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Abstract: The purpose of this study was to establish a collagen determination method based on an

isotope-labeled collagen peptide as an internal reference via high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS), and using the established method to evaluate the degra-
dation process of collagen-based implants in vivo. The specific peptide (GPAGPQGPR) of bovine

type I collagen was identified with an Orbitrap mass spectrometer. Then, the quantification method

based on the peptide detection with HPLC-MS/MS was established and validated, and then further

used to analyze the degradation trend of the collagen sponge and acellular matrix (ACM) in vivo

at2,4,6,8,12, 16, and 18 weeks after implantation. The results indicate that the relative standard

deviation (RSD) of the detection precision and repeatability of the peptide-based HPLC-MS/MS

quantification method were 3.55% and 0.63%, respectively. The limitations of quantification and

detection were 2.05 x 1073 pg/mL and 1.12 x 1073 pg/mL, respectively. The collagen sponge and

ACM were completely degraded at 10 weeks and 18 weeks, respectively. Conclusion: A specific

peptide (GPAGPQGPR) of bovine type I collagen was identified with an Orbitrap mass spectrometer,

and a standardized HPLC-MS/MS-based internal reference method for the quantification of bovine

type I collagen was established. The method can be used for the analysis of the degradation of

collagen-based implants in vivo.

Keywords: in vivo; degradation process; collagen sponge; acellular matrix; HPLC-MS/MS

1. Introduction

Collagen is a primary biopolymer and the most abundant component in the extracel-
lular matrix of mammalian tissue. It provides a scaffold for cell attachment and migration
and has specific mechanical properties [1-3]. Specifically, the excellent biocompatibility
and biosafety (biodegradability and weak antigenicity) of collagen have proven it to be
one of the most useful biomaterials [4-6], making it widely used as a raw material for
constructing tissue-engineered medical products (TEMPs) or general surgical implants
for tissue regeneration, reconstruction, or replacement [7,8]. As two kinds of important
products of collagen-based biomaterials, collagen sponge, used for the development of
tissue filling or hemostatic materials [9,10], and acellular matrix (ACM), used for the de-
velopment of various patch materials [11,12], have attracted a lot of attention. In terms of
the composition characteristics, collagen is the main component of a collagen sponge or
ACM. An ACM not only contains collagen but also contains small amounts of fibronectin,
laminin, and trace amounts of growth factors and cytokines [13-16]. Collagen sponges and
ACMs are usually applied as hemostatic agents and prevent adhesion materials in clinical
settings. Common adverse reactions, such as intestinal infarction, intestinal fistula, and
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abdominal wall adhesions have been observed in clinical applications [17]. These adverse
reactions may be related to the degradation rate of the materials. Therefore, the study of
the in vivo degradation process of collagen-based materials can provide important data for
their production process improvement and preclinical safety and effectiveness evaluation.

As an implantable and degradable biomaterial, the key point of the application of
collagen is the controllable degradation rate and the match of the regeneration rate of new
tissue. If the degradation rate is too fast, the mechanical strength will decline sharply in
the early stage and lose its mechanical support. On the other hand, if the degradation is
too slow, the regeneration and repair of tissues will be affected and immune reactions and
fibrosis encapsulation will be triggered [18,19]. Therefore, the in vivo degradation dynamic
evaluation of implantable degradable materials is an important means to predict and
evaluate the expected clinical effects. Biodegradable metals, ceramics, polymer materials,
and other materials that are difficult to degrade in vivo can be evaluated by traditional
methods, such as micro-computed tomography (micro-CT), the mass loss method, and
hematoxylin—eosin staining (HE staining) [20-22]. However, collagen-based implants are
relatively easily degraded and lose their structure. Collagen is the main component of
the tissue matrix, and its degraded substance will be quickly metabolized in the body.
Meanwhile, the remaining materials often lose their original shape and structure. The new
tissue will gradually grow in and replace the degraded implants [23]. In these cases, the
traditional methods are not suitable for in vivo degradation evaluation.

