HPLC-grade ace-
tonitrile (ACN) (Fisher), formic acid (Wako, Osaka, Japan), acetic
acid (Wako), trifluoroacetic acid (TFA; Supelco, Bellefonte, PA,
USA), protease-free bovine serum albumin (BSA; Sigma-Aldrich,
St. Louis, MO, USA), boric acid (Sigma-Aldrich), and Mass Spect
Gold Human Serum (Golden West, Temecula, CA, USA) were
used. D8-Val7,10-C-peptide (5 ng/mL; Bachem, Bubendorf,
Switzerland) was used as an internal standard (IS).

C-peptide solution (100 ug/mL) in protease-free 1% phos-
phate-buffered saline (Cerilliant, Round Rock, TX, USA) and C-
peptide (human) trifluoroacetate salt (Bachem, Bubendorf, Swit-
zerland) were used as certified reference materials (CRMs). Na-
tional Metrology Institute of Japan (NMIJ) CRM 6901-C (Wako)
was used as a primary standard reference material.

Sample preparation materials

A Sep-Pak tC18 96-well plate with 100 mg solvent/well and 37 -
55-um particle size (Waters, CT, USA) was used for solid-phase
extraction (SPE). An Oasis MCX 96-well plate with 30 mg sol-
vent/well and 30-um particle size (Waters, Milford, MA, USA)
was used for ion-exchange SPE. 6-Aminoquinolyl-N-hydroxysuc-
cinimidylcarbamate (AQC; Cayman Chemical, Ann Arbor, M,
USA) was used for derivatization.

Calibrator, QC materials, and IS preparation
Calibrators were prepared by diluting the CRMs with 2% BSA
and 5% acetic acid, and calibration curves were constructed us-
ing five calibrator concentrations (0.5, 1.0, 2.5, 5.0, and 10.0
ng/mL) (1 ng/mL=~0.331 nmol/L).

Three QC samples for low, medium, and high concentrations
(0.52, 1.04, and 10.4 ng/mL) were prepared by dissolving NMIJ
CRM 6901-C in 2% BSA and 5% acetic acid.

Sample preparation
We used a two-step SPE method according to previous studies
on ID-LC/MS for C-peptide measurement [15, 16].

For SPE, a mixture of serum (500 pL), IS (500 pL), and 500
mM acetic acid (1,000 pL) was loaded twice into a Sep-Pak
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tC18 96-well plate. After a washing step, the samples were
eluted with 50% ACN in 50 mM acetic acid.

For ion-exchange SPE, we diluted the eluted sample with 0.1%
TFA at a 1:1 (v/v) ratio, loaded the diluted sample twice into an
Oasis MCX 96-well plate, and eluted them with 50% ACN in 0.5%
TFA.

For derivatization, we evaporated the samples with nitrogen
gas for 3 hrs. Then, 0.2 M borate buffer (pH 8.8) was added,
and the samples were vortexed for 10 mins. The samples were
dried, and 1 mg/mL AQC in ACN was added. The samples were
heated at 55°C for 40 mins for derivatization and then evapo-
rated with nitrogen gas for 30 mins. We reconstituted the dried
samples with 50 pL of 15% ACN in 1% TFA. The samples were
filtered and loaded in the UPLC-MS/MS instrument.

UPLC-MS/MS settings

We used Exion UPLC (SCIEX, MA, USA) and Triple Quad 6500*
(SCIEX, MA, USA) instruments. We used a Capcell Pak C18 ACR
(2.0x10 mm, 3 pum; OSAKA SODA, Osaka, Japan) guard car-
tridge column. A Capcell Pak C18 ACR (2.00x 150 mm, 3 pL;
OSAKA SODA, Osaka, Japan) column was also used. The LC con-
ditions for mobile phases were 1.0% formic acid in water (A) and
100% ACN (B). The gradients were 85% A and 15% B at O min,
followed by 70% of A and 30% of B at 35 mins. The total run
time was 50 mins, with a flow rate of 0.20 mL/min. We used the
integrated valve method, with a diverter valve in diverter mode
(position A: 22-34 mins). We used the electrospray ionization

Table 1. MRM transitions and other mass spectrometric settings
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(ESI) method in positive-ion mode with multiple reaction moni-
toring (MRM) transitions. Nitrogen gas was used for nebulation,
desolvation, and collision.

The MRM transitions and other MS/MS settings are provided
in Table 1.

Assay performance evaluation

Analytical performance characteristics, including precision, true-
ness, linearity, lower limit of quantitation (LLOQ), carryover, and
matrix effects, were evaluated. Method comparisons were con-
ducted in accordance with the US Food and Drug Administration
Center for Drug Evaluation and Research Bioanalytical Method
Validation Guidance for Industry [17], CLSI guidelines [18, 19],
and review articles on LC-MS/MS laboratory development and
operation [20-22].

