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Type I collagen is commonly recognized as the gold standard biomaterial for the manufacturing of medical
devices for health-care related applications. In recent years, with the final aim of developing scaffolds with
optimal bioactivity, even more studies focused on the influence of processing parameters on collagen properties,
since processing can strongly affect the architecture of collagen at various length scales and, consequently,
scaffolds macroscopic performances. The ability to finely tune scaffold properties in order to closely mimic the
tissues' hierarchical features, preserving collagen's natural conformation, is actually of great interest. In this
work, the effect of the pepsin-based extraction step on the material final properties was investigated. Thus, the
physico-chemical properties of fibrillar type I collagens upon being extracted under various conditions were
analyzed in depth. Correlations of collagen structure at the supramolecular scale with its microstructural
properties were done, confirming the possibility of tuning rheological, viscoelastic and degradation properties of

fibrillar type I collagen.

1. Introduction

Type I collagen is one of the most abundant structural proteins in
mammals, and it is found in the extracellular matrix (ECM) of tissues
where it performs not only structural support but also highly specialized
regulatory functions, that are involved in tissue development and
repair/regeneration processes [1-4]. The presence of natural binding
sites for cells, the consequent high capacity of cell adhesion and the
important role in cell signaling, its intrinsic bioactivity, biocompati-
bility, biodegradability, and low immunogenicity, made type I collagen
one of the most suitable biomaterials for healthcare related applications
[5-12].

Differently from other proteins, type I collagen is not a single protein
but belongs a family of proteins (i. e., collagens family) that share a
particular, unique, structure. In particular, type I collagen is composed
of three left-handed polyproline-II chains (commonly called ‘a chains’)
that assemble in a right-handed triple helix [13,14]. Type I collagen unit
is composed of two identical al chains and one, slightly different, a2

chain [15]. Each a chain consists of the repetition of a sequence of three
amino acids (Gly-X-Y) n where the first position is always occupied by
glycine (Gly), while the X position is usually proline and the Y position
hydroxyproline. Gly repeats itself every three amino acid residues along
the entire length of the chain (consisting of about 1000 amino acids
[14]. Its position plays a key role in the packaging of the three a chains
[16]. Hydroxyproline comprises about 10-14 % of the amino acid
composition of collagen and together with proline, stabilizes the triple
helix through the formation of hydrogen bonds [15].

Type I collagen is a fibril forming protein. Indeed, the triple-helical
units (length ~300 nm, diameter =~1.5 nm) spontaneously self-
assemble parallel one to another (i.e., fibrillogenesis process) in fibrils
(length ~pm, diameter ~100 nm) with a staggering of about 67 nm (i.e.,
D-periodicity or D-banding) [13,17]. Fibrils in turn assemble in fibers of
a length of about millimeters and a diameter of about 10 pm [18]. Then,
collagen fibers randomly (i.e., skin) or preferentially (i. e., tendon)
arrange in tissues to provide them with the appropriate structural ar-
chitecture and functional integrity.
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Accordingly, type I collagen extracted from highly hierarchically
organized tissues (i.e., bovine, equine, porcine or ovine tendons) still
retains a partial lateral packing arrangement despite the disruptive
treatments of the extraction processes compared to collagen isolated
from tissues with a random organization [19-21]. The partial retention
of fibrous structures allows to obtain materials and reconstituted devices
with enhanced properties (i.e., higher resistance to degradation and
mechanical stress) compared to homologues obtained from type I
collagen derived from skin [2,20,22]. Due to this, tendons derived col-
lagens are preferred to skin derived collagens for the manufacturing of
implantable collagen-based devices.

Among them, as in detail reported by Gallo et al., collagen derived
from horse tendons was revealed to have numerous advantages [2]. In
brief, compared to other animal extraction sources, it was found to be
almost free from zoonosis transmission risks, to have the highest
sequence homology with human collagen (about 95.6 %) after bovines,
to not be immunogenic, and to have the highest hydroxyproline content,
and thus to be intrinsically more resistant than other collagens [2].
Moreover, it has been documented that the natural strict hierarchical
organization of equine tendon, compared to tissues from other mam-
mals, allows for better collagen native structure after the extraction
process and the following processing [19], suggesting its great potential
in the biomedical field where the preservation of natural binding sites
for cells and of its intrinsic bioactivity is of fundamental importance.

However, it should be accounted that collagen processing, from the
extraction process to the sterilization of the end product, strongly in-
fluences its conformational structure and thus its biological, physico-
chemical, and mechanical performances [1]. Obviously, process
parameters of all steps have an effect on material properties. Due to this,
they could be varied and customized as wanted in order to manufacture
products with tunable properties in terms of morphology, viscoelas-
ticity, rheology, degradation resistance and biological response. How-
ever, it is of fundamental importance to preserve collagen bioactivity,
which is ensured by the retention of its natural conformation. The
collagen molecule is indeed characterized by integrin binding sites (i.e.,
the “GFOGER” sequence) which are fundamental for cell adhesion,
interaction, proliferation, and differentiation [23,24]. Recently, scien-
tific and industrial research moved their interest toward the possibility
of tuning product properties in the preliminary steps of their production
process with the aim of developing customized devices without resorting
to chemical crosslinker or other biomaterials. This trend was due to the
even more strict regulation for the approval of chemically crosslinked
devices that, because of their potentially harmful byproducts, were
usually not approved for clinical applications. Thus, novel strategies
plan to act on the upstream phases of the devices production process,
which are the extraction steps (i.e., enzyme concentration, pH, tem-
perature, homogenization), the material preliminary processing (i.e.,
fibrillogenesis, homogenization, sonication) and the manufacturing (i.
e., technique, material concentration, pH, temperature). Among them,
the extraction step plays a fundamental role since it influences all suc-
cessive material manufacturing phases. In particular, the extraction key
phase is the so called ‘enzymatic treatment’, which allows collagen fiber
to gradually disassemble [25-27]. By tuning exposure time, kind and
concentration of enzyme, temperature, and pH, it is possible to obtain
different types of reconstituted collagen, from the native protein extracts
(i.e., fibers, fibrils) to single protein unit (i.e., triple helix), to peptides.
Many enzymes were used to isolate collagen and its derivates, including
trypsin, chymotrypsin, alcalase, bromelain, collagenase, ficin, fla-
vourzyme, neutrase, pancreatin, thrombin, papain, and others [28-33].
However, the most widely used for native collagen extraction is pepsin
that cleaves collagen non-helical telopeptide regions without disrupting
its triple-helical structure [34,35]. Thus, the use of pepsin in determined
experimental conditions, compared to other enzymes, allows for the
preservation of collagen native structure thanks to its higher affinity to
unfolded proteins rather than folded. Thereafter, it allows to disaggre-
gate collagen microfibrils or tropocollagen from collagen fibers without
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destroying them or turning them into low molecular weight peptides.
Since collagen bioactivity is strictly related to its hierarchical organi-
zation, the use of pepsin allows to preserve its native biological functions
by retaining its natural structural conformation. For this reason, pepsin
is widely used for native collagen extraction.

