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Introduction: C-peptide is used as a marker of endogenous insulin secretion in the assessment of residual
B-cell function in diabetes and in the diagnostic workup of hypoglycemia. Previously developed LC-MS/
MS methods to quantify serum concentrations of C-peptide have monitored intact peptide, which ionizes

Keywords: poorly. As a result, methods have leveraged immunoaffinity enrichment or two-dimensional chromatog-
C-peptide raphy. In this study, we aimed to use proteolysis during sample preparation to enhance the sensitivity of
\5/“1‘_1;“ _ traditional LC-MS/MS.

alidation Methods: Due to the absence of arginine and lysine residues in C-peptide, we utilized Glu-C as the pro-
Liquid chromatography-tandem mass . . . . . . . .
spectrometry teolytic enzyme in the method. After protein precipitation using acetonitrile and solid phase extraction
LC-MS/MS with mixed anion exchange, lower molecular weight polypeptides were reduced, alkylated, and prote-

olyzed. The two amino-terminal peptide fragments, EAEDLQVGQVE and LGGGPGAGSLQPLALE, were

monitored using multiple reaction monitoring in positive ion mode (Acquity ULPC-Xevo TQ-S, Waters).

The former peptide was used for quantification and the latter for quality assurance.

Results: Glu-C was determined to be a reliable proteolytic enzyme with monotonic digestion kinetics.

The assay was linear between 0.1 and 15 ng/mL and had a lower limit of quantification of 0.06 ng/mL.

Total imprecision was 7.7 %CV and long-term imprecision at 0.16 ng/mL was 10.0%. Spike-recovery exper-

iments demonstrated a mean recovery of 98.2 % (+ 9.1 %) and the method compared favorably with a

commercially available immunoassay and a reference measurement procedure.

Conclusion: Protein precipitation with solid phase extraction and proteolysis with Glu-C is a robust sam-

ple preparation method for quantification of C-peptide in human serum by LC-MS/MS.

© 2020 THE AUTHORS. Publishing services by ELSEVIER B.V. on behalf of MSACL. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction tions [1]. Due to the way proinsulin is processed, insulin and C-

peptide are released into the circulation in equimolar amounts,

C-peptide is a relatively short polypeptide of 31 amino acids
that is derived from proinsulin, a prohormone synthesized in the
B-cells of the pancreatic islets. After proinsulin is processed by pro-
hormone convertases and carboxypeptidase E in the Golgi, insulin
and C-peptide are stored in secretory granules until the cells are
stimulated to secrete insulin by increased blood glucose concentra-

Abbreviations: LC-MS/MS, liquid chromatography-tandem mass spectrometry;
LLOQ, lower limit of quantification; %CV, coefficient of variation expressed as a
percent.
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and while it was assumed for many years that C-peptide merely
served as a scaffolding peptide for the A and B chains of insulin
during its folding in the endoplasmic reticulum, more recent data
suggest that C-peptide itself may have biological activity, specific
cell surface receptors, and a role in preventing the damage caused
by elevated glucose concentrations [2-4].

Although C-peptide and insulin are secreted together, plasma
concentrations of C-peptide are higher than insulin, which is due
to its longer half-life. Insulin is significantly and rapidly degraded
by the liver and, to a minor extent, by the kidneys, leading to a
half-life of ~3-5 min [5]. In contrast, the clearance of C-peptide is
mostly renal and includes glomerular filtration to some extent,
but catabolism is more important and appears to be regulated
[6,7]. With a half-life for C-peptide of 30 minutes, the plasma con-
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centration of C-peptide in healthy individuals (0.3-3 nM, 0.9-9 ng/
mL) is approximately 5-times higher than insulin [4]. Due to the
extent of renal metabolism, C-peptide concentrations are higher
in patients with later stages of kidney disease [2].