Intra-run precision was assessed using five replicates in a sin-
gle run in one day, and inter-run precision was assessed using
20 separate runs over 6 days, with a single run per day and
three analyte concentrations (Table 2).

Spike recovery and trueness were assessed using NMIJ CRM
6901-C with a certified value of 104 +5 ng/mL. The CRM was
diluted with 2% BSA in 5% acetic acid and Mass Spect Gold Hu-
man Serum to values of 0.52, 1.04, and 10.4 ng/mL, respec-
tively. They were analyzed three times in one day.

Acceptance limits were within 8.3% CV for precision and
within + 7.1% bias of nominal concentrations for trueness. Ana-
lytical performance goals for C-peptide measurement were set

Analyte Q1(m/z) Q3(m/z) DP(V) EP(V) CE(V) CXP(V) CUR(psi) CAD(psi) Temp(°’C) Dwelltime (msec)
C-peptidel (quantifier) 1,064.262Da 171.2Da 71 10 169 12 40 11 400 150
C-peptide2 (qualifier) 1,064.262Da 9552Da 160 10 40 25 40 11 400 150
C-peptide IS (DsVal™ C-peptide) ~ 1,069.915Da 171.2Da 76 10 159 16 40 11 400 300

Abbreviations: MRM, multiple reaction monitoring; IS, internal standard; DP, de-clustering potential; EP, exit potential; CE, collision energy; CXP, collision cell

exit potential; CUR, curtain gas, CAD, collision gas; Temp, temperature.

Table 2. Intra- and inter-run precision and trueness

Precision
. Trueness
C-peptide Target value (ng/mL) Intra-run (N=5) Inter-run (N=20)
Mean (ng/mL) % CV Mean (ng/mL) % CV Mean (ng/mL) % Bias
CRM 6901-C 104 +5 ng/mL (1/200 dilution) 0.52 0.50 48 0.52 45 0.52 0.6
CRM 6901-C 104 +5 ng/mL (1/100 dilution) 1.04 1.03 36 1.07 43 1.05 1.0
CRM 6901-C 104 +5 ng/mL (1/10 dilution) 10.40 10.74 42 10.66 3.8 10.72 31

Abbreviation: CRM, certified reference material.
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according to the Westgard desirable biological variation data-
base [23].

Response linearity was assessed using serial dilutions of CRM
C-peptide (human) trifluoroacetate salt (Bachem) with 2% BSA
in 5% acetic acid solution to yield seven concentrations of 0.05,
0.10, 0.25, 1, 5, 10, and 15ng/mL. The acceptance criteria of
linearity were R*>>0.99, accuracy (% bias)<15%, and CV (%)
<15%.

The LLOQ was evaluated using C-peptide (human) trifluoroac-
etate salt diluted with 2% BSA in 5% acetic acid, with <20%
bias for accuracy and <20% CV for precision (seven concen-
trations x five times).

Carryover was evaluated according to the following equation,
with four serial measurements of two concentrations of calibra-
tors (calibrators 2 and 5);

Carryover (%)=[{L1-(L3+L4)/2}/{(H2+H3)/2-(L3+L4)/2}] x 100,

where L indicates the low concentration, and H is the high con-
centration. The acceptance criterion for carryover was +1.0%.

lon suppression was evaluated using the post-column infusion
method. In brief, a standard C-peptide solution with a concentra-
tion of 500 ng/mL was continuously infused directly into the MS
detector at a flow rate of 5 pL/min, whereas Mass Spect Gold
Human Serum, 2% BSA in 5% acetic acid, hemolysis sample, li-
pemic sample, icteric flag sample, and six extracted participant
samples were injected into the UPLC column at a flow rate of 0.2
mL/min. A significant change in the detection level indicates
that ion suppression has occurred at the point at which the
change was observed.

Reference intervals (Rls)
We determined Rls for serum C-peptide according to CLSI EP28-

A3c [24]. We measured C-peptide concentrations in residual
samples from 150 healthy women (9-83 yrs of age) and 150
healthy men (12-84 yrs of age) with normal glucose values. For
nonparametric confidence intervals of reference limits, we re-
ferred to Table 8 in CLSI EP28-A3c [24]. We compared the Rls
with those in previous studies [13, 14].

Method comparison of LC-MS/MS and
electrochemiluminescence immunoassay (ECLIA)

We measured serum C-peptide concentrations in another 138
random patients with unknown clinical histories, only having C-
peptide concentrations of 0.55-12.54 ng/mL as determined by
an ECLIA using the Roche Cobas 8000 instrument (Roche Diag-

https://doi.org/10.3343/alm.2024.0072
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nostics, Indianapolis, USA).