However, while the effect of pepsin on collagen extracted from other
sources was investigated [32,33,36-42], to the best of our knowledge,
no works on the effects of pepsin-based extraction on the final properties
of native equine tendon derived collagen, a recently available collagen
with appealing properties, were already published. Thus, in this work,
the effect of the variation of some parameters of the pepsin-based
extraction step on the material final properties was investigated. In
particular, the influence of pepsin concentration, temperature and ho-
mogenization were in depth investigated with the aim to assess the
capability to tune some material properties according to the desired
application. The identity and the naiveness of the extracted protein were
assessed by Poly-Acrylamide Gel Electrophoresis in the presence of So-
dium Dodecyl Sulphate (SDS-PAGE). The conservation of functional
groups was assessed by the 2,4,6-trinitrobenzenesulphonic acid (TNBS)
test. The presence of collagen fibers and their characteristics was
investigated by means of Atomic Force Microscopy (AFM). Moreover,
the collagen secondary structure was in depth analyzed by Fourier
Transform Infrared Spectroscopy (FT-IR). The thermal behavior was
determined by Differential Scanning Calorimetry (DSC). Then, collagen
suspensions' rheological properties and thin substrates' mechanical
properties were investigated. Lastly, the results of all analyses were
correlated with in vitro degradation resistance in physiological-like
conditions.

2. Materials and methods
2.1. Materials

Type I collagen samples isolated from equine tendons were provided
by Typeone Biomaterials S.r.l. (Calimera, Italy). Pepsin from porcine
gastric mucosa (P7125), TNBS, phosphate buffered saline (PBS), sodium
dodecyl sulfate (SDS), glycerol, Collagenase from Clostridium histo-
Iyticum (C0130), and acrylamide/bisacrylamide solution (37.5,1) were
purchased from Merk (Darmstadt, Germany). Bromophenol blue, Coo-
massie brilliant blue R-250, ammonium persulfate, N,N,N,N-tetramethyl
ethylene diamine (TEMED), and 2-mercaptoethanol were purchased
from Bio-Rad Laboratories (Hercules, CA, USA). Distilled water was
obtained from Merck KGaA's Millipore Milli-U10 water purification
plant (Darmstadt, Germany). If not otherwise stated, other analytical
grade chemical reagents were purchased from Merk (Darmstadt,
Germany).

2.2. Collagen extraction

As well known, most collagen extraction methods used in industrial
practice basically constist of a multistep process including four main
phases, that are: i) cleaning and size reduction; ii) removal of non-
collagenous components; iii) collagen extraction via acidic and/or
enzymatic treatment; iv) recovery of the isolated material (Fig. 1).

Type-I collagen formulations used in this work were produced by
Typeone Biomaterials Srl by means of an optimized (proprietary)
extraction process, starting from the equine tendon as source tissue,
according to ISO standards of quality. The effect of the variation of some
processing parameters of the enzymatic extraction step on the material
final properties was investigated. In particular, five conditions were
analyzed, comprising three pepsin concentrations, two temperature
values and a homogenization step, as summarized in Table 1. The pepsin
concentration was calculated against the collagen content (Table S1).
The homogenization step was performed by mean of an IKA T25 Digital
Ultra Turrax overhead blender (IKA® - Werke GmbH & Co., KG, Breis-
gau, Germany) at 10000 rpm for 5 min at 4 °C before pepsin incubation
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Equine tendon

Cleaning and size reduction Removal of non-collagenous

2h components
24h
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Type | collagen

Pepsin-based collagen extraction Recovery of the material
48h 24h

Fig. 1. Type I collagen extraction from horse tendon process. Schematic procedure of collagen isolation protocol consisting in four main phases.

Table 1
Sample type and applied treatment.
Sample Treatment
A Pepsin 5 %, 15+ 5 °C
B Pepsin 10 %, 15 £ 5 °C
C Pepsin 50 %, 15 + 5 °C
D Homogenization, pepsin 5 %, 15 + 5 °C
E Pepsin 5 %, 30 £ 5 °C

in order to disassemble and/or disperse collagen fibrils. As regards
temperature, 15 °C was chosen in order to decelerate (and thus to better
control) pepsin activity, while 30 °C was chosen in order to near pepsin
optimal working temperature, that is body temperature. The exposure
time (48 h) and the pH value (2.5) were the same for all experimental
conditions. Other different pepsin content and temperature conditions
were preliminarly investigated but, since their effect was not significant,
there were not reported in this work. After the enzymatic treatment,
collagen lots were precipitated at a neutral pH (7.4), washed trice with
distilled water by centrifugation (9000 rpm, 20 min, 10 °C) and freeze-
dried. Then, fibrillar, insoluble, dry collagen flakes were obtained and
stored at 4 °C in the darkness until use.

An in-depth analysis of the properties of the fibrillar type I collagen
lots was done both on collagen suspensions and air-dried films. These
two physical forms allowed to investigate several aspects of the inves-
tigated fibrillar type I collagens. Indeed, molecular weight, thermal
behavior and rheological properties were assessed by analyzing collagen
suspensions while free amino groups, structural organization, surface
characteristics, mechanical properties and the behavior in physiological-
like environment (swelling degree, degradation resistance) were
assessed by analyzing collagen air-dried films.

The collagen suspensions were prepared by resuspending dry
collagen flakes in acetic acid 0.5 M at a final concentration of 1 % (w/v)
and magnetically stirring them for 4 h at 10 °C to avoid collagen
denaturation. All suspensions were degassed by centrifugation at 5000
rpm for 5 min at 10 °C before use.

The collagen air-dried films were prepared according to a previously
optimized protocol [43-45]. In particular, degassed 1 % (w/v) collagen
suspensions were cast in Petri dishes. Then, air drying was performed in
a laminar flow hood for 72 h at room temperature [44]. Following air
drying, collagen films were peeled from Petri dishes and stored at 4 °C in
the darkness until use.