While C-peptide may have some therapeutic potential in the
future, its plasma concentration is currently used clinically to help
determine the pathophysiological processes leading to hyper-
glycemia and hypoglycemia [2-4]. Pharmaceutical preparations
of insulin and its analogs do not contain C-peptide and, as a result,
C-peptide plays an important role in detecting endogenous insulin
secretion [8]. This can be useful in demonstrating elevated insulin
secretion in hyperglycemic patients with insulin resistance and
type 2 diabetes or in identifying inappropriate insulin secretion
in hypoglycemic patients with insulin secreting tumors. In con-
trast, a lack of C-peptide in circulation is useful in detecting B-
cell loss in hyperglycemic patients and in identifying patients
who have administered exogenous insulin in the case of unex-
plained hypoglycemia. In patients with type 1 diabetes, C-
peptide is used in research settings as a measure of residual B-
cell function (often after stimulation with oral glucose) and less
commonly in clinical settings for prognosis.

As an analyte, C-peptide is most commonly detected and quan-
tified using immunoassays. While modern immunoassays are sen-
sitive, concerns regarding specificity, e.g., cross-reactivity with
proinsulin, and the poor inter-platform concordance have been
raised [9,10]. In many ways, mass spectrometric assays have the
potential to overcome the limitations of immunoassays [11-15].
In addition, detailed standard operating procedures will facilitate
the transfer of mass spectrometric technology between laborato-
ries [16]. Previous mass spectrometric assays for the quantification
of serum C-peptide analyzed intact peptide, which has low ioniza-
tion efficiency, thus limiting its analytical sensitivity on many
instruments. This limited ionization efficiency has been overcome
by the use of multiple dimensions of liquid chromatographic sep-
aration [17,18] or with immunoaffinity enrichment [19,20]. In this
study, we aimed to develop and validate a new assay for C-peptide
using liquid chromatography-tandem mass spectrometry (LC-MS/
MS) with standard chromatography and no immunoaffinity
enrichment.

2. Materials and methods

A detailed standard sperating srocedure is presented in the Sup-
plemental Material. A brief description of the method is provided
in Sections 2.2 and 2.3.

2.1. Description of samples

De-identified leftover clinical samples were obtained from the
Chemistry Laboratory at the University of Washington Medical
Center. The use of de-identified leftover samples and samples
drawn for quality improvement has been determined to qualify
as non-human subjects-research by the Human Subjects Division
of the University of Washington.

2.2. Sample preparation

Briefly, samples (200 pL) and internal standard (C-peptide
labeled with two heavy isotope-labeled amino acids) were precip-
itated with acetonitrile in a filter plate (Pall) and filtered using cen-
trifugation. We noticed early on in method development that C-
peptide was being lost due to adsorption in standard buffers,
including 5-10% acetonitrile with and without formic acid. How-
ever, after testing different buffer conditions, we found that the
analyte was stable in 0.001% Zwittergent 3-16 detergent. As a
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result, this storage solution was adopted for C-peptide. The filtrate
was dried using centrifugal evaporation at room temperature.
Samples were reconstituted, acidified, and enriched using mixed
anion exchange solid-phase extraction with a p-elution plate
(Waters). The eluate was dried at 40 °C using evaporation (Turbo-
Vap, Biotage), reconstituted in a buffer containing dithiothreitol,
and reduced at 60 °C. After cooling and alkylation with iodoac-
etamide, samples were digested with endoproteinase Glu-C
(Sigma) at 37 °C at pH 8. The specificity and reliability of digestion
was determined to be acceptable in the pH range of 7.5-9.5 (Sup-
plemental Figure 1). The reaction was stopped with formic acid.

2.3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

A portion of the digests were injected onto the LC-MS/MS
instrument and peptides were resolved using reverse phase chro-
matography at normal flow rates (Waters Acquity). Resolved pep-
tides were analyzed with a Waters Xevo TQ-S tandem mass
spectrometer. The two amino-terminal peptides and their internal

standards were monitored, EAEDLQVGQVE and LGGGPGAGSLQ-

PLALE (underlined leucines were labeled in the internal standard
C-peptide). The peak area ratio of peptide EAEDLQVGQVE was used
for quantification and that of peptide LGGGPGAGSLQPLALE was
used for quality assurance (as a confirmatory ion). The data were
analyzed with MassLynx and TargetLynx XS. Example product
ion spectra and chromatograms are included in Supplemental Fig-
ures 2 and 3, respectively. The assay was calibrated using a five-
point calibration curve, which was made from a combination of
pooled human serum, synthetic human C-peptide, and horse
serum (negative for the peptides of interest).