The determination of collagen is usually regarded as an available indicator to eval-
uate the degradation of collagen-based implants. Collagen is a polymer with a typical
triple helix structure and rich hydroxyproline. Collagen from different animal sources
showed similarity in structure and properties (triple helix structure, molecular mass, and
rich in hydroxyproline) [24]. Thus, it was difficult to qualify and quantify the collagen-
based materials when they were implanted in experimental animals. To date, the reported
quantification method of collagen or even particular collagen chains mainly includes the
quantification of hydroxyproline, picrosirius red staining, and enzyme-linked immunosor-
bent assay (ELISA). Hydroxyproline is abundant in collagen, so the determination of the
hydroxyproline content has been used to obtain the collagen content indirectly [25]. Hy-
droxyproline is found in different types of collagen from different animals. The traditional
hydroxyproline method cannot be used to distinguish the collagen contents of different
types and different animals. It has only been used to determine the total collagen by
the ratio of the proportion of hydroxyproline, which might vary according to the animal
source, age, and tissue [25-27]. Hydroxyproline is present both in collagen implants and
host experimental animals. Thus, the hydroxyproline quantitative method cannot be used
for the in vivo degradation of collagen-based implants. Thus, it is difficult to qualify and
quantify the collagen-based materials that have been implanted in experimental animals.
Picrosirius red staining was used to quantify different types of collagens by color shade
and area size; this is a semi-quantitative method and showed low method accuracy [28].
The principle of the ELISA method is the antigen—antibody combination. It is sensitive
and specific, but it was not suitable for tissue collagen detection and had non-specific
adsorption, which easily led to false positive results [29,30]. HE staining combined with
the semi-quantitative evaluation system of histopathology (ISO 10993-6 annex E) was used
to evaluate host local effects while analyzing the in vivo degradation of collagen hydrogel
and sponge in rabbit muscle [31]. Only the contour shape, size, and density of the implant
could be roughly observed by HE staining. The weight of the degraded implant could not
be measured. Unfortunately, the above methods could not quantify the residue of collagen
or collagen-based implants accurately.

A certain collagen type has its particular amino acid sequences in its « chains, which
are different from other types with the same animal origin. The same types of collagen
from different animal sources also show different sequences in their « chains. Thus, the
sequential differences could be used for the characterization of its type or animal source. The
enzymatic digestion of collagen coupled with various separation methods is able to achieve
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some reference peptides that are particular to a specific collagen. Many specific peptides
have been used for the quantitative analysis of collagens with mass spectrometer [32,33].
In order to develop a different type-specific collagen and different animal species-specific
collagen determination method, Zhang et al. developed an external standard-based high-
performance liquid chromatography—tandem mass spectrometer (HPLC-MS/MS) method
to determine the parent ion of the reference peptide in pig type I and III collagen [34].
However, the external standard-based method using selective ion monitoring was not
suitable for the analysis of samples with a complex matrix, which may interfere with HPLC-
MS/MS detection. To improve the wide applicability of the method, a standardized internal
reference peptide-based HPLC-MS/MS method was developed in our lab for bovine type I,
pig type I, and bovine type II collagen determination, and the method was further issued
in the Chinese industry standard (YY/T 1805.3-2022) [35], but the data are unpublished.
The standardized method for the determination of reference peptides from bovine type I
based on HPLC-MS/MS has also been approved as an international standard project and
it is in the process of development (ISO AWI 6631). To back up this methodology from
a scientific perspective, the methodology development and its application research are
presented in this study. The establishment and validation of the HPLC-MS/MS-based
internal reference method for selected peptide determination of bovine type I collagen are
demonstrated. Then, the application of the established method in the in vivo degradation
study of collagen-based implants in rabbits is presented.

2. Materials and Methods
2.1. Materials and Instruments

Experimental animals: New Zealand white rabbits (male, about 9 months old, body
weight: 2.8-3.7 kg) were provided by Beijing Long’an Animal Co., Ltd., Beijing, China.
Animal management was carried out in accordance with the standard operating regulations
established by the Laboratory Animal Protection and Use Regulations. SPF rabbit feed
(Beijing Keyao Xieli Feed Co., Ltd., Beijing, China) was provided daily, and purified
water was provided in a drinking bottle. Each rabbit was bred separately, and the label
information for each cage indicated the gender, animal number, and implantation date.
The room temperature and relative humidity were controlled at 20-25 °C and 40-70%,
respectively. The study was conducted according to the guidelines of the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Beijing TongHe Litai Biotechnology (the protocol code was IACUC-C2022037 and the date
of approval was 22 March 2021).

Implant materials: Collagen sponge (made from bovine type I collagen, which was
extracted and purified from bovine Achilles tendon tissue) was provided by Hebei Collatech
Co., Ltd., Shijiazhuang, China. The acellular matrix (ACM, derived from the bovine dermal
matrix) was provided by Yantai Zhenghai Co., Ltd., Yantai, China.

Reagents: Chromatographic pure acetonitrile (Merck, Rahway, NJ, USA), chromato-
graphic pure formic acid (Merck, Kenilworth, NJ, USA), and sequence-grade trypsin
(Promega, Fitchburg, WI, USA). These three reagents are commercially available.

Bovine type I collagen reference peptide (GPAGPQGPR, simplify to G-R) and the
isotope-labeled peptide ((N15) PA (N15) G (N15) PQG (N15) PR, simplified as iso/G-R)
which were used as the internal reference peptides, were synthesized by China Peptides
Co., Ltd., Shanghai, China. The HPLC purity values were 99.21% and 99.15% for the G-R
and iso/G-R, respectively.

