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Abstract A generic method for the quantification of type II
collagen in protein-based dietary supplements is described.
This quantitative analysis was conducted using liquid chroma-
tography—electrospray ionization—time-of-flight mass spec-
trometry (LC—ESI-TOF MS). Compared to classical methods
with the use of isotope-labeled standards, our method in-
cludes, for the first time, the quantification of hydroxyproline
using histidine as an internal standard. Separation of the
analytes was performed on a Phenomenex Synergi 4 um
Fusion-RP 80A column (150%2.0 mm, 4.0 um) with a mobile
phase made of 10 mM ammonium formate in water (A) and
10 mM ammonium formate in methanol (B). The assay was
fully validated according to FDA guidelines, and the method
exhibited sufficient specificity, accuracy, and precision. Intra-
and inter-batch accuracy, determined as a deviation between
nominal and measured values, ranged from —4.8 to 9.1% and
from 0.9 to 6.4 %, respectively. All analytes (hydroxyproline
and histidine) at three concentration levels showed extraction
recoveries from 89 to 98 %. The method was successfully
applied to protein-based dietary supplements of the pharma-
ceutical industry.

Keywords Collagen - Quantitative analysis - Method
validation - Protein - LC-ESI-TOF MS - Pharmaceutical
applications
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Introduction

Collagen is one of the most widely distributed proteins in the
mammalian world and makes up approximately 30 % of the
proteins within the body [1-3]. Collagen is found in most
tissues and mutations of collagen can lead to various diseases
at the tissue level. Due to this reason, collagen is intimately
involved in many important disease processes including ath-
erosclerosis [4—6], arthritis [ 7-9], cirrhosis [10—12], and tumor
invasion [13—15]. The superfamily of this protein now in-
cludes more than 20 collagen types, but 80-90 % of the col-
lagen is present in the body as the most prominent types as I,
I, III, V, and XI [16, 17]. For example, type I and type III
collagen improves skin texture and firmness [18-20]. Fortu-
nately nowadays, lost body collagen stores can be effectively
replaced through the intake of appropriate dietary supple-
ments in the right amount of regulatory requirements. Non-
controlled dosages of collagen supplements can lead some-
times to undesired side effects. Because of this fact, there is
a need to develop a robust and reliable analytical method for
its quantitative determination in collagen dietary supplements.
Hydroxyproline (HYP) is a major component of collagen,
where it serves to stabilize the helical structure. Because
HYP is largely restricted to collagen, the measurement of
HYP provides a direct measure of collagen content [21-23].
Hence, the present work was undertaken to develop a generic
method for quantification of collagen in food supplement tab-
lets using liquid chromatography coupled with high-
resolution time-of-flight mass spectrometry. The method was
validated according to the bioanalytical method validation
guidance for industry of FDA and was subsequently used
for the measurement of the collagen content in dietary supple-
ment tablets containing 40 mg of undenaturated type II
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collagen, 200 mg methylsulfonylmethane (MSM), and
300 mg Boswellia serrata extract.

Experimental
Chemicals and materials

Type II collagen standard (66.7 %, from chicken) was obtain-
ed from Gongan Lijing Biochemical Co., Ltd. (Hubei, main-
land China). An amino acid mixture was purchased from
Zivak Technologies (Istanbul, Turkey). Methanol, hydrochlo-
ric acid (37 %), isooctane, and chloroform were obtained from
Merck KGaA (Darmstadt, Germany). Propyl chloroformate
(PCF, 98 %), ammonium formate (98 %), and pyridine were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Gly-
cine was obtained from Molekula GmbH (Miinchen, Germa-
ny) and propanol from Riedel-de Haén (Seelze, Germany).
ESI-L Low Concentration Tuning Mix (100 mL) of Agilent
Technologies was purchased from Supelco (Turkey). Supple-
ment tablets that contain 40 mg of undenatured type II colla-
gen were obtained from MDC Ilac¢ ve Saglik Hizmetleri A.S.
(Istanbul, Turkey).