2.3. Molecular weight and purity

Collagen purity and molecular weight were evaluated by SDS-PAGE
using a Mini-Protean Tetra Cell System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Collagen suspensions were subjected to reductive
treatment with Laemmli buffer (62.5 mM Tris-HCI pH 6.8, 10 % glyc-
erol, 2 % SDS, 0.01 % blue bromophenol, 5 % B-mercaptoethanol) and 2

M Urea to disaggregate collagen fibrils at 50 °C for 1 h [44,46,47]. After
1 min of centrifugation at maximum speed, few microliters of super-
natant were withdrawn and loaded into the wells of two electrophoretic
polyacrylamide gels with different mesh sizes. The first was made of 5 %
stacking gel, and 12 % resolving gel. The second was made of 5 %
stacking gel, and 6 % resolving gel. The electrophoretic run was per-
formed in the presence of protein standards with precise molecular
weights ranging from 10 to 250 kDa. The electrophoretic run was done
at 70 V for about 30 min and then at 120 V for about 2.5 h. At the end of
the run, the gel was stained with a Coomassie Brilliant Blue rapid
staining solution (0.8 % Coomassie Brilliant Blue G250, 0.04 M HCl). In
particular, the gel was rinsed with tap water twice, soaked in the pre-
heated staining solution (80 °C) for 45 min, washed with distilled water
and then acquired [43,48]. The analysis was done in triplicate. The
revealed protein bands were analyzed by mean of the software GelA-
nalyzer 19.1 (www.gelanalyzer.com, accessed on 01 February 2023) by
Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc for protein subunits
ratio and molecular weight determination.

2.4. Free amino groups extent

The number of free primary amino groups was determined by a test
based on the use of TNBS, following an already optimized protocol
[49-51]. Approximately 3 mg of collagen air-dried films [43-45] were
added with 0.5 mL of 4 % (w/v) NaHCOs in hermetically sealed test
tubes. After 30 min, 0.5 mL of a freshly prepared 0.05 % (w/v) TNBS was
added. The reaction mixture was incubated at 40 °C for 2 h. Then, after
the addition of 1.5 mL of 6 M HCI, samples were incubated at 60 °C for
90 min. Subsequently, the reaction mixture was diluted with 2.5 mL of
distilled water and the absorbance at 410 nm was measured with a
UV-visible spectrophotometer when the reaction mixture reached room
temperature. A calibration line obtained with serial dilutions of 0.1 mg/
mL glycine was carried out, in which the absorbance was correlated to
the concentration of free amines. The test was done in triplicate for each
sample type.

2.5. Structural organization

The collagen samples' structural organization was analyzed by FT-IR
by means of the FTIR-6300 spectrometer from Jasco GmbH (Pfungstadt,
Germany). Samples were prepared by casting and air-drying on
germanium IR lenses 0.1 mL of three-fold diluted of 1 % collagen sus-
pensions. Absorption spectra in absorbance mode were recorded in the
range 4000-400 cm ! with a resolution of 4.0 ecm™!, 64 scans. Each
spectrum was analyzed using Origin software from Origin Lab Corpo-
ration (Northampton, MA, USA).

2.6. Surface characteristics

The surface morphology was characterized through a MultiMode 8
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AFM system (Bruker, Champs sur Marne, France) on air-dried collagen
films. AFM imaging was carried out in Peak Force Quantitative Nano-
mechanical Mapping (QNM) mode with scanasyst-air probe, using a
silicon tip on nitride lever cantilever with the spring constant of 0.4 N/m
(Bruker, nominal length 115 pm, nominal tip radius 2 nm) [43-45]. The
scanning parameters were optimized to obtain high-quality images of
the surface topography. The scan sizes were set at 10 x 10 um?, 5 x 5
pm?, 1 x 1 pm? the scanning rates in the 0.640-0.574 Hz range, and the
resolution at 512 lines per scan. Nanoscope Analysis v.1.5 software was
applied for the AFM data processing, and for the roughness measure-
ments. The roughness Rq was calculated as the root mean square of z-
channel variations with respect to the mean height value calculated on
the overall image area. Rq of each sample was determined as the average
value calculated in ten different areas of 1 x 1 um?.

2.7. Rheological properties

The viscoelastic properties of collagen suspensions were investigated
by DMA using a parallel plate ARES rheometer (Rheometric Scientific,
Piscataway, NJ, USA). The collagen suspensions were loaded between
two parallel plates of 25 mm diameter, with a distance of 0.5 mm. In
order to determine the linear viscoelastic range (LVR) and the critical
strain, oscillatory strain sweep measurements at an oscillation frequency
of 1 Hz in the strain interval from 0.01 % to 100 % were carried out.
Then, frequency sweeps in the LVR between 0.01 Hz and 16 Hz were
applied over a linear strain (1 %) at 20 °C. The critical strain y; was also
used for calculating the cohesion energy E,:

1, ,

E. = 3 Yeris Gerit (@D)]
where G'c; is the value of the storage modulus at the critical strain yy;.
The cohesion energy is related to the energy required for the formation
of physical crosslinks between the polymer chains [52,53]. Rheological
measurements were carried out in steady mode in the shear rate range
between 0.1 s~! and 1000 s~ ! at 20 °C. At least three measurements
were carried out for each sample type.

2.8. Thermal behavior

Thermal analysis was performed both on collagen suspension and
air-dried film samples using a Mettler DSC1 Differential Scanning
Calorimeter (Mettler Toledo, Greifensee, Switzerland). Collagen sus-
pensions or films of about 5-10 mg were equilibrated in hermetically
sealed aluminum pans at the starting temperature of 10 °C for 10 min
and then heated at 5 °C/min from 10 °C to 100 °C, in a nitrogen at-
mosphere [48,54]. At least three measurements were carried out for
each collagen type. The denaturation temperature (Td) was determined
as the peak value of the corresponding endothermic phenomenon. The
denaturation enthalpy (AH) was calculated with respect to the collagen
mass of the sample.