Bovine type I collagen reference material (380008-202001) was provided by the Na-
tional Institute for Food and Drug Control, China, and used for the methodology validation.

Instruments: An Orbitrap mass spectrometer (Exploris 480, Thermo, Waltham, MA,
USA) was used to identify the reference peptide of bovine type I collagen. A triple
quadrupole mass spectrometer (TSQ, Quantum ACCESS MAX, Thermo, USA) was used for
collagen quantification. A circular dichroism (CD) spectrometer (J-810, Jasco, Tokyo, Japan)
was used to analyze the triple helix structure of the collagen sponge. Scanning electron
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microscopy (SEM) (Sigma 300, Carl Zeiss AG, Oberkochen, Germany) was used to analyze
the surface morphology and structural characteristics of the collagen sponge and ACM.

2.2. Characterization of Implants

The surface topography of the collagen sponge and ACM were characterized by a
scanning electron microscope (SEM).

The CD spectrum was determined on a Jasco J-810 Spectropolarimeter (Jasco, Tokyo,
Japan). The reference bovine type I collagen was dissolved in 0.5 mol/L acetic acid to
prepare a collagen solution with a concentration of 0.5 g/L. After centrifuging at 10,000 rpm
for 10 min, the collagen solution was loaded in a quartz cell of a 1 mm path length. The
scan wavelength was in a range of 190-260 nm with a scan rate of 50 nm/min at 25 °C. The
acetic acid solution (0.5 mol/L) was used as the blank control.

An SEM was used to compare the structural differences among the collagen sponges
and ACM. The samples were glued to specimen holders using Duco cement. Images were
collected using a Sigma 300 scanning electron microscope and operated in the secondary
electron imaging mode.

2.3. Implantation of the Collagen Sponge and ACM

The rabbits were randomly divided into bovine collagen sponge (Group A) and ACM
(Group B), which contained 7 small groups (n = 3). After anesthesia, the back skin was
removed and disinfected with iodophor. Two incisions of approximately 5 cm in length
were made in the skin on either side of the back spine. Then, two pieces of bovine collagen
sponge and ACM with 2 cm x 2 cm area were implanted subcutaneously into the backs of
the rabbits, and non-absorbable surgical sutures were used to mark around the implants (for
the convenience of the end-point material collection). At last, the wounds were sutured and
disinfected using iodine. To prevent infection, 50,000 U/ (kg-d) of penicillin was injected
for 3 consecutive days after surgery for every rabbit.

2.4. Preparation of Collagen Peptides

Three rabbits were executed by humanitarian means after anesthesia at 2-, 4-, 6-, 8-,
12-, 16-, and 18 weeks post-implantation, and the implanted material with local host tissues
(containing newly regenerated tissues, which grew into the inner areas of the implants)
was taken out around the signed non-absorbable surgical sutures. The fascia and other
subcutaneous tissues were removed. Then, about 2 cm? of tissue samples containing
the implant material and the rabbit skin tissue without implanted bovine type I collagen
material were taken and degreased with dichloromethane and methanol (v/v, 2:1). The
rabbit skin tissue without implanted bovine type I collagen material was used as the blank
matrix. Then, they were mixed with 5 mL water and homogenized, freeze-dried, and
weighed. The collagen sponge and ACM without implantation were also freeze-dried and
weighed, and used as the 0-week control.

The samples were prepared as follows: 2 mg of the bovine type I collagen reference
material, the dried samples, and the blank matrix were dissolved with 2 mL NH4HCO3
(0.05 M, pH 8.0) solution. Subsequently, the dissolved samples were degenerated at 60 °C
for 30 min. After cooling to room temperature, the samples were mixed with trypsin
solution (100 pL, 0.2 pg/pL) and incubated at 37 °C for 18 h. The enzymatic hydrolysates
were centrifuged at 12,000x g for 10 min, and the supernatants were collected. Finally, the
digested mixtures were analyzed by HPLC-MS/MS. The amount of collagen in the original
implant material was converted from the measured amount in 2 mg to the original weight
of the implanted material in 2 cm X 2 cm. The total amount of bovine type I collagen in the
rabbit tissues was converted from the measured amount in 2 mg to the original weight of
the freeze-dried rabbit tissues.
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2.5. Preparation of Reference Peptides and Collagen Peptide Solution

The reference peptide G-R and the internal reference peptide iso/G-R of bovine type
I collagen were prepared with NH4;HCO;3 (0.05 mol/L, pH 8.0) solution. The internal
reference peptide solution (10 ug/mL) was mixed with bovine type I collagen reference
peptide at different concentrations (0.1, 0.5, 1, 2, 5, and 10 pg/mL), and the digested sample
solutions were prepared as detailed in Section 2.4 at a ratio of 1:1 (v/v). Then, they were
centrifuged at 12,000x g for 10 min. The supernatant was collected for analysis.