Preparation procedure of standard and QC sample solutions

The standard and quality control (QC) samples were hydro-
lyzed in acidic condition. Considering the purity of 66.7 %,
prior to hydrolysis, 120 mg of each standard and QC samples
(i.e., equivalent to 80 mg of 100 % of each standard and QC
samples) was weighed separately in glass flasks and clogged
tight with septum. Both prepared QC and standard samples
were deoxygenated simultaneously for 45 min under a nitro-
gen stream. The same deoxygenating process was applied to
40 mL of 6 M HCl solution. After the deoxygenating process,
20 mL of deoxygenated 6 M HCI was added carefully via
syringe onto each standard and QC sample. The resulting
mixture solutions of standard and QC samples were incubated
at 110 °C for 24 h. After incubation, the hydrolyzed standard
and QC sample solutions were transferred into Falcon tubes.
Both solutions were centrifuged at +4 °C and 6000 rpm for
15 min. The resulting supernatant was filtrated using filters
with a pore size of 45 um (CHROMAFIL" PET-45/25). Sub-
sequently, the clear supernatant was aliquoted in 1.5-mL
Eppendorf tubes at —20 °C until analysis. Each aliquot
contained 500 pL of solution.

Preparation procedure of supplement tablets
After the pulverizing of a supplement tablet, the same hydro-

lysis preparation procedure as of the standard and QC samples
was applied for the preparation of the supplement tablets.
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Preparation of standard stock and QC stock solutions

The filtrated supernatant of the standard sample solution was
aliquoted in eight parallel 1.5-mL Eppendorf tubes wherein
each tube contained 500 pL of standard sample solution. In
the supernatant, presenting 6 M HCI was evaporated up to
dryness under vacuum at 50 °C. After that, all aliquots were
reconstituted by adding 250 puL of distilled water. After the
reconstitution process, all aliquots were combined in one
2.0-mL Eppendorf tube. The same preparation procedure
was applied for the QC stock solution. The final concentration
of the resulting standard stock (SSS) and QC stock (QCS)
solutions of type II collagen was 8 mg mL ™.

Preparation of the internal standard working solution

The amino acid standard mixture obtained from Zivak Tech-
nologies was used as internal standard stock solution for the
analysis. The standard mixture contained the following 35
amino acids: glutamine (GLN), arginine (ARG), serine
(SER), citrulline (CIT), 1-methylhistidine (1-MHIS), 3-
methylhistidine (3-MHIS), glycine (GLY), glycine-proline di-
peptide (GPR), sarcosine (SAR), alanine (ALA), gamma-
aminobutyric acid (GABA), betaaminoisobutyric acid
(BAIB), alpha-aminobutyric acid (ABA), proline (PRO), me-
thionine (MET), omithine (ORN), valine (VAL), aspartic acid
(ASP), histidine (HIS), glutamic acid (GLU), lysine (LYS),
tryptophan (TRP), leucine (LEU), isoleucine (ILE), phenylal-
anine (PHE), aminopimelic acid (APA), cystathionine (CTH),
cystine (C-C), tyrosine (TYR), alpha-aminoadipic acid
(AAA), threonine (THR), asparagine (ASN), delta-
hydroxylysine (HLY), prolinehydroxyproline dipeptide
(PHP), and thiaproline (TPR). Internal standard stock solution
(ISS) was aliquoted in six parallel 1.5-mL Eppendorf tubes
wherein each tube consisted of 500 puL of ISS. After that, all
aliquots were evaporated up to dryness under vacuum at 50 °C
and finally reconstituted by adding 200 pL of distilled water.
All the six parallel aliquots containing 200 pL of ISS were
derivatized. The used reagents and derivatization steps are
shown in Table 1.