2.4. Method validation

The analytical method validation experiments included evalua-
tion of linearity, imprecision, lower limit of quantification, carry-
over, spike-recovery, interference studies, and method
comparison. Each batch of samples was prepared in parallel with
a 5-point standard curve and negative (equine serum), low (0.15
ng/mL), and high (5.0 ng/mL) quality control materials. System
suitability was assessed each day by using a pooled processed sam-
ple with a low concentration of C-peptide. All statistical analyses
were performed in Excel 2016 and R (version.4.0.0) [21].

2.4.1. Linearity

The linearity of the assay was assessed using an 11-point dilu-
tion series ranging from 0.1 to 15 ng/mL. The sample with a high
concentration of C-peptide (14.3 ng/mL) was prepared by spiking
a pool of leftover clinical samples with synthetic C-peptide certi-
fied reference material (CRM, NMIJ CRM 6901-b, Wako Chemicals
USA). The sample with a low concentration of C-peptide (0.2 ng/
mL) was prepared by dilution of a pool of leftover clinical samples
with equine serum. The 11-point dilution series was constructed
volumetrically by mixing these two samples together in appropri-
ate ratios. Samples were run in triplicate on each of 3 days. The
Pearson correlation coefficient (r?) and bias for the middle nine
samples were determined using Excel.

2.4.2. Imprecision

We evaluated within-batch imprecision by analyzing 20 repli-
cates of pooled leftover clinical samples with low (0.1 ng/mL),
medium (5.9 ng/mL) and high (11.7 ng/mL) concentrations of C-
peptide in a single batch. To estimate total variability, we per-
formed a 5 x 5 study by analyzing 5 replicates of a sample with
0.3 ng/mL C-peptide on each day for 5 days. To estimate
between-batch imprecision, we analyzed 20 replicates of a sample
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with 0.2 ng/mL over 4 months. Data for imprecision are presented
as the coefficient of variation expressed as a percent (%CV).

2.4.3. Lower Limit of Quantification (LLOQ)

The LLOQ was estimated by analyzing 8 replicates of 5 different
samples that had low concentrations of C-peptide (0.21, 0.14, 0.07,
0.04, and 0.02 ng/mL, made by mixing leftover clinical samples) on
each day for 5 days. The concentration at which the imprecision
was interpolated to be 20 %CV (using regression with a power
function in Excel) was estimated to be the LLOQ.

2.4.4. Carryover

The extent of carryover was evaluated by alternating injections
of digests of pooled leftover clinical samples with high and low
concentrations of C-peptide sequentially in triplicate. Carryover
was calculated as the ratio of the difference between the mean
peak area of the low samples that immediately followed the high
samples and the mean peak area of the low samples that immedi-
ately preceded the high samples, divided by mean peak area of the
high sample that was injected second in each series of triplicate
injections (expressed as a percentage).

2.4.5. Spike-recovery and Interference

For spike-recovery studies, leftover clinical samples (n = 25)
were spiked with 5 ng/mL C-peptide CRM or buffer (control). The
effects of hemolysis, lipemia, bilirubin, kidney disease, and total
protein were also evaluated by spiking potentially problematic
samples in a similar manner. Spiked samples (with peptide or buf-
fer) were extracted in duplicate.

2.4.6. Sample type and stability

To compare results from different phlebotomy tubes, blood was
drawn into lime green-top serum separator tubes (lithium-
heparin), gold-top serum separator tubes, red-top serum tubes,
and lavender-top plasma tubes (EDTA anticoagulated) during the
same phlebotomy (all blood was collected into non-expired BD
Vacutainers). Blood from three healthy individuals was available
for this study. Short-term storage stability of C-peptide was evalu-
ated at room temperature (24 hr), 4 °C (48 hr), and -20 °C (1 week).
Samples were also subjected to two freeze-thaw cycles.