2.6. HPLC-MS/MS Conditions

Identification of specific peptides: The specific peptides of bovine type I collagen were
detected using an Orbitrap mass spectrometer (Exploris 480, Thermo Fisher, City, MO, USA)
with a mass accuracy of 10 ppm and a maximum resolution of 480 k. The HPLC-MS/MS
conditions were as follows.

HPLC conditions: The chromatographic separation was carried out in a Peptide BEH
Cjg column (2.1 x 150 mm, 1.7 pm) (Waters, Milford, MO, USA). The HPLC system was the
Vanquish UHPLC (Thermo Fisher, Waltham, MO, USA). The mobile phases A and B were
0.1% formic acid and 60% acetonitrile with 0.1% formic acid, respectively. A linear gradient
of 5~90% of mobile phase B in 100 min was used, and the flow rate was 0.1 mL/min. Then,
the column was washed with 100% mobile phase B for 10 min. The injection volume was
5 pL. The column temperature was kept at 60 °C.

MS conditions: An electron spray ionization (ESI) positive mode was used. The spray
voltage was 4.5 kV. The capillary temperature and vaporizer temperature were 320 °C and
300 °C, respectively. The sheath gas and aux gas were 19.8 mL/min and 5 psi, respectively.
The MS scan range was set from m/z 300 to 2000. The MS/MS was performed in the
data-dependent mode. The maximum ion injection time was 200 ms and the MS/MS
collision energy was 30%. The SEQUEST algorithm in Protein Discoverer 2.4 software
(Thermo Fisher, Waltham, MO, USA) was used to analyze the bovine type I collagen-specific
peptides.

Quantification of bovine type I collagen: The reference peptides and digested samples
were determined using a TSQ mass spectrometer (Quantum Access MAX, Thermo Fisher,
Waltham, MO, USA). The HPLC-MS/MS quantification conditions were as follows.

HPLC conditions: The chromatographic separation was carried out in a Zorbax Cyg
column (2.1 x 150 mm, 5 um) (Agilent, Santa Clara, CA, USA). The HPLC system was
the U3000 (Thermo Fisher, Waltham, MO, USA). The mobile phases A and B were 0.1%
formic acid and 60% acetonitrile with 0.1% formic acid, respectively. A linear gradient of
5% phase B was used to equilibrate the column in the first 0.5 min. Then, the ratio of phase
B was adjusted to 25% in 6 min. After that, the column was washed with 100% phase B
for 2 min. Finally, 5% phase B was used to equilibrate the column for 2 min. The flow rate
was 0.3 mL/min, the injection volume was 5 pL, and the column temperature was held at
30 °C.

MS conditions: The ESI positive mode was used to perform TSQ mass spectrometry
with a mass accuracy of 0.7 FWHM and a maximum resolution of 140,000 FWHM. The spray
voltage was 3.5 kV. The capillary temperature and vaporizer temperature were 320 °C and
300 °C, respectively. The sheath gas was 19.8 mL/min. The aux gas was 5 psi. The selected
reaction monitoring (SRM) was used. The monitored target ion of bovine type I collagen
reference peptide G-R and the internal reference peptide iso/G-R were m/z 418.74—611.27
and m/z 420.71—613.27, respectively.

2.7. Quantitative Methodological Validation

The bovine type I collagen reference material was used for the quantitative method-
ological validation. Each parallel sample was digested separately.

Precision verification: Samples of bovine type I collagen were prepared with con-
centrations of 0.5 mg/mL (Group A) and 1.0 mg/mL (Group B). Each group contained
10 samples. They were digested separately and used for precision analysis.
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Repeatability verification: Three parallel samples of bovine type I collagen were
prepared with concentrations of 0.5 mg/mL. Each sample was analyzed 3 times.

Spiking recovery validation: The reference peptides (0.2, 0.4, 1.0 ug) were added to the
hydrolysate of the bovine type I collagen sponge. Each sample was detected three times in
parallel, and the recovery rate was calculated.

Determination of detection and quantitation limits: The limits of detection and quanti-
tation for the bovine type I collagen reference peptide were determined from the calibration
curves of 35/N and 10 S/N, respectively, where S is the signal of the target peak and N is
the noise.

2.8. Analysis of Data

The concentration of the reference peptide was calculated with Formula (1).
Y = aX +b; R? (1)

where X: the concentration of the reference peptide, ng/mL; Y: the ratio of the sample
peak area to the internal reference peptide peak area; a: a constant; b: a constant; R%: the
correlation coefficient.