2.9. Swelling degree

The ability of collagen substrates to absorb liquids was assessed by
the calculation of their swelling degree. Air-dried films of about 3.0 x
3.0 x 0.05 cm were weighed (40-50 mg) and soaked in PBS 1x. After
removing the excess water by blotting them on filter paper, wet films
were weighed at a fixed time point. The degree of swelling (SD%) was
calculated according to the following Eq. (2) [43,45,55]:

W, — Wy
RSB

d

SD% = 100 2)

where Wy is the dry film weight and W, is the wet film weight at pre-
fixed time points. The test was done in triplicate for each sample type.
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2.10. Mechanical properties

The tensile tests were carried out with a ZwickLine universal testing
machine (Zwick/Roell, Ulm, Germany) equipped with a 100 N load cell.
Air-dried collagen films [43-45] were cut approximately 2.5 cm x 0.5
cm and equilibrated in PBS 1x at room temperature for 2 h. Then,
uniaxial tensile tests were performed under displacement control till
failure with a preload of 0.1 N and a test speed of 0.1 mm/s [43]. The
Young's modulus (E), the stress at break (omax) and the strain at break
(er) were analyzed with the software Microsoft Excel (Microsoft, WA,
USA). The width and thickness of the hydrated films were measured
with a Dino-Lite digital microscope (AnMo Electronics Corporation,
New Taipei City, Taiwan). Each sample was tested in triplicate.

2.11. In vitro degradation resistance

The stability test was performed to assess the resistance to degra-
dation of collagen samples under physiological-like conditions. Air-
dried collagen films of 3 cm x 3 cm were weighted and incubated in
5 mL PBS 1x at 37 °C in the presence and in the absence of collagenase
0.5 U/mL. For each prefixed time point, few microliters were withdrawn
and used to determine the amount of protein degraded using the
colorimetric test with bicinchoninic acid (BCA) (QuantiProTM BCA
Assay Kit, Sigma Aldrich).

2.12. Statistical analysis

The statistical significance of the experimental data was studied
using the t-Student test. Data were expressed as mean =+ the standard
deviation. The differences were considered significant at p < 0.05.

3. Results
3.1. Molecular weight and purity

Type I collagen protein composition and purity were assessed by
SDS-PAGE. The electrophoretic patterns of samples A-E were reported in
Fig. S1 and in Fig. 2 and were found to be comparable to that one re-
ported in our previous study [44]. The electrophoretic run on the 12 %
polyacrylamide gel was performed to assess collagen purity and integ-
rity while the electrophoretic run on the 6 % polyacrylamide gel was
performed to clearly assess eventual molecular weight or intensity
profile differences among samples. As expected, all samples were char-
acterized by the two typical bands of collagen ol (~130-140 kDa) and
a2 (~110-120 kDa) chains [44,56]. Moreover, f§ (cross-links between
two a-chains) and y (cross-links between three a-chains) chains were
also revealed. As shown in Fig. S1, non-collagen protein bands were not
observed, indicating the purity of all collagen samples and the preser-
vation of their protein structure. Thus, the low and poor collagen hy-
drolyzing activity of pepsin [32] was revealed to be effective for native
collagen isolation. These results demonstrated also that the selected
extraction conditions with pepsin were capable of cleaving collagen
without affecting the native o chain length.

In order to assess molecular weight or intensity profile differences
among samples, samples were run also on 6 % polyacrylamide gels. As
shown in Fig. 2, although the samples molecular weight seemed to be
almost the same (i.e., y = 326 + 17 kDa, § = 241 + 5 kDa, al =120 + 2
kDa, a2 = 107 + 1 kDa), a different band intensity was detected,
attributable to the different soluble collagen extent. In particular, § and y
chain intensity was found to decrease with the pepsin concentration,
according to the literature [32]. Indeed, a reduction of about 27 % of
+ y chains was registered in sample B, and of about 45 % in sample C,
compared to sample A. Clear was also the impact of the introduction of a
preliminary homogenization step, that induced a p + y chains reduction
of about 34 % in sample D, allowing for a higher protein aggregates
disassembly with a lower content of pepsin. A high § + y chains



L. Salvatore et al.

International Journal of Biological Macromolecules 256 (2024) 128489

C D E

Fig. 2. Collagen samples electrophoretic pattern. Comparison of the electrophoretic pattern of collagen samples on 6 % polyacrylamide gel in comparison with
standard protein markers (M), confirming the presence of al and o2 chains, besides of p and y chains.

disaggregation was obtained also by increasing the working temperature
up to 30 °C and maintaining the pepsin concentration low. Indeed, in
sample E, a reduction of § + y chains content of about 41 % was regis-
tered. As regards, al and a2 chains, a similar and inverse, behavior was
observed. An increase in their band intensity was registered according to
pepsin concentration [57]. In particular, an increase of al + a2 content
of about 12 % was observed in sample B and of about 22 % in sample C,
compared to sample A. The addition of a homogenization step or the
increase of the working temperature was revealed to be able to increase
the al + a2 content of about 18 %.

3.2. Structural organization

FTIR analysis was performed in order to assess the collagen nature
after the extraction process. Air-dried 1 % (w/v) collagen suspensions
were not optically transparent and absorbance values registered were up
to 2. To acquire significative data, diluted collagen suspensions were
required. In particular, after several concentration analysis attempts, the
0.3 % (w/v) dilution allowed to acquire accurate absorbance spectra. As
reported in Fig. 3, all samples exhibited the typical spectra of type I
collagen [44,45,48,58-61]. The peaks of amide I, amide II, and amide III
of type I collagen were clearly detected and found in the same positions
(Table 2). The amide I, associated with C—O hydrogen-bonded
stretching, was found at 1653-1654 cm ™. The amide II, due to G—N
stretching and N—H in-plane bending of the amide linkage, peaked at
1554-1556 cm ™. The amide III, attributed to the N—H bending coupled
with CH, wagging and C—N stretching, was found at 1242-1255 cm L.
The wavenumber difference between Amides I and II peaks was equal to
or lower than 100 cm ™, indicating that the triple helical structure was
maintained [62]. Moreover, the intensity ratio of Amide III (1242 cm’l)
and CH, (1450 cm ™), which indicates collagen triple helical content,
was revealed to be different among sample type. In particular, it was
found to be higher than 1 for samples A (2.5), B (2.2) and D (2.3), and
lower than 1 for samples C (0.86) and E (0.96), confirming the higher
preservation of the triple helical content of the first samples and the
partial destruction of the latter [63,64]. Thus, according to Feng et al.
[36], pepsin hydrolysis did not affect the collagen triple helical
structure.

5] Amide |
AmideA - Amide II

CH,
CH,

Amide B
CH

31/\ i S
z-.i/\"JM
o W”\w

E

Amide IIl

Absorbance (a.u.)

04

1 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (1/cm)
Fig. 3. FT-IR spectra of collagen films. The principal peaks identified were that

one characteristic of type I collagen, that were amide I, amide II, amide III,
amide A and amide B.