2.4.7. Method Comparison

Leftover clinical samples that were previously tested using the
Immulite 1000 immunoassay (Siemens, N = 38) or the reference
measurement procedure at the University of Missouri [17,18]
(N = 40) were used in a method comparison. For comparison with
immunoassay, Deming regression was performed (with the dem-
ing function in the deming package in R, assuming equal variance
for the immunoassay and the new assay). For comparison with the
reference method, standard linear regression in R was used for
method comparison (setting the reference method as the gold
standard). The comparison with the immunoassay was performed
over two days by the same operator and the comparison with the
reference measurement procedure spanned two operators and 6
months.

2.4.8. Quality assurance

Acceptance criteria were established for the retention time of
EAE and LGG peptides (3.04-3.42 min and 3.84-4.36 min, respec-
tively), the correlation coefficient of the calibration curve (>0.98),
the observed concentration of the low (0.15 ng/mL) and high (2.75
ng/mL) quality control materials (0.11-0.19 ng/mL and 1.75-3.75,
respectively), the ratio of the two peptides (EAE/LGG, 0.4-0.6), and
the transition ion ratios for the EAE peptide (785.37/686.30, 1.5-
2.1; 785.37/659.34, 2.6-3.2; 785.37/531.28, 2.0-2.8). Samples fail
more than one of the quality assurance parameters ~2% of the time,
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at which point the samples are reviewed and may be re-injected or
repeated.

3. Results

There are no trypsin sites in C-peptide, which prevented us
from taking advantage of this commonly-used proteolytic enzyme.
Instead, we used Glu-C, a protease that cleaves peptides on the
carboxyl-terminal side of glutamate and aspartate residues. This
digestion was performed after solid phase extraction with a mixed
anion exchange resin, reduction with dithiothreitol, and alkylation
with iodoacetamide. While C-peptide does not contain cysteines,
one of our goals is to multiplex the measurement of C-peptide with
other analytes that contain cysteines, and as a result, we included
reduction and alkylation in the method. Intact isotopically labelled
C-peptide was used as an internal standard and was spiked in
before extraction and digestion. The two amino-terminal peptides
were of interest, with EAEDLQVGQVE monitored for quantification
and LGGGPGAGSLQPLALE monitored for quality assurance. The
proteolytic release of the two peptides reached a plateau within
an hour under these digestion conditions (Figure 1, Supplemental
Figure 4). There was minimal ion suppression observed with this
method (Supplemental Figure 5).

3.1. Linearity

The linearity of the assay was determined using an 11-point
dilution series prepared by proportionally mixing a pool of leftover
clinical samples with a high C-peptide concentration with a pool of
C-peptide-deficient serum. The assay was linear between 0.1 and
15 ng/mL, with a correlation coefficient (Pearson r?) of 0.997, and
observed biases of -10% to 7% for each mixture (Figure 2).

3.2. Imprecision

Within-batch imprecision of the assay was determined to be
11.2 %CV, 3.7 %CV and 3.8 %CV at low (0.1 ng/mL), medium (5.9
ng/mL) and high (11.7 ng/mL) concentrations of C-peptide
(N=20), respectively. Total variability was estimated using a 5x5
imprecision study, which analyzed 5 replicates of a serum pool
(0.3 ng/mL) each day for 5 days (Supplemental Table 1). From this
experiment, the within-batch and between-batch imprecision
were estimated to be 5.3 %CV and 5.5 %CV, respectively, and the
total imprecision was estimated to be 7.7 %CV. Between-batch
imprecision was determined to be 11.8 %CV at 0.16 ng/mL (N=20
days over four months).