The weights of the bovine type I collagen in the samples were calculated with

Formula (2).
Xx V x M;

M, x 2 x 1000

where M;: the weight of the bovine type I collagen in the sample, mg; X: the concentration
of the reference peptide in the sample calculated by Formula (1), ug/mL; V: the final
volume of the sample, mL; M;: the molecular weight of the bovine type I collagen, Da; Mj:
the molecular weight of the reference peptide, Da; 2: the conversion coefficient (there were
2 «1 chains in type I collagen).

M; = ()

3. Results
3.1. Characterization of Implants

The collagen sponge implant made from bovine type I collagen was characterized
with a CD spectrogram as shown in Figure 1, with a positive extreme at 220 nm and a
negative peak at 197 nm. The ratio of the positive peak to the negative peak (RPN) was
0.104, which is within the RPN ranges of collagen (0.09-0.15) [36]. Therefore, the bovine
type I collagen-based collagen sponge implants contained the typical triple helix structure.

50
220 nm

T T T T T 1
220 230 240 250 260 270

avelength (nm)

[0] (deg.cm?/dmol)
s b
1 1

197 nm

-150-
Figure 1. CD spectrum of collagen sponge implant.

Figure 2 illustrates the SEM images of the collagen sponge and ACM. The collagen
sponge was composed of collagen-based membrane and fibrous components. It had an
irregular and relatively fluffy structure with varying pore sizes. The ACM was mostly



Separations 2023, 10, 47

7 of 16

composed of fibers and had a denser structure. The porosity or density of implants may
directly relate to the degradation in vivo.

a

Collagen sponge

’\g&—r \N
2 ot s
N "‘»‘

S

7% 2000V

Figure 2. SEM images of collagen sponge and ACM.

3.2. Specific Peptide Identification of Bovine Type I Collagen

The main components of a collagen sponge and ACM are bovine type I collagen.
In this study, in order to specifically detect the residues of bovine type I collagen-based
implants in rabbit, it was necessary to select a bovine type I collagen-specific peptide, while
this peptide must not exist in rabbit type I collagen. To achieve this goal, the theoretical
sequence of the «l chain of bovine type I collagen was used to mimic trypsin digestion,
and then GPAGPQGPR (simplified as G-R) was selected from all peptides obtained by
searching the Uniprot database. Then, using the same method to search and compare the
G-R sequence from the 1 chain of rabbit type I collagen, it was not found, indicating that
the selected G-R sequence is bovine-specific and not found in rabbit.

To further verify whether the G-R peptide was specific to bovine type I collagen and if
the mass spectrum peak had sufficient signal strength and resolution in the real collagen
sample, a bovine type I collagen reference material was used. The peptides resulting from
the trypsin-digested bovine type I collagen reference material were analyzed by HPLC—
MS/MS, and a total of 14 specific peptides of bovine type I collagen were found (as shown
in Table 1). Figure 3 shows the total ion chromatogram of the digested bovine type I collagen
reference material. BLAST multi-sequence alignment and Protein Discoverer software were
used to analyze the mass spectrometric information of the collagen peptides. Figure 4
shows the mass spectrum of m/z 418.721. The isotopic peak distribution indicates that this
ion had two charges. The MS/MS spectrum (Figure 5) illustrates the product ions of m/z
418.721. The product ions highly corresponded to the peptide G-R. This demonstrates that
the digested mixture of the bovine type I collagen contained the G-R sequence, while the
G-R mass spectrum peak had sufficient signal strength and resolution. On the other hand,
the rabbit skin tissue (without implanted bovine type I collagen material), as prepared in
Section 2.4, was analyzed, and the G-R peptide was not found in it, indicating that the G-R
peptide is bovine type I collagen-specific, and not found in rabbit.
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Table 1. The ide

ntified specific peptides of bovine type I collagen.

mlz Charge Sequences Rt/Min Confidence
State
604.96722 3 VGPPGPSGNAGP*P*GP*PGPAGK 15.98 High
580.82599 2 GVPGPPGAVGPAGK 20.73 High
418.72323 2 GPAGPQGPR 2.18 High
844.74567 3 GNDGATGAAGPPGPTGPAGP*P*GFPGAVGAK  38.70 High
1012.81787 3 GLPGPP*GAP*GPQGFQGPPGEPGEPGASGPMGPR  46.34 High
520.94293 3 GETGPAGPAGPIGPVGAR 29.13 High
924.44672 2 GEPGPTGIQGPP*GPAGEEGK 22.28 High
1067.49597 2 GEPGPPGPAGFAGP*P*GADGQP*GAK 27.99 High
702.35028 2 GEPGPAGLPGPP*GER 23.45 High
764.38611 3 GDAGPPGPAGPAGPPGP*IGNVGAP*GPK 39.42 High
691.67938 3 GAPGADGPAGAPGTP*GPQGIAGQR 24.60 High
558.75189 2 EGAP*GAEGSP*GR 227 High
781.40356 2 DGLNGLPGP*IGP*P*GPR 36.60 High
845.89221 2 DGEAGAQGPPGPAGPAGER 15.89 High
P* was the site of proline hydroxylation.
20.20 NL:
100*: 9.66E8
] TIC MS
90— 20.15 BOVINE-
3 1_20221026
807 1271 | 20.25 41.98 131909
70
S 1 41.93
§ 60*: 3.02 2907 42.03
S g
2 50 3.07 29.12
S 4 |1255
% 407 92.24
s
©
30— 59.92
B 54.33 | 59.97 85.02 92.19
204 60.02 84.18
10 60.71 79.31
67.18
07
20 40 60 80 100