Table 2

FT-IR peak location and assigment of collagen samples.
Peak wavenumber (cm’l) A B C D E
Amide I 1653 1654 1654 1654 1653
Amide I 1556 1556 1556 1554 1556
Amide III 1242 1242 1242 1245 1242
Amide A 3324 3320 3322 3322 3326
Amide B 3089 3089 3089 3100 3087

Besides these three principals contributions, other peaks were pre-
sent and were attributed to the: i) N—H stretching coupled with intra-
molecular H-bond (Amide A, 3320-3326 cm’l), ii) N—H bending



L. Salvatore et al.

(Amide B, 3087-3100 cm’l), iii) -CHs wagging and deformation
(1399-1401 cm™'), iv) -CH, stretching of the glycine backbone
(1450-1455 cm™ 1), v) and of -CHjs stretching (2959-2968 cm ')
[58,65,66].

The presence of all peaks attributable to type I collagen confirmed
the protein nature and that chosen collagen extraction processes
partially affected its triple helical structural organization, which was
found to be almost preserved. However, despite the general high pres-
ervation of collagen unit triple helical structure, no considerations could
be made on the collagen fiber preservation degree from this analysis.

3.3. Free amino groups extent

The TNBS test was performed to measure the number of primary
amines present in collagen samples after modification of the standard
extraction process. As can be seen in Fig. 4, the performed enzymatic
treatments did not affect collagen formulations free amino group con-
tent since no significant differences were revealed among most of the
samples, except between sample B and sample C where an increase of
free amino groups was registered with pepsin concentration.

3.4. Surface characteristics

The AFM images of dry equine tendon collagen films were reported
in Fig. 5, where randomly oriented collagen fibrils were visible, as
indicated by white arrows. The inset in each sample image, showing a
single collagen fiber, was used for the determination of D-band peri-
odicity. This periodicity is considered a characteristic property of all
fibrils-forming collagens and it plays a crucial role in the interactions
between cells and collagen [67]. As reported in Fig. 6, all samples
exhibited a D-banding value of about 60-70 nm, with no statistically
significant differences (p > 0.2). According to the literature
[17,43,67,68], these results indicated that the extraction process did not
significantly alter the collagen fibrillar structure.

Beyond collagen D-banding, the width and surface of fibrillar zones
and roughness range in each collagen sample were investigated.
Although the fiber diameter was found to be almost the same in all
samples (p > 0.1), a significant difference was observed in the measured
number of fibers for the area unit. The highest value was observed in
sample B at 59.0 + 1.0 %, followed by sample D at 51.5 £+ 1.5 %.
Samples E, A, and C presented more or less the same values, 47.5 + 0.7
%, 46.0 £ 2.2 %, and 43.5 + 2.1 %, respectively. It should also be noted
that fibrillar zones were not observed in all samples with the same color
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Fig. 4. Quantification of collagen free amino groups. Data were expressed as
moles of free amino groups per gram of collagen (x10°) and were measured by
the TNBS test. (*, p < 0.05).
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1.0 ym

Fig. 5. AFM images of collagen films. Samples are reported at 5 x 5 pm? The
inset in each sample was acquired in the 1 x 1 pm? image size.

contrast. The reason for this is the difference in the surface roughness of
the samples. For example, in sample D, where the fibrillar area is very
blurred, the maximum and minimum roughness is very low.

As regards the roughness, samples A, B and D presented the lowest
values, that was found to be significantly different from that of samples
Cand E (p < 0.05).

3.5. Rheological properties

The evolution of the storage shear modulus (G') as a function of shear
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Fig. 6. Morphological properties of equine collagen films obtained from AFM analysis. Fibers properties were analyzed in terms of D-banding, fibrils area, fibrils

diameter, and roughness.

strain in a dynamic strain sweep test at 1 Hz and 20 °C is reported in
Fig. 7. At very low strain values, G' was higher than the loss modulus (G")
for all the investigated samples, which presented a gel-like behavior in
the linear viscoelastic region, resulting from the formation of a three-
dimensional network. However, some differences could be noted, as
reported in Fig. 8. The viscoelastic behavior was similar for samples A
and D which presented the highest initial G' moduli, about 6 times
higher than the corresponding initial G" moduli at low strain. The slight
G' reduction and the high G" decrease in sample D showed how ho-
mogenization influenced collagen fiber interaction and thus the rheo-
logical properties of collagen suspensions. The effect of pepsin
concentration was clearly observable and inversely proportional to
samples rheological properties. In particular, G' and G" values were
found to decrease with pepsin concentration increase. Indeed, sample C
(pepsin concentration of 50 %) presented the lowest viscoelastic prop-
erties and G' was only three times higher than G". As regards the influ-
ence of the extraction temperature, it was clear how it significantly
affected collagen suspension properties since a reduction of G' of almost
three times was registered in sample E (extraction temperature of 30 +

1000
] a)

ILE S S SRR ERERSR SRR SRR B ey
1 VYV VYV VPV VY-V PV YV VYV vy

'AA,AA,‘AAAAAAAAAAVAAAAAA

A
9000000000000 000000,, ha,
“‘-‘; - A A
e A
*

e A
. A

o, @

N

100 4
jo-00000000%0000000000,,

G' (Pa)

\‘\
A

\:\Q
4 B \.‘\.
eo—C ‘o
—v—D
—¢—E

..
a— A o

10 4 ) oo v e i o | e PR LI | HEEL I P L | L P L A |
0.01 0.1 1 10 100

Strain (%)

5 °C), compared to sample A (extraction temperature 15 + 5 °C). All the
differences in the values for the five studied samples were statistically
significant (p < 0.05).

During the strain sweep test, G' remained constant until the oscilla-
tion stress overcame the intermolecular forces determining the linear
viscoelastic region. The strain value above which G' decreased >10 % of
the maximum initial value has been taken as the critical strain (ycrit), at
which a polymer shows nonlinear viscoelastic behavior. This value
represented the maximum shear strain that can be applied to the system
keeping the condition of linear viscoelasticity. The critical strains were
reported in Fig. 8 for all the analyzed samples. Once again samples A and
D presented the maximum values, 8 % and 14 % respectively, while
sample C was the lowest (2 %).