3.3. Lower limit of quantification

The LLOQ of the assay was estimated by analyzing 8 replicates
of 5 different samples with low concentrations of C-peptide
(0.02,0.04, 0.07, 0.14 and 0.21 ng/mL) on each day for 5 days (Sup-
plemental Figure 6). From this experiment, the LLOQ was esti-
mated to be 0.06 ng/mL. There was one outlier replicate in this
analysis, which when removed did not substantially change the
estimated LLOQ (0.05 ng/mL).

3.4. Instrument carryover

Carryover was evaluated by alternating triplicate injections of
digests with high (50 ng/mL) and low (0.5 ng/mL) concentrations
of proteolytic peptides derived from C-peptide (Supplemental
Table 2). The observed carryover, 0.06%, was not significant enough
to cause concerns for analysis of human samples.
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Figure 1. Time-course of digestion. Digests of extracts of a pool of normal human
serum were stopped with acid at the indicated times and analyzed using LC-MS/MS.
Data presented for peptides EAEDLQVGQVE (solid circles) and LGGGPGAGSLQPLALE
(open circles) at each time-point are the mean and SD of three replicate digests.
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Figure 2. Linearity of assay: Serum with a high concentration of C-peptide (15 ng/
mL) was prepared by spiking a pool of leftover clinical samples with C-peptide
certified reference material (CRM). An eleven-point mixing series was prepared
using a pool of leftover clinical samples with a low concentration of C-peptide (0.2
ng/mL). Samples were run once on each of three days. Data are presented as the
mean and SD.

3.5. Spike-recovery and potential interference

We evaluated the recovery of spiked C-peptide in leftover clin-
ical samples that did not have detectable amounts of known poten-
tial interferences and those that did. The mean recovery in samples
that did not appear to have interferences was 98.2% (SD = 9.1%,
range 73-113.5, Figure 3). There was one outlier replicate in this
experiment. When removed, the mean recovery did not substan-
tially change (98.8%, Supplemental Figure 7). No systematic
concentration-dependent interference was observed from leftover
clinical samples with hemoglobin up to 0.84 g/dL, triglycerides up
to 1850 mg/dL, total protein up to 11.4 g/dL, bilirubin up to 33 mg/
dL, or creatinine up to 10.8 mg/dL (Supplemental Figure 8).
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Figure 3. Recovery of C-peptide spiked into leftover clinical samples: Twenty-five
leftover clinical samples were spiked with 5 ng/mL C-peptide. Each sample was run
in duplicate and the mean percent recovery is shown for each spiked sample.

3.6. Tube-type and stability studies

To evaluate the impact of different matrices and preanalytical
handling on the quantification of C-peptide, blood was collected
from three volunteers in four different collection tube types and
incubated at different temperatures (Supplemental Table 3). The
concentration of C-peptide that was observed for freshly analyzed
serum from a red-top tube served as the reference for each volun-
teer. There was no substantial bias observed for EDTA-
anticoagulated plasma, lithium-heparin anticoagulated plasma
collected in a gel separator tube, or serum collected in a gel sepa-
rator tube (bias ranged from —7.3% to 4.4%). There was also little
impact when the tubes were incubated for 24 hr at room temper-
ature, 48 hr at 4°C, or one week at -20 °C (bias ranged from —-7.2%
to 7.2%), or when the samples were put through a second freeze-
thaw cycle (bias ranged from —0.9% to 7.2%).

3.7. Method comparison

Comparison between the new method and a commercially
available immunoassay (Siemens Immulite 1000) revealed a favor-
able correlation with Pearson r? = 0.972 and a Deming regression
equation of New Method = 0.986 * Immunoassay + 0.255 (Fig-
ure 4A). The mean relative difference across all samples was 0.19
ng/mL or 3.5% (Supplemental Figure 9). Comparison between the
new method and the reference measurement procedure at the
University of Missouri showed more scatter, with Pearson r? =
0.934 and linear regression equation of New Method = 0.960 * Ref-
erence Method + 0.227 (Figure 4B). The mean relative difference
across all samples was 0.04 ng/mL or 2.5% (Supplemental Figure 9).