Time (min)

Figure 3. Total ion chromatogram of digested bovine type I collagen reference material.

The peptides selected as specific peptides also had to meet the following criteria:
(a) They were absolutely digested by trypsin and had only one trypsin digestion site (K or
R). (b) The proline in the specific peptides was not hydroxylated. (c) Their abundance was
relatively high and stable. (d) They had to be a short-peptide sequence. The peptide G-R
fulfilled all of the above conditions. Thus, peptide G-R was selected for the quantitative
analysis of bovine type I collagen.
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RT: 0.00 - 15.73
A NL: 1.43E8
100 et A miz=
80 418.71881-
418.72719 F: FTMS
60 + p ESI Full ms
[300.0000-
40 2000.0000] MS
FULL
20
0 356 6535 6.19 8.13
0 2 4 6 8 10 12 14
Time (min)
FULL #773 RT:2.14 AV: 1 NL: 1.67E8
T: FTMS + p ESI Full ms  [300.000-2000.000)
418.72162
100
80 z=2 B
60
40
20 54825502  836.43573
PRE I 1 B .|, 109550330  1399.66248 1849.05908
400 600 800 1000 1200 1400 1600 1800 2000
m/z

Intensity [counts] (10%3)
2

909.raw #510 RT: 22154 min
100, 2242, Mono miz=418 72385 Da, MH+=836 44042 Da, Match Tol=0.02 Da

Figure 4. The extracted ion chromatogram (A) and MS spectrum (B) of m/z 418.723 detected in the
digested bovine type I collagen reference material.

GPAGPQIGPR]

Figure 5. MS/MS spectrum of m/z 418.721 detected in digested bovine type I collagen reference
material.

3.3. Quantification of Bovine Type I Collagen

Compared to purified collagen, the implants (collagen sponge and ACM) and the
implants combined with animal tissues are relatively more complex in composition. In
order to decrease the interference of the matrix in animal tissues on the quantitative results,
the isotopic internal reference method was used for the quantitative analysis of the in vivo
degradation of collagen-based implants. The reference peptide, which was the specific
peptide G-R identified in Section 3.2, and the internal reference peptide iso/G-R were
synthesized and used for quantification. The signal of the internal reference peptide
iso/G-R is comparable to the reference peptide G-R. Figure 6 shows the extracted ion
chromatogram and the MS/MS spectra of the reference peptide G-R and internal reference
peptide iso/G-R. The monitored target ions of the bovine type I collagen reference peptide
G-R and the internal reference peptide iso/G-R were m/z 418.74 (2+)—611.27 (1+) and m/z
420.71 (2+)—613.27 (1+), respectively. The concentration of the reference peptide G-R was
prepared from 0.1 to 10 ug/mL. The peak area ratio between the reference peptide G-R
working solution and the internal reference peptide iso/G-R was used as the ordinate.
The different concentrations of the reference peptides were used as the abscissa (as shown
in Figure 7). The regression equation and correlation coefficient were y = 0.0218706 +
0.272941x and R? = 0.9993, respectively.
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Figure 6. The MS/MS extracted ion chromatograms and the MS/MS spectrum of the reference
peptide G-R (A) and the internal reference peptide iso/G-R (B).
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Figure 7. Standard curve. A correlation curve of concentration of the reference peptide and area ratio
of the reference peptide and internal reference peptide.

3.4. Quantitative Methodological Validation
3.4.1. Method Precision

The method precision was validated by the samples that were digestion products of
the bovine type I collagen reference material with concentrations of 0.5 mg/mL (Group A)
and 1 mg/mL (Group B). Every group contained 10 parallel samples, which were digested
and analyzed. The average peptide G-R concentration and the relative standard deviation
(RSD) were calculated. Table 2 shows that the RSD values of Group A and Group B were
1.70% and 1.79%, respectively. The RSD between the two groups was 3.55%, which indicates
that the experiment results are accurate and the method is reliable.
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Table 2. Precision of quantification method for peptide G-R of bovine type I collagen.