Statistically significant differences (p < 0.05) were observed also in
the cohesion energy values (Fig. 8). Sample D had the highest value
(28.29 kJ/m?>) indicating much stronger physical crosslinks between the
polymer chains. In this case, homogenization could have shortened
collagen fibers that thus interacted more and revealed a higher cohesion
energy. On the contrary, sample C, which was extracted with the highest
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Fig. 7. Dynamic strain sweep on collagen suspensions at constant frequency (1 Hz). The evolution of the storage shear modulus (G") as a function of shear strain in a
dynamic strain sweep test at 1 Hz and 20 °C revealed that G' was higher than the G" for all the investigated samples, confirming their gel-like behavior in the linear

viscoelastic region.
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Fig. 8. Strain sweep test on collagen suspensions. Shear moduli, critical strain and cohesion energy values.

pepsin concentration, was found to be characterized by the lowest
cohesion energy (0.17 kJ/m3).

Dynamic frequency sweeps were carried out at constant shear strain
within the linear viscoelastic region, where the material response is
independent of the deformation magnitude. The DMA curves reported in
Fig. 9 showed that G' modulus gradually increases with the frequency.
Moreover, G' was higher than G" in the whole experimental frequency
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Fig. 9. Dynamic frequency sweep on collagen suspensions at constant 1 % strain.

standing hydrogels, with the elastic behavior dominant on the viscous one.

range with similar G' to G" ratios obtained in strain sweep tests. There-
fore, all the samples behave as self-standing hydrogels, with the elastic
behavior dominant compared to the viscous one. However, there are
differences among sample typologies, since samples A and D were
significantly (p < 0.05) more elastic suspensions than sample C, which
present G' values 4 times higher than the corresponding G" values.

The rheological plot in Fig. 10 evidenced, for all the investigated
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G' modulus gradually increases with the frequency. All samples behave as self-
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Fig. 10. Viscosity behavior of collagen suspensions as a function of shear rate.
Viscosity decreases with increasing shear rate, indicating the shear thinning
response typical of non-Newtonian fluids.

samples, a continuous decrease in viscosity with increasing shear rate,
which indicates a shear thinning response typical of non-Newtonian
fluids. The viscosity values at a shear rate of 1 s™1 were reported in
Table 3. Differences among samples were in agreement with DMA
results.

The rheological curves can be fitted using the Ostwald-de Waele
model, which uses a power law to describe the viscosity behavior as a
function of shear rate:

n=Ky!

where K is the consistency coefficient and n is the flow behavior index. K
can also be considered as the viscosity at the shear rate of 1.0 s™1. The
fitting parameters of rheological curves are reported in Table 3 and the
fitting vurves are reported in Fig. 10. The obtained small values of the
flow index (n between 0.17 and 0.25) indicated a stronger shear-
thinning behavior of the suspensions. These data, together with the
values of tan § in Fig. 8 suggested a good printability and shape retention
of the obtained collagen [69]. Therefore, DMA and rheological analysis
reveal the potential of the obtained collagen hydrogels for 3D printing.

3.6. Thermal behavior

DSC is a powerful technique allowing to gain information about
collagen thermal stability. The thermal behavior was evaluated both on
collagen films and suspensions but harvested data on collagen dry films
were not statistically different (Td = 46-49 °C, AH = 7-13 J/g). Instead,
thermal transitions of collagen suspension samples were found to be
significant. Thus, DSC thermograms were depicted in Fig. 11 and the
relative thermal information was reported in Table 4. As expected,
collagen Td was found to be about 42-44 °C, according to literature
about fibrous equine tendon collagen [44]. A decrease of Td was
revealed with increasing pepsin concentration, indicating collagen fiber
disintegration. Indeed, the Td of sample A was significantly different

Table 3

Parameters of the power law fitting of rheological curves.
Sample K (Pa*s™) n(-) R?
A 103.51 £1.76 0.19 0.999
B 49.66 + 2.36 0.21 0.999
C 26.18 £1.29 0.25 0.999
D 114.82 £+ 1.40 0.17 0.999
E 46.03 £+ 0.84 0.19 0.999
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Fig. 11. DSC thermograms of collagen suspensions extracted from equine

tendon. The endothermic phenomenon registered was attributed to collagen
denaturation temperature, that was found to be in the range 42-45 °C.

Table 4

Denaturation temperature and enthalpy of equine collagen.
Sample Td (°C) AH (J/8)
A 449 +1.0 44.5 £10.1
B 43.7 £ 1.1 48.8 £ 15.9
C 42.8 £ 0.5 34.0 £ 1.0
D 43.2 £ 0.9 64.7 £7.6
E 44.6 +£ 0.4 46.7 +£ 4.0

from that of sample C (p < 0.5). Statistically significant differences were
registered in the enthalpy AH associated with the energy required for
destructing hydrogen bonds of the collagen triple helix [70].

According to other performed analyses, pepsin concentration was
found to decrease collagen AH while temperature seemed to not affect it
(compared to sample A). In particular, no statistically significant dif-
ferences were registered among sample A and sample B (p = 0.71), while
a significant reduction was observed compared to sample C. Conversely,
homogenization was found to increase the AH value, probably because
of the higher hydrogen bond interaction among fibers.

3.7. Swelling degree

The swelling test was performed to determine the ability of materials
to absorb liquids and the effects of processing on their intrinsic ability.
The swelling degree allows also a qualitative measurement of the degree
of hydrophilicity/hydrophobicity of the material: the higher the
swelling, the more hydrophilic the material and vice versa. This test was
performed on collagen films rather than on collagen suspensions
because in the latter case fibers are completely swelled and their water
retention ability could not be evaluated. Fig. 12 shows the degree of
swelling of the investigated collagen films. In general, it can be observed
that in the first 3 h all samples reached a degree of swelling of about
600-1200 % [43,71]. Sample D had the highest SD%, attributable to a
higher number of hydrogen interactions with water molecules. The
homogenization step could have better disassembled collagen fiber and
allowed for a higher activity of pepsin, which enabled the exposure of a
higher number of functional groups available for hydrogen interactions.
The effect of pepsin concentration was visible in samples A-C. In
particular, sample A had the lowest SD%. The low pepsin concentration
and the low working temperature were probably responsible for a low
activity of pepsin and thus a low exposure of functional groups. The
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Fig. 12. Swelling degree curves of collagen films. Collagen substrates revealed to be able to uptake very fast about 600-1200 % of their weight of water in the first 3

h and then reached a plateau.

more preserved insoluble character of collagen allowed sample A to
swell less than all other conditions. Accordingly, samples B and C
swelled more than sample A, according to pepsin concentration, as
clearly visible after 24 h of incubation. As regards the effect of the
working temperature, it was found to increase sample E SD%, causing
him to assume an intermediate behavior between sample A and sample
D.