Three layers were formed after step 5. A volume of 200 uL.
was removed from the resulting upper layer of the six parallel
aliquots and evaporated up to dryness under vacuum at 50 °C.
All six aliquots were reconstituted by adding 100 uL of
methanol/water (2:1 v/v) mixture. After reconstitution, all six
aliquots were combined in one Eppendorf tube in order to
achieve an internal standard working solution (ISWS) with a
total volume of 600 pL.

Preparation of the calibration curve

The SSS was diluted in distilled water to give a final concen-
tration of 6.0 mg mL " (upper limit of quantification, ULOQ).
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Table 1  Derivatization steps and used reagents

Used reagents (UR) Derivatization steps of 200 uL

ISS aliquot

URL: 1000 ppm glycine solution  Step 1: addition of 50 uL of URI,

vortex
UR2: propanol:pyridine (7:1 v/v)  Step 2: addition of 200 uL of UR2,
solution vortex
UR3: isooctane:PCF (5:1 v/v) Step 3: addition of 200 puL of UR3,
solution vortex®
URA4: chloroform:isooctane:PCF  Step 4: addition of 100 uL of UR4,
vortex”
(24:16:1 v/v/v) solution Step 5: addition of 200 pL of URS,
vortex

URS: 5 % HCI solution

#Period of 1 min after vortex

Serial dilutions of ULOQ were performed to obtain aqueous
working solutions for calibration standards and QCs with end
volumes of 200 pL. The prepared calibration standard con-
centration levels were 0.25 (lower limit of quantification,
LLOQ), 0.50, 1.0, 2.0, 3.0, 4.0, and 6.0 mg mL"". The QCs
were prepared in a similar manner to give final concentrations
of 0.75, 2.50, and 5.0 mg mL™". All the samples including
calibration standards, QCs, and tablet samples were derivated
as well. The performed derivatization process is described in
Table 2.

A volume of 200 puL was removed from the resulting upper
layer of the aliquots and evaporated up to dryness under vac-
uum at 50 °C. All aliquots were reconstituted by adding
200 pL of methanol/water (2:1 v/v) mixture and injected into
the HPLC-high-resolution (HR) time-of-flight mass spec-
trometry (TOF MS) system.

Chromatography

A HPLC system from Hitachi LaChrom Elite series was used
for the chromatographic separations. Chromatographic

Table 2 Preparation of calibration curve, QCs, and tablet samples

Used reagents (UR) Derivatization steps of 200-uL aliquots of

calibration standards, QCs, and tablets

URI1: 1000 ppm glycine  Step 1: addition of 10 puL of ISWS, vortex
solution

UR2: propanol:pyridine
(7:1 v/v) solution

UR3: isooctane:PCF
(5:1 v/v) solution

UR4: chloroform:
isooctane:PCF

(24:16:1 v/v/v) solution
URS: 5 % HCI solution

Step 2 addition of 50 puL of UR1, vortex
Step 3: addition of 200 pL of UR2, vortex
Step 4: addition of 200 uL of UR3, vortex®

Step 5: addition of 100 uL of UR4, vortex®
Step 6: addition of 200 pL of URS, vortex

#Period of 1 min after vortex

separations were performed at a flow rate of 0.25 mL min

on a Phenomenex Synergi 4 um Fusion-RP 80A column
(150%2.0 mm, 4.0 um). A binary gradient with a mobile
phase consisting of 10 mM ammonium formate in water (A)
and 10 mM ammonium formate in methanol (B) was used for
the LC separation. A linear gradient was applied starting from
0 min with 30 to 80 % ecluent B in 30 min and back to the
initial condition within 5 min followed by equilibration for
10 min. The column temperature was maintained at 40 °C
using a column oven. The autosampler syringe and the injec-
tion valve were successively washed with methanol/water (70/
30; v/v) to reduce the carryover. The sample volume injected
into the system was 20 pL.