Peptide G-R Average
(ug/mg) (ug/mg)

5.57
5.64
5.52
5.66
5.58
5.52
5.74
5.80
5.70
5.56
5.84
5.90
5.86
5.97
5.80
5.96
5.93
5.89
5.86
6.18
Average 5.77
SD 0.21
RSD % 3.55

Groups Sample No. SD RSD%

5.63 0.10 1.70

5.92 0.11 1.79

SO0OXNOUERWNR,DSWOWONU R WN~

3.4.2. Method Repeatability Verification

The digestion products of the bovine type I collagen reference material (0.5 mg/mL)
were used for repeatability verification. Three samples were prepared for the verification
process, and every sample was detected three times independently. Table 3 shows that
the average concentration of the reference peptide was 5.55 pg/mg. The RSD between the
different experiments was 0.63%, indicating that this method has high repeatability.

Table 3. Repeatability of quantification method.

Groups Sample No. Peptide G-R (ug/mg)  Average (ug/mg)
1-1 5.45
1 1-2 5.53 5.52
1-3 5.59
2-1 5.46
2 2-2 5.77 5.55
2-3 5.43
3-1 5.52
3 3-2 5.66 5.59
3-3 5.58
Average concentration (ug/mg) 5.55
SD 0.04
RSD % 0.63

3.4.3. Detection Recovery Rate Based on Reference Peptide Spiking Study

The results of the reference peptide spiking study at different spiking levels are shown
in Table 4. It is shown that the spiking recovery rate was between 94% and 118.3%, which
meets the general requirements for spiking recoveries (80-120%). When the spiking amount
was 0.2 ug, the spiking recovery rate was more than 110%. The main reason was that the
less the amount added, the greater the error caused. The average spiking recovery rate
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was 106.78%. The RSD between the different spiking levels was 8.63%. This meets the
requirements for spiking recoveries in methodological validation.

Table 4. Spiking recovery rate of quantification method.

Spiking Amount Peptide G-R Peptide G-R Spiking Spiking
Sample No. of Reference Concentration of Test Concentration of Spiking Recovery Recovery
Peptide (ug) Sample (ug/mg) Samples (ug/mg) Content (ng) Rate %
1-1 0.20 5.37 7.57 0.24 118.28
1-2 0.20 5.37 7.55 0.23 116.79
1-3 0.20 5.37 7.48 0.22 112.12
2-1 0.40 5.37 9.42 0.43 107.45
2-2 0.40 5.37 9.34 0.42 105.34
2-3 0.40 5.37 9.48 0.44 109.15
3-1 1.00 5.37 14.24 0.94 94.27
3-2 1.00 5.37 15.01 1.02 102.36
3-3 1.00 5.37 14.34 0.95 95.25
Average spiking 106.78
recovery rate %
SD 9.23
RSD % 8.63

To verify the interference effect of the matrix on the determination of the implant
samples, the reference peptide with different concentrations was spiked in the blank matrix,
and the spiking recovery rate is shown in Table 5. The spiking recovery rate was between
93% and 112%, and the average spiking recovery rate was 103.6%. The RSD between the
different spiking levels was 5.38%. This indicates that this method accurately determined
the bovine type I collagen implanted in rabbits.

Table 5. Spiking recovery rate of the quantification method in the blank matrix.

Sample No Spiking Amount of Spiking Recovery Spiking Recovery
) Reference Peptide (ug) Content (ug) Rate %

1-1 0.5 0.468 93.6
1-2 0.5 0.497 99.4
1-3 0.5 0.503 100.6
2-1 1.0 1.102 110.2
2-2 1.0 1.030 103
2-3 1.0 0.987 98.7
3-1 2.5 2712 108.5
3-2 2.5 2.683 107.3
3-3 25 2.780 111.2

Average spiking 103.6

recovery rate %
SD 5.58

RSD % 5.38

3.4.4. Detection and Quantification Limits

The reference peptide was gradually diluted and detected. The detection concentration
with a signal-to-noise (S/N) of 10 was set as the limit of quantification (LOQ) in the
method, and an S/N of 3 was set as the limit of detection (LOD). The LOQ and LOD were
2.05 x 1073 pg/mL and 1.12 x 1073 pug/mL, respectively.

3.5. Degradation Analysis of Implants

The residual content of bovine type I collagen in the sample from the in vivo experiment
study was analyzed with the established bovine type I collagen peptide determination-
based HPLC-MS/MS. The results are shown in Figure 8, indicating that the whole degra-
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dation process of the collagen sponge was fast. It was essentially completely degraded at
10 weeks. In the collagen sponge group, the degradation rate reached 66.67% 2 weeks after
implantation. Additionally, only 0.3% of the collagen remained at 6 weeks after implanta-
tion. The degradation of the ACM was relatively slow, and the complete degradation period
needed 18 weeks. The degradation rate of the ACM in the first 8 weeks was relatively
fast, and the degradation rate of the ACM reached 57.62% at 6 weeks. After 6 weeks, the
degradation of the ACM began to slow down. At 16 weeks after implantation, only 2.38%
of the ACM residue remained.