3.8. Mechanical properties

Tensile tests were performed to evaluate the effects of the extraction
conditions on the mechanical properties of collagen films. Average
stress-strain curves were reported in Fig. 13, while values of E, 6pax and
e, were summarized in Table 5. As expected, all curves were charac-
terized by three specific regions, i. e. linear elastic region, non-elastic
region, and rupture region, similarly to other works reported in litera-
ture [43,71]. The effect of pepsin concentration was clearly visible in all
investigated parameters. In particular, an increase in film stiffness (from
0.3 + 0.05 MPa to 0.49 + 0.07 MPa) was registered with pepsin con-
centration, accompanied by a gradual decrease of their resistance (p <
0.05). Indeed, while 6,y value almost halved (from 0.25 + 0.05 MPa to
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Fig. 13. Average stress-strain curves of collagen films. Beyond differences, all
curves were characterized by a linear elastic region, a non-elastic region, and
rupture region.
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Table 5

Shear modulus (E), stress at break (¢ max) and strain at break (er).
Sample E (MPa) Omax (MPa) e %
A 0.30 £ 0.05 0.25 £ 0.05 31+7
B 0.41 £+ 0.04 0.22 £ 0.03 27 £ 4
C 0.49 + 0.07 0.13 £ 0.01 19+3
D 0.24 £ 0.09 0.12 £ 0.04 29 +9
E 0.55 + 0.09 0.27 £ 0.03 24+5

0.13 £ 0.01 MPa) the €, decreased by about one third (from 31 + 7 % to
19 + 3 %), compared to sample A (p < 0.05). Thus, the increase of
pepsin concentration negatively affects collagen film properties, with a
general property loss. This could be due to the fact that collagen fibers
were partially gradually degraded into collagen triple-helix. The me-
chanical elastic contribution of fibers was reduced and prevailed the
mechanical response of collagen triple-helices, detectable as matrices
stiffening and reduction of maximum stress and strain at break. Simi-
larly, homogenization was found to not affect film elastic modulus and
strain at break (p > 0.05) but to negatively influence 6pax, which almost
halved compared to sample A. This result could be ascribed to the fact
that in sample D, fibers were almost preserved but shorter. Thus, their
elastic response was not affected while the maximum stress was reduced
because of their less entanglement level compared to sample A. Lastly,
the temperature of the treatment significantly influenced only the elastic
modulus of film E value, which reached a value of 0.55 + 0.09 MPa.

3.9. In vitro degradation resistance

The degradation resistance of collagen samples in physiological-like
conditions was evaluated in order to assess the influence of extraction
conditions. Their degradation rates in the presence of collagenase were
almost the same and all of them were found to completely lose their
structure within 4-5 h (Fig. S2). Contrarily, their degradation rates in
the absence of collagenase were very different and allowed to underline
structural differences among them (data from both tests were statisti-
cally significant, p < 0.05). As shown in Fig. 14, the degradation rates of
collagen substrates were directly proportional to pepsin concentration
(samples A-C). Presumably, higher concentrations of enzyme dis-
assembled more effectively collagen fibers in collagen units (i. e., triple
helices). The presence of more triple helices than fibrils could be
responsible for a minor extent of intermolecular interactions and thus of
less stable matrices at 37 °C. Accordingly, sample A completely
degraded after 25 days, followed by sample B (that showed a behavior
stackable to sample A) and sample C which degraded in 12 days.



L. Salvatore et al.

International Journal of Biological Macromolecules 256 (2024) 128489

100%

80% -

60% -

40% A

Weight loss % (-)

20% -

0%

- A

R R EREEE

0O 2 4 6 8

TTT T T T T T T T T T T[T T T T T T T T T[T T T T, TTTTTT

10 12 14 16 18 20 22 24 26

Time (days)

Fig. 14. Collagen film resistance in physiological-like conditions. Slight molecular/structural differences among samples allowed to tune degradation resistance in a

time frame that goes from 12 days to 25 days.

Conversely, the application of a pre-homogenization before pepsin
extraction (sample D) was found to reduce collagen substrate degrada-
tion resistance to 15 days, suggesting how shorter fiber reproduced a less
entangled matrix that loses its 2D structure in less time compared to not
homogenized samples (es. sample A). Lastly, the execution of the
enzymatic treatment at 30 °C (sample E) allowed to obtain an inter-
mediate behavior, with a complete matrix degradation after 17 days.
However, our air-dried collagen film degradation resistance was found
to be higher than similar horse collagen derived products, which was
about 7-10 days [72].

4. Discussion and conclusion

This work focused on the effect of some parameters of the pepsin-
based extraction step on the final properties of native-like fibrillar,
insoluble, type I collagen in order to finely tune scaffold properties to
closely mimic the tissues' hierarchical features while preserving its
natural conformation. Due to this, pepsin was chosen as an enzyme for
its specificity for non-helical telopeptide regions and thus for its ability
to isolate collagen units (i.e., the triple helices) without disrupting their
helical structure, which is fundamental for some biological processes.
Moreover, pepsin specifically cleaves the peptide bonds between hy-
drophobic and aromatic residues [73,74], which is why it has poor
collagen hydrolyzing activity.

First of all, the identity and the naiveness of the extracted protein
were confirmed by SDS-PAGE, which revealed uncut type I collagen
typical electrophoretic patterns thanks to the low affinity of pepsin for
collagen [32,34]. The absence of low molecular weight residues
confirmed the purity, the naiveness of the materials and the eligibility of
the used extraction parameters for fibrous collagen isolation [44]. Then,
the preservation of collagen functional groups, and thus of free -NHy
residues, was investigated by means of the TNBS test. The almost same
concentration of free amines suggested how all performed extraction
processes did not alter collagen sample groups that are fundamental for
the formation of intermolecular interactions. Similarly, the detection of
the typical IR spectra of type I collagen, with no peak position variations,
confirmed the nature of the extracted materials [21,44] and that the
selected pepsin hydrolysis conditions did not affect collagen samples
triple-helical structure [36]. Afterward, AFM analysis morphologically
confirmed the extracted materials type since collagen fibrils with their
typical D-banding (about 60-70 nm) were observed. No variations of D-
banding among samples were measured, suggesting how the performed
extraction processes did not affect collagen fibrillar structure but
allowed to preserve it with several degrees. Indeed, selected parameters
were found to influence the number of fibrils for the area unit. Collagen
thermal stability was investigated by DSC analysis that revealed, for all
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examined conditions, the same Td at about 42—45 °C for all formulations
[43,44], but different AH. In particular, pepsin concentration seemed to
decrease collagen AH while temperature seemed to not affect it.
Conversely, homogenization was found to increase the AH value,
probably because of the higher hydrogen interaction among fibers.