Mass spectrometry

A micrOTOF-Q II mass spectrometer from Bruker Daltonics
(Bremen, Germany) was utilized to carry out the quantitative
determination and detection of HYP. Experiments were per-
formed in positive electrospray ionization (ESI)-MS mode
with the following parameters: capillary energy, —5000 V;
end plate offset, =500 V; nebulizer gas, 3.0 bar; dry gas,
6.0 L min '; dry temperature, 150 °C; and scan range, 100—
500 m/z with a scan rate of 5 Hz. Prior to measurements, the
mass spectrometer was calibrated with ESI-L Low Concentra-
tion Tuning Mix of Agilent Technologies.

Results and discussion
Data processing

Data evaluation was performed with the DataAnalysis soft-
ware package of Bruker Daltonics (Bremen, Germany). His-
tidine (HIS) was chosen as an internal standard. HIS indicated
a unique mass of 369.142 m/z after derivatization with PCF
while hydroxyproline showed a mass of 260.152 m/z. The
peak areas of HYP and HIS were obtained from extracted
ion chromatograms with isolation widths of +0.1 and +0.5
m/z units, respectively (see Electronic Supplementary Materi-
al Table S1). Both ions were applied smoothing a factor of 10
which was based upon a Gaussian function. Data evaluation
and calculation of the results were accomplished with
Microsoft Excel 2000. Figure 1 represents an extracted ion
chromatogram (EIC) of one run. A representative EIC of
HYP in Fig. 1b and an EIC of IS (HIS) in Fig. 1¢ are depicted.
Because leucine (LEU) and isoleucine (ILE) give the same
mass as HYP after derivatization with PCF, both amino acids
appear on the EICs (Fig. 1b). Pure HYP was derivatized with
PCF for the identification of the HYP peak. After derivatiza-
tion, pure HYP was analyzed with the same LC-ESI-TOF
MS parameters of the method. The retention time of the pure
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Fig. 1 Representative extracted
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HYP was identical to the HYP peak as depicted in Fig. la
and b.

Method validation

The method validation in terms of linearity, repeatability and
reproducibility, and percent recovery was carried out at three
spiking levels, namely 0.75 (QC low), 2.5 (QC medium), and
5.0 mg mL ™" (QC high).

Linearity test

Two replicates of each of the seven standard concentration
levels were analyzed via LC-HR ESI-TOF MS. Calibration
curves were generated using the ratios of the peak areas of
HYP and HIS (HYP/HIS) and were linear over the entire
range measured from 0.25 to 6.0 mg mL ™. As can be noticed,
the regression coefficients () were above >0.99 (Table 3). The
calibration curve parameters obtained on each of the 3 days
were suitable for the quantification of HYP and supported the
data obtained during the intra- and inter-day validation tests.
In compliance with the FDA guidance [24], no calibration
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samples were deviated more than 15 % from the nominal
value.

Repeatability and reproducibility

Precision (expressed as percent relative standard deviation,
%CV) and accuracy (expressed as percent error, %Bias) were
calculated at three QCs (concentrations of 0.75, 2.5, and
5.0mg mL ). Five replicates of each QC point were analyzed
every day to determine the intra-day accuracy and precision
and four replicates for the rest of the 2 days to determine the
inter-day accuracy and precision (in total, nine replicates). The
acceptance criteria for the intra-run QC accuracies should be
within the range £15 % (%CV) and <15 % (%Bias) at the

Table 3  Calibration curve and linearity

Compound Calibration Calibration equation (n=7)

range
(mg mL™")  Slope Intercept r
Mean+SD Mean+SD Mean+SD
HYP 0.25-6.0 1.069+0.052  1.051£0.046  0.993+0.001
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Table 4  The accuracy and precision data

HYP nominal concentration (mg mL ")

RunID Curveno. 0.75 %Bias 2.5 %Bias 5.0 %Bias
HYP measured concentration (mg mL ')
and bias (%)
Runl 1 084 120 24 40 5.0 0.0