Statistical analysis

EP evaluator (Data Innovations, Burlington, USA) was used for
correlation evaluation and Rl validation, and Passing-Bablok re-
gression analysis and percent bias plots were used for method
comparisons. P<0.05 was considered significant.

RESULTS

Representative UPLC-MS/MS chromatograms of serum C-pep-
tide are shown in Fig. 1. To demonstrate the specificity of our
method, we used ion ratio confirmation using quantifier C-pep-
tides (Q1: 1,064.3, Q3: 171.2) and qualifier C-peptides (Q1:
1,064.3, Q3: 955.2) showing adequate identification and assay
specificity (Supplemental Data Fig. S1). The inter- and intra-run
imprecision ranged from 3.6% to 4.8% CV, which is lower than
the minimal requirement based on biological variation. The per-
centage bias for trueness ranged from 0.6% to 3.1% and was
within the acceptable range (Table 2). Spike recovery test results
(Table 3) reflect the trueness of the method and partly reflect
the matrix effect.

The linearity range was 0.05-15 ng/mL, with R>=0.9995.
The LLOQ was 0.050 ng/mL. We observed no carryover effect.
There was no matrix effect, as no significant ion suppression or
enhancement was observed at the corresponding retention time
(Fig. 2).

Using samples from 300 healthy individuals, including 150
men and 150 women, the Rl was determined to be 0.21-3.92
ng/mL based on the values corresponding to the rank numbers
of the lower three and upper 13 samples for the total sample
size of 300 in the nonparametric distribution. This was slightly
lower than that of the ECLIA, which was 1.1-4.4 ng/mL

The correlation between UPLC-MS/MS and Roche Cobas
8000 ECLIA results was good (R=0.995, slope=1.564) based
on an analysis of 138 samples having C-peptide concentrations
of 0.55-12.54 ng/mL (Fig. 3). However, the ECLIA showed posi-
tive percent bias (51.8 %) compared with UPLC-MS/MS for all
138 samples.

DISCUSSION

We developed and validated an ID-UPLC-MS/MS method for
quantifying C-peptide in serum. This is a novel method with
newly developed sample preparation procedures, enabling
quantifying more lower C-peptide concentrations in serum com-
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Fig. 1. Typical tandem mass spectrometry chromatograms of C-peptide in a patient serum sample (2.860 ng/mL). (A) Full chromatograms
after 50 minutes of runtime. (B) Magnification of the major peaks in panel A.

pared with those of previous studies.

Existing sample preparation procedures for C-peptide com-
monly include protein precipitation, SPE, immune-affinity purifi-
cation, ion-exchange chromatography, two-dimensional LC, and
derivatization. Generally, to achieve sufficient enrichment and
purification, combining multiple preparation procedures is es-
sential [4]. The JCTLM list includes two reference procedures for
C-peptide, both of which are based on LC-MS/MS. The first
method, developed by Stoyanov, et al. [11] in 2011, uses protein
precipitation and ion-exchange chromatography to effectively
isolate C-peptide from the complex matrix. This method enables
the measurement of low C-peptide concentrations because it in-
volves an improved sample preparation procedure, including
two-step purification or “double dilution” [12]. The second
method, developed by Kinumi, et al. [13], involves immunoaffin-
ity purification and precolumn derivatization with AQC to purify
C-peptide before LC-MS/MS detection for improved sensitivity.
AQC is also used to modify the N-terminal amino group of C-pep-
tide, substantially increasing the fragmentation efficiency by
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adding a positive charge to the peptide. This currently repre-
sents the most sensitive published ID-MC-MS/MS measurement
procedure for C-peptide [13].

The sample preparation procedure developed in the current
study comprises 1) SPE, 2) ion-exchange SPE, and 3) derivatiza-
tion using AQC, referring to the aforementioned procedures but
using a novel combination. The total time required for sample
pretreatment in a single 96-well plate is 5 hrs.

All published LC-MS/MS methods for C-peptide adopt the ESI
mode, with most using positive-ion-mode ESI in MRM and se-
lecting the highly abundant 3" charged ion as the precursor ion
[4]. These settings are the same as those in our method.