As emerged from the aforementioned analysis, the presence of
insoluble collagen fibers with their characteristic D-banding showed
that not all telopeptide regions were attached by pepsin and still
remained unbroken after the performed extraction protocols. Besides
the low affinity of pepsin for collagen, this could be due to the inap-
propriate amount of enzyme or to the non-optimal enzyme working
conditions. Indeed, low working temperature values revealed to be
effective in isolating collagen fibers while working temperature values
higher than 30 °C revealed to be suitable for the isolation of collagen
triple helices, as reported by Qian et al. [34] or peptides. Moreover, it
should not be neglected that pepsin's low activity could be due to the
high hierarchical and strict organization of horse tendon collagen that
did not make cleavage sites even accessible to the enzyme.

These results allowed thus to spot pepsin as a suitable enzyme for the
extraction of native type I collagen with high conservation of its fibrillar-
like structure. The modification of the pepsin-based extraction step
allowed for finely tuning isolated collagen fibers properties without
deeply affecting their structural conformation and thus their bioactivity.
However, extraction parameters influenced the reconstituted material
properties. Significant differences were observed with the rheological
analysis, tensile test, and degradation resistance assay. Indeed, collagen
suspensions viscoelastic properties with a shear thinning behavior were
evidenced, with strong differences among samples. In particular, the
effect of pepsin concentration was clearly observable and inversely
proportional with samples rheological properties, while the extraction
temperature reduced suspension performances by about three times.
The high number of hydrogen interactions between likely shorter
collagen chains, caused by the homogenization process in sample D, led
to the formation of a stronger three-dimensional network compared to
the other tested formulations, as revealed by the results of dynamic
mechanical analysis (DMA), where the highest cohesion energy and
critical strain were obtained for sample D. On the contrary, high pepsin
concentrations were found to reduce collagen molecule interaction and
cohesion energy. Moreover, the obtained rheological and DMA results
confirmed the possibility of finely tuning the rheological and visco-
elastic properties according to the desired application.

Similar results were observed with uniaxial tensile tests. Also in this
case, the effect of pepsin concentration was clearly visible in all inves-
tigated parameters with an increase of film stiffness, accompanied by a
gradual decrease of their resistance of two or three times. Thus, the
increase of pepsin concentration negatively affected collagen film
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properties, with a general properties loss. While homogenization was
revealed to increase collagen suspensions properties, it negatively
influenced collagen film op,, which almost halved because of the
shortening of the length of the fibers.

The rheological, DMA and mechanical results suggested that an in-
crease of pepsin concentration allowed for a higher fiber and fibril
disassembly and thus higher triple helical content and exposure of
functional groups. The increase of the collagen monomeric unit per-
centage results in higher intermolecular interactions but lower rheo-
logical/mechanical properties due to the intrinsic properties of collagen
fibers partial loss. Clear was the effect of homogenization that shortened
fibers length resulting in a collagenous formulation with inferior prop-
erties compared to the not-homogenized sample. However, homogeni-
zation allowed for a higher and more uniform fiber dispersion and thus
more reproducible material properties. Additionally, the homogeniza-
tion step could have better disassembled collagen fiber and allowed for a
higher activity of pepsin, which could have enabled the exposure of a
higher number of functional groups available for hydrogen interactions.
Lastly, temperature was found to enhance pepsin activity, with a minor
extent of fibrils and thus of native properties retain.

Results of all analyses were in accordance with samples behavior in
physiological-like conditions, with a reduced resistance to degradation
when higher pepsin concentrations were used, along with homogeni-
zation and a higher working temperature, according to all performed
analyses. In particular, this last assay allowed to discover that extraction
process parameter modulation can alter collagen substrate stability that
went from 12 to 25 days, offering the possibility to choose the type of
material based on the time that the final device should resist in the body
before biodegrading. Additionally, our air-dried collagen film degrada-
tion resistance was found to be higher than similar horse collagen
derived products [72] and other animal derived products, suggesting the
particular suitability of selected extraction conditions for the
manufacturing of longer lasting devices. Indeed, for example, samples C
and D could be used for the development of delivery systems for the
weekly controlled delivery of selected drugs, for wound dressing for
non-severe wounds or for the development of sponges for guided dental
bone or periodontal pocket regeneration. Sample A and B could instead
be employed for the development of implantable devices for the
regeneration of small part of injured tissues that require more time to
regenerate (e.g., wound dressings for non-healing wounds, nerve guide
for peripheral nerve regeneration, and so on). In these cases and others,
it is important that the devices maintain their integrity and thus their
structural functions for the time required by the regenerating tissue, and
thus that they were slowly metabolized by the body's physiological
enzymatic apparatus for collagen.

Apart from these applications, all sample types can be suitable for 3D
printing for the development of tissues/organs 3D models with several
intrinsic stiffness and half-life. Accordingly, cell behavior could be
directed or customized according to the needs. Despite the reported
degradation resistance may seem too low for certain applications, it
should be taken into account that collagen properties could be further
improved post-extraction by improving collagen concentration [80-82],
by applying pre-processing modifications [21], by inducing fibrillo-
genesis [83-85], by crosslinking (i. e., physical, chemical, or enzymatic)
[49,77-79,82,86] or by functionalizing with inhibitors of collagenase
[49,75-79]. The induction of in situ silicification/mineralization
[87,88] or the blending with other biomaterials [89,90] are other so-
lutions. Nevertheless, all these modifications could be applied only post
collagen extraction, allowing for a limited material properties modifi-
cation. Instead, the structural changes that could be induced on collagen
during the pepsin-based extraction step could allow upstream control of
its properties and thus to more in depth customize its final properties in a
huge variety of formulations.

Thus, acquired data allowed to correlate collagen structure at the
supramolecular scale with its macro properties, confirming the possi-
bility and the ability to tune collagen properties as needed by modifying
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pepsin-based extraction parameters in the collagen isolation process. In
conclusion, this work evidenced how the properties of collagen-based
devices could be customized by modifying processing parameters, in
particular by varying their enzymatic extraction method, and to
manufacture products with adjustable properties in terms of
morphology, mechanics, degradation resistance without significantly
affecting collagen native structure, that is of fundamental importance
for cell response. The topic of modifying the properties of materials in
the initial stages of the development of customized medical devices is of
great interest. For this reason, future studies will be directed toward
studying the impact of other process parameters on the properties of
collagen and of the relative devices.
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