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Abstract
Collagen is a material which is recognized for its biocompatibility properties, biodegradability and low antigenicity, 
allowing it to be used for the creation of different materials as composites, scaffolds or hydrogels. However, collagen-
based materials fail to provide useful mechanical properties in a final product. In this regard, it has been reported that 
the addition of metallic ions contributes towards supporting polymer matrices. Thus, the objective of this work was to 
evaluate the effect of metallic ions incorporation on the mechanical properties of biomaterials based on collagen from 
Pterygoplichthys pardalis and sodium polyacrylate (PAAS). It was observed that the addition of metallic ions modified 
the mechanical properties of biomaterials out of collagen and sodium polyacrylate (Co-PAAS). The greatest tensile force 
was achieved when 0.09 mg of collagen and 0.003 mol of Fe3+/g Co-PAAS were used. On the other hand, the greatest 
elongation at break was achieved when the biomaterial was synthesized with 0.09 mg of collagen and 0.002 mol of K1+/g 
Co-PAAS. Also, the highest value for Young’s modulus was found when the biomaterial was synthesized with 0.05 mg 
of collagen and 0.002 mol of Fe3+/g Co-PAAS and 0.003 mol of K1+/g Co-PAAS. Finally, it was concluded that P. pardalis 
could be a collagen source for the development of biomaterials due to its electrostatic interactions with metallic ions 
increasing the mechanical properties of the processed material significantly.

Article highlights

•	 Pterygoplichthys pardalis is a tropical fish that could be 
used as collagen source to develop biomaterials.

•	 Collagen, sodium polyacrylate and ionic metals interact 
to generate a biomaterial with better mechanic proper-
ties.

•	 Ion Fe3+ generates materials with highest Young’s mod-
ulus and tensile force.
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1  Introduction

Collagen is the most abundant protein in vertebrate 
organisms, since it is distributed in different organs and 
tissues such as skin, bones, connective tissues, tendons, 
as well as in the extracellular matrix, where it provides 
flexibility, structural functions, and stability [1]. Cur-
rently, 29 types of collagens (I–XXIX) have been identi-
fied, each with different amino acid sequences, structure, 
and function [2]. However, all members of the collagen 
family have three polypeptide chains with a repetitive 
sequence of Gly-X-Y in their structure, where the X and 
Y positions usually are occupied by the amino acids pro-
line and hydroxyproline. This sequence provides colla-
gen a structural pattern in the form of a triple helix [3–5], 
which is different from other protein structures [6]. In 
addition, collagen has properties of biotechnological 
interest, such as high biocompatibility, biodegradabil-
ity, and low antigenicity [7]. These are characteristics that 
have given the macromolecule a wide range of applica-
tions such as tissue engineering as a matrix than influ-
ences fibroblast contraction force, as a bio-inductive 
scaffold that supports human primary tendon-derived 
cell growth for articulation repair, as a high-strength, 
flexible, porous scaffold to promote tissue regeneration, 
and showed well-formed stratified epithelial layer, gran-
ulation tissue formation and collagen deposition [8–10].

Industrial marketed collagen is obtained from terres-
trial organisms. However, there is a link between some 
collagen sources and viral diseases such as foot-and-
mouth disease, transmissible spongiform encephalopa-
thy, and avian influenza [11]. Thus, the extraction of col-
lagen from fish has attracted the attention of researchers 
in the last decade [12, 13]. Furthermore, collagen that 
is recovered from aquatic species is a potential alterna-
tive and is considered as Generally Recognized As Safe 
(GRAS) by the Food and Drug Administration (FDA) [14]. 
The utilization of fish for collagen extraction must con-
sider the diverse range of fish species, each with inherent 
variations in their collagen molecules, and the collagen-
ous material is more prone to degradation because it 
contains lower amounts of crosslinks [15].