Our laboratory-developed test (LDT) method has an inter- and
intra-run imprecision of 3.6%-4.8% CV and a percentage bias
for trueness of 0.6%-3.1%, which are substantially lower than
the goals of <8.3% CV and <7.1% bias, respectively, in the
Westgard desirable biological variation database [23], demon-
strating the high performance of our method. The LLOQ of our
method is 0.05 ng/mL, which is similar or even lower than the

https://doi.org/10.3343/alm.2024.0072
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Table 3. Spike recovery test results
Dilution 1* Dilution 21
C-peptide Targetvalue (ng/mL) Spike recovery (N=3) Spike recovery (N=3)
Mean (ng/mL) % CV % Bias Mean (ng/mL) % CV % Bias
CRM 6901-C 104 +5 ng/mL (1/200 dilution) 0.52 0.52 11 0.6 0.51 11 -13
CRM 6901-C 104 +5 ng/mL (1/100 dilution) 1.04 112 14 74 1.07 14 3.2
CRM 6901-C 104 £5 ng/mL (1/10 dilution) 10.40 10.20 25 -2.0 10.46 04 0.5
*Dilution with 2% BSA and 5% acetic acid. 'Dilution with Mass Spect Gold Human Serum (Golden West).
0 7,000 — Blank: C-peptide (1,064.3/171.2) Q 5,800 1 — Hemolysis sample: C-peptide (1,064.3/171.2)
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Fig. 2. Effect of ion suppression. No ion suppression was observed in blank samples (A, Mass Spect Gold Human Serum; B, 2% BSA in 5%
acetic acid), (C) normal sample, (D) hemolytic sample, (E) icteric sample, or (F) lipemic sample.

Abbreviation: BSA, bovine serum albumin.

LLOQs of 0.1 ng/mL [3] and 0.06 ng/mL [1] reported previously.

In a previous study analyzing serum samples using an LC-MS/
MS method and six routine immunoassays, all assays, except
the Siemens and Beckman assays, displayed significant positive
bias according to Bland-Altman analysis results (49.9%, 35.4%,
32.2%, and 81.7% for Roche, Abbott, Mindray, and Snibe, re-

https://doi.org/10.3343/alm.2024.0072

spectively) [3]. The Beckman and Siemens assays, both of which
are magnetic particle chemiluminescence immunoassays,
showed better agreement with the LC-MS/MS method than the
other assays, indicating that the WHO material may have a lower
matrix effect for this type of assay than for other assay methods
[3]. The positive bias in immunological results is likely attributed
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Fig. 3. Method comparison of ID-UPLC-MS/MS and the Cobas 8000 ECLIA. (A) Passing-Bablok regression scatter plot. (B) Percent bias plot.
The correlation was good (R=0.995, slope=1.564) in 138 random individuals with C-peptide concentrations of 0.55-12.54 ng/mL, but

positive percent bias was observed for all concentrations.

Abbreviations: ID-UPLC-MS/MS, isotope dilution-ultraperformance liquid chromatography-tandem mass spectrometry; ECLIA, electrochemi-

luminescence immunoassay.

to cross-reactions between C-peptide anti-serum and proinsulin
or C-peptide metabolite fragments [4]. In line with the previous
studies, we found that the ECLIA showed positive percent bias
at all concentrations. In addition, the RI of our LDT method was
lower than that of the ECLIA.

While LC-MS/MS for serum C-peptide measurement has nu-
merous advantages, such as high throughput and high accuracy
without cross-reactivity, which is observed with immunoassays,
current obstacles to its application are the high initial cost and
the requirement for professional operators [4]. In addition, the
time-consuming pretreatment step increases the uncertainty of
the entire procedure and hampers its application in routine test-
ing in clinical laboratories.

For macromolecules with a molecular weight exceeding the
detection limit of MS/MS, the detection of fragments rather
than the intact form is often necessary, and in such case, the
specificity of the measurement should be guaranteed. To guar-
anteeing the specificity of our method, we used ion ratio confir-
mation using quantifier and qualifier C-peptides.

As we developed this method for limited situations in which a
high accuracy and wide linearity range are required, such as
when establishing a reference standard for comparison with
other immunoassays, a low LLOQ was an important consider-
ation. To achieve this, we had to develop a lengthier pretreat-
ment process than that used in a previous study [3].

As the reference measurement procedure (RMP) for C-pep-
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tide, LC-MS/MS plays a key role in C-peptide measurement stan-
dardization and CRM development. The international reference
measurement system for C-peptide is still in development. The
primary reference material (PRM) listed on the JCTLM website is
NMIJ CRM6901. The JCTLM lists two primary RMPs (PRMPs) but
no laboratories accredited to ISO 17025 and 15195 for provid-
ing C-peptide reference measurement services. There are no
commutable (secondary) CRMs, either [4, 25]. The above-men-
tioned PRMP [13] adopted C-peptide CRM 6901-b as the cali-
brator to ensure that the results were traceable to the Sl unit,
and this PRM listed in the JCTLM was successfully produced by
the NMIJ and can be used for RMP calibration [4].

In conclusion, while our method is unsuitable for routine clini-
cal testing because of the long assay time and complex sample
pretreatment, it is useful in limited situations requiring accurate
measurement of serum C-peptide in clinical laboratories.
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