4. Discussion

We have developed a new method for the quantification of C-
peptide in human serum. The method avoids the use of
immunoaffinity enrichment and multidimensional chromatogra-
phy and instead uses proteolysis following protein precipitation
and a single solid phase extraction step. The method is sensitive,
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Figure 4. Comparison of the new assay with an immunoassay and a reference measurement procedure: Serum samples that had previously been analyzed by the Siemens
Immulite immunoassay (A, N = 38) or the reference measurement procedure established at the University of Missouri (B, N = 40) were analyzed using the new assay. The data
were fit using Deming regression (vs. the immunoassay) or linear regression (vs. the reference method). Also shown is the Pearson r? for each comparison.

linear, precise, and has good agreement with comparator methods.
It provides an alternative to immunoassays, has a throughput
acceptable for use in clinical research or clinical care, and can form
the basis for extending standardization efforts and further assay
development. We have launched the assay for use in clinical care
and it has performed robustly (long-term imprecision is 12.5 %CV
at 0.15 ng/mL and 8.4% at 2.75 ng/mL over 39 production runs).
The method is performed in a 96-well plate format and requires
approximately 2.5 h of dedicated scientist time over two days (as-
say preparation requires 8 h, including incubation steps). While
some steps are manual, much of the sample handling is amenable
to automation.

In contrast with previous methods, this assay did not monitor
intact C-peptide, but instead quantified a proteolytic fragment of
C-peptide. While trypsin is used in many proteomics settings, there
are no lysine or arginine residues in C-peptide, which are the target
residues for trypsin proteolysis. In contrast, there are many glu-
tamic and aspartic acids in C-peptide, so we utilized Glu-C; and
while the specificity of Glu-C is a function of buffer and pH, it
turned out to be reproducible with our standard operating proce-
dure. Previous assays have used selected ion monitoring [18,22],
multiple stages of solid phase extraction or liquid chromatography
[17,23], or immunoaffinity enrichment to achieve the sensitivity
needed for the assay [20,22]. We found that the ionization effi-
ciency of the two Glu-C peptides at the amino-terminus of C-
peptide was significantly better than intact C-peptide on our
instruments.

Although ionization efficiency was superior for the Glu-C-
peptides, the most abundant ion observed carried a single positive
charge, which is consistent with the lack of basic residues in each
peptide. Due to the fact that the precursor ion has a higher m/z
than the fragment ion, there could be concern regarding a lack of
specificity for the quantitative transitions. Indeed, many pro-
teomics methods take advantage of precursor ions that have a
lower m/z than the fragment, which reduces noise. In our sample
preparation workflow, we have included protein precipitation
and solid phase extraction, which greatly simplify the matrix
injected onto the LC-MS/MS. As an additional safeguard, we have
established three transition ion ratios, and one peptide ratio, to
help identify instances when an interfering ion is present. It is
important for new methods to include similar quality assurance
parameters, particularly if they monitor singly charged peptides

While the clinical use of C-peptide is limited, many ongoing
clinical research studies have suggested an active biological role
for C-peptide in both preventing diabetic complications [2-4,24]
and as a biomarker to predict response to therapeutic interven-
tions [25-27]. The poor concordance between immunoassay plat-
forms has delayed the clinical implementation of routine C-

peptide monitoring [8-10]. It has been proposed that this problem
be addressed by a reference measurement system [28]. Our initial
method comparison with the reference measurement procedure in
use at the University of Missouri [17] is encouraging and suggests
that, if laboratories are able to adopt our detailed standard operat-
ing procedure, these centers could play an important role in
improving standardization across research and clinical laborato-
ries. To this end, the National Institute for Diabetes, Digestive,
and Kidney Diseases has recently formed the Targeted Mass Spec-
trometry Assays for Diabetes and Obesity Research (TaMaDOR)
Working Group, which will attempt to translate this method to
other laboratories. It will be interesting to assess measures of
reproducibility and accuracy across other centers. Also, as part of
this Working Group, the method will be expanded to include other
analytes in a multiplexed fashion, with the intent of making mass
spectrometry assays more accessible to the clinical research com-
munity studying diabetes and obesity.
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