—e— Collgen sponge

2.0 - ACM

The weiht of bovine type I collagen (mg)

0 2 4 6 8§ 10 12 14 16 18 20
Weeks

Figure 8. Degradation trend chart of collagen sponge and ACM in vivo.

4. Discussion

In this study, a standardized internal reference peptide-based HPLC-MS/MS method
was established for bovine type I collagen determination. To ensure the accuracy of the
quantification method, three different spiking levels of a reference peptide were used to
verify the spiking recovery rate. The spiking recovery rate was between 94% and 119%, and
the RSD between the three different spiking levels was 8.63%. The spiking recovery rate
of the quantification method in the blank matrix was between 93% and 112%. The LOQ
and LOD in the established method were 2.05 x 103 ug/mL and 1.12 X 1073 pg/mL,
respectively. All of the verification results comply with the provision of the Pharmacopoeia of
the People’s Republic of China [37]. The methodological studies indicate that the established
collagen quantification method based on HPLC-MS/MS and the reference peptide had
good precision, repeatability, and stability. Furthermore, combined with an isotope-labeled
peptide as an internal reference, the interference of the matrix in the complex (tissue)
samples was overcome. This standardized method was issued in the China industry
standard (YY/T 1805.3-2022) for the quantitative determination of bovine type I collagen
and published in 2022 [35], and it also has been approved as an international standard
project that is under development (ISO AWI 6631).

In this study, the established internal reference peptide-based HPLC-MS/MS method
was applied for determining the content of type I collagen in the implants at different
periods after implantation. The peptide G-R as a detection target was found in bovine type I
collagen-based materials but not in the experimental animal (rabbit) host tissues, effectively
avoiding the interference of collagen from animal tissues. In this in vivo experiment, we
could not see any collagen sponge and ACM residues at 6 weeks and 10 weeks with visual
observation. However, the results of the collagen peptide G-R show that no peptide G-R
was detected until 10 weeks for the collagen sponge, and in the ACM group, 0.2 pg/mL of
peptide G-R could be detected at 16 weeks. The degradation rate of the purified bovine type
I collagen-based sponge was faster than that of the bovine skin-derived decellularized ACM.
The main reason may be that the ACM implant contained collagen and small amounts
of fibronectin, laminin, and so on [15,16], and it had more fibril and a relatively dense
structure, as shown in Figure 2, but the collagen sponge implant had a loose and porous
structure. The loose and porous structure facilitated the conducive growth of host cells
and the entry of blood, various enzymes, and biological factors, thus accelerating the
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degradation of implants [38,39]. Compared to the collagen sponge, the ACM had a stable
three-dimensional network and dense structure, as a result, the ACM took a longer time
to degrade in vivo. This suggests that more complete data on the degradation period
of collagen-based materials in vivo could be obtained using the HPLC-MS/MS method.
Therefore, the HPLC-MS/MS method has high accuracy and can be used to evaluate the
in vivo degradation analysis of collagen-based materials.

Implants based on biological materials, which are different from metal, ceramic, and
polymer materials, are easy to degrade in vivo when used without special treatment, such
as cross-linking [40]. Due to the rapid loss of their original shape and structure in the
process of degradation, and because the appearance of degraded implants is similar to the
color of the host tissue, it is difficult to identify the remaining implants with the naked
eye. Moreover, collagen materials from biological sources are degraded to form fragments,
short peptides, and even amino acids, which can be used by the animal body or in the
blood circulation and be metabolized. Therefore, there is a lack of effective analytical
methods to study the degradation kinetics of biodegradable materials in vivo. The method
established in this study solves this problem and provides an indirect quantitative method
for determining the residue of implants through the determination of the collagen, which
is the main component of implants, via the reference peptide detection method so as to
analyze the degradation period and the dynamic changes of implants.

5. Conclusions

In this study, we first identified the specific peptides of bovine type I collagen us-
ing HPLC-MS/MS. Then, an isotope-labeled internal reference peptide method based on
product ions was established. It was proven that this method had high precision, repeata-
bility, a good spiking recovery rate, and a low LOQ. The complete degradation periods
of the collagen sponge and ACM were 10 and 18 weeks after implantation, respectively.
The degradation rate of the collagen sponge was faster, while the degradation rate of the
ACM was relatively slow. The proposed method is useful for accurately analyzing the
degradation of collagen-based materials in vivo.
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