0.83 10.7 24 40 49 -2.0
081 8.0 24 40 5.7 14.0
082 93 23 80 5.6 12.0
079 53 24 40 52 4.0

Mean concentration  0.82 24 53
Intra-run accuracy 9.1 —4.8 5.6
(%Bias)
%RSD 0.019 0.045 0.356
Intra-run precision 2.3 1.9 6.7
(%CV)
n 5 5 5
Run2 2 0.83 2.74 5.49
0.81 2.75 5.38
Run3 3 0.68 2.74 455
0.77 273 4.40
Mean concentration  0.80 2.5 5.1
Inter-run accuracy 6.4 0.9 2.7
(%Bias)
%RSD 0.055 0.179 0.469
Inter-run precision 6.9 72 9.2
(%CV)
n 9 9 9

concentration levels. The obtained inter-run precision and ac-
curacy data for QCs ranged between 0.9 and 6.4 % (%Bias)
and between 6.9 and 9.2 % (%CV), respectively (Table 4).
Those values met the acceptance criteria, indicating that the
present method was accurate and precise.

Table 5 The recovery data of analyte (HYP) and internal standard (HIS)

Recovery test

Instead of any kind of biological matrix such as plasma, urine,
etc., in this method, the matrix was a neat solvent (normalized
matrix). The recovery assessment was done by using the spike
before and spike after approach for both analytes (HYP) and
internal standard (HIS) at three QC concentration levels (0.75
(low), 2.5 (medium), and 5.0 (high)mg mL™"). The obtained
recovery data for HYP ranged between 89 and 93 % and for
HIS between 94 and 98 %, respectively (Table 5).

Carryover test

In the current method, methanol/water (70/30; v/v) solution
was used to wash the syringe and injection port multiple times
before and after each injection. Under these washing condi-
tions, the signal (area under the peak) observed on the reten-
tion time of HYP was below 20 % as compared to the one
found at the LLOQ after the injection of three blank samples.

Stability test

The autosampler stability of HYP was evaluated at room tem-
perature over 48 h using five replicates of QC samples at 0.75
and 5.0 mg mL™". The measured concentrations of HYP in
these QCs were comparable to the nominal values, with accu-
racy ranging from 6.0 to 9.1 % (Table 6), indicating that HYP
was stable also on the batch-top for at least 48 h at room
temperature. The freeze—thaw stability of QCs at 0.75 and
5.0 mg mL™" was assessed after three cycles over 3 days at
—20 °C and analyzed together with one set of three QCs and
regular QCs. The measured concentrations of HYP in these
QCs were comparable to the nominal values, with accuracy

Analyte peak areas in samples spiked before extraction (mg mL™')  Analyte peak areas in samples spiked after extraction (mg mL™")

0.75 25 5.0 0.75 2.5 5.0
4,549,361 12,112,334 20,470,088 3,912,541 11,263,159 27,669,861
4,857,233 11,679,521 20,220,327 4,441,608 11,899,587 27,369,959
3,909,525 11,301,692 31,653,750 6,486,338 16,252,753 22,700,176
Mean 4,438,706 11,697,849 24,114,722 4,946,829 13,138,500 25,913,332
%Recovery 90 89 93
n 3 3 3 3 3 3
Internal standard peak areas in samples spiked before extraction Internal standard peak areas in samples spiked after extraction
(mg mL ") (mg mL ")
4,848,435 4,574,618 3,696,695 4,266,683 4,485,306 4,456,007
5,228,839 4,409,190 3,728,201 5,040,577 4,564,291 4,740,684
4,326,206 4,337,780 5,071,464 5,324,982 4,544,714 4,093,228
Mean 4,801,160 4,440,529 4,165,453 4877414 4,531,437 4,429,973
%Recovery 98 98 94
n 3 3 3 3 3 3
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ranging from —5.3 to —10.1 % (Table 6). The long-term sta-
bility data of Eureka Lab Division [25] was considered as
reference for the long-term stability of HYP at =20 °C. Ac-
cording to the reference of Eureka Lab Division, HYP is stable
for at least 36 months at —20 °C [25].

Uncertainty evaluation of the method

Uncertainty is the parameter associated with the result of a
measurement that characterizes the dispersion of the values
that could be attributed to the measurement. The uncertainty
of the method was evaluated according to EURACHEM /
CITAC Guide CG 4 (third edition) titled “Quantifying Uncer-
tainty in Analytical Measurement” [26, 27]. The determined
uncertainty sources for the current method are the following
defined parameters: (1) uncertainty of the weighing of the
starting sample, (2) uncertainty of the stock solution, (3) un-
certainty of the calibration curve, and (4) uncertainty of re-
peatability. The relative measurement uncertainty of the meth-
od was 9.87 % (Table 7).

Application to a dietary supplement tablet

The present method was applied as a quality control checking
process for the pharmaceutical industry in order to quantify

Table 6 Autosampler and freeze—thaw stability of HYP

48-h autosampler stability

QC low Bias% QC high Bias%
0.75 mg mL™" 5.0 mg mL™
0.84 12.0 5.03 0.6
0.83 10.7 493 -1.4
0.81 8.0 5.67 13.4
0.82 9.3 5.64 12.8
0.79 53 524 4.8

Mean conc. 0.82 5.30

Accuracy (%Bias) 9.1 6.0

%RSD 0.02 0.34

Precision (%CV) 2.4 6.4

n 5 5
3-cycle freeze and thaw stability
0.68 -93 4.53 94
0.68 -93 455 -9.0
0.77 2.7 4.40 -12.0

Mean conc. 0.71 4.49

Accuracy (%Bias) —5.3 -10.1

%RSD 0.052 0.081

Precision (%CV) 73 1.8

n 3 3
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Table 7 Results from uncertainty evaluation of the method

Uncertainty sources x* u(x) u(x) x !
Weighing of the starting sample (mg) 120.88 0.2767 0.0023
Stock solution (mg mL ") 8.0 0.0411 0.0051
Calibration curve (Cy) (mg mL ™) 2.53 0.0996 0.0394
Repeatability 1 0.0296 0.0296
Combined standard measurement 0.26
uncertainty (Uc)

Expanded measurement uncertainty (Uexp) 0.51

Relative measurement uncertainty (%) 9.93

*Value

type II collagen in dietary supplement tablets. Therefore, die-
tary supplement tablets containing 40 mg of type II collagen
were chosen for this study. Four tablets were selected at ran-
dom from one production batch. Two parallel samples from
each supplement tablet were prepared according to the present
method and then analyzed using liquid chromatography
coupled with time-of-flight mass spectrometry. The amounts
of type II collagen in the dietary supplement tablets after back
calculation are shown in Table 8. Under consideration of the
relative measurement uncertainty (9.93 %) of the developed
and validated method, the final mean result of type II collagen
in tablets was found to be 42.78+4.25 mg.

Conclusion

There is an increase in various diseases that are treated by
taking a protein-based dietary supplement. Parallel to the dras-
tically rising production of these protein-based supplements
within the pharmaceutical industry, the need to develop differ-
ent analytical methods for the quality control check of finished
products has increased. In this study, we have demonstrated a
new approach for the quantitative analysis of type II collagen

Table 8 Amounts of

type II collagen in four Type II collagen (mg)
supplement tablets
Tablet 1 35.48
35.52
Tablet 2 53.96
55.74
Tablet 3 35.51
34.06
Tablet 4 46.24
45.69
Mean 42.78
SD 8.85
n 8
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in dietary supplement drugs using the LC-ESI-TOF MS
methodology. This methodology was reliable and showed
highly reproducible chromatographic and statistical results in
terms of precision and accuracy during the validation. We are
sure that our robust method can be useful for the pharmaceu-
tical industry to control their collagen-containing end
products.
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