Recent studies have indicated that collagen from fresh 
water tropical species (tilapia) was more thermostable 
than the extracted from marine cold adapted fish (cod 
and hake). This has been related to the lower extent of 
proline regions and to a decreased proline hydroxylation 
degree of the collagen of cold-water marine fish [16]. 
Acharya et  al. [17], reported that collagen extracted 
from silver carp relative solubility and thermal dena-
turation are more stable than milk shark owns to inter- 
and intra-molecular crosslinks and to a better structural 

arrangement as seen in FT-IR spectra. Collagen extrac-
tion methods are traditionally based on the use of acidic 
solutions, which dissociate intermolecular cross-links 
of the aldimine type, causing swelling of fibrillar struc-
tures and denaturation [18]. However, enzymes (pepsin, 
trypsin, papain, etc.) are able to cleave peptides at telo-
peptide region and have become an alternative to tradi-
tional acidic collagen extraction methods [19].

Collagen promotes cell adhesion, growth, and dif-
ferentiation; hence it is used for 2D, and 3D structures 
aimed at tissues and organs [20, 21]. However, the use of 
collagen as a single component produces materials with 
low mechanical strength that can be difficult to handle 
[7, 22]. For this reason, the addition of different materi-
als is being used currently with the aim of improving 
its mechanical properties, as they interact with the col-
lagen matrix [23]. Therefore, it is necessary to develop 
a variety of crosslinking methods, including chemical, 
physical, and biological methods, to alter the molecular 
structure of various natural polymers, further enhance 
the mechanical properties of collagen, and meet spe-
cific application requirements [24]. Hydroxyproline is a 
compound that is rich in hydroxyl groups, which tend 
to improve interaction capabilities and may contribute 
towards generating thermally stable polymeric com-
plexes [25] if hydroxyl groups interact electrostatically 
with some added components. In this sense, metallic 
ions have great potential, as they promote electrostatic 
interactions, conferring greater stability in the final com-
pound [26] that can improve if metallic ions interact with 
an anionic polylelctrolyte as sodium polyacrylate (PAAS). 
The addition of this component increase properties sig-
nificantly, such as greater tensil stress [27] and elastic 
modulus [28, 29]. Besides, the addition of ions such 
as zinc, calcium, copper and iron generates polymeric 
materials with probable biological properties as wound 
repair [30].

The devilfish (Pterygoplichthys pardalis), also known 
as pleco, is a type of tropical catfish that has proven 
to be invasive and destructive [31]. It was introduced 
in various countries as an ornamental fish, which then 
caused the affectation of local ecosystems [32]. This 
species is one of the greatest threats to biodiversity in 
inland aquatic ecosystems due to its negative effects 
[33, 34]. Pterygolichthys pardalis being a tropical fish, it is 
expected that the content of hydroxyproline in collagen 
is important and probably increase the interactions with 
metallic ions, contributing to the generation of dura-
ble polymer. Therefore, the objective of this work was 
to study the effect of metallic ion incorporation on the 
mechanical properties of biomaterials based on tropical 
fish-derived collagen from Pterygoplichthys pardalis and 
sodium polyacrylate (PAAS).
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2 � Materials and methods

2.1 � Source of raw materials

Fish samples were obtained from the Peñitas dam, 
located in the Municipality of Tecpatán, Chiapas, Mexico, 
and were transported in coolers at 6 °C. The skins were 
manually separated in the laboratory and then dried at 
a temperature of 50 °C.

2.2 � Pretreatment

The dried skins were ground in two stages. The first stage 
involved using a jaw crusher, and the second stage was 
carried out using a roller mill. Finally, the resulting flour 
was passed through a sieve with a 0.84 mm mesh and 
stored in polyethylene bags at 6 °C until it was used.

Next, 100 g of dry skin were mixed with 0.1 mol/L 
NaOH at a ratio of 1:10 (w/v) and left to react for 6 h 
at 4  °C. The NaOH solution was changed after 3 h to 
remove non-collagen proteins and skin pigments. After 
6 h, the solution was filtered under vacuum and the sam-
ples were washed with distilled water until a neutral or 
slightly basic pH (7.8) was reached [35]. The samples 
were then degreased using a modified version of the 
method proposed by Roseline et al. [36]. To achieve this, 
the samples were mixed with 10% butanol at a ratio of 
1:10 (w/v) for 24 h at 4 °C. Excess butanol was removed 
by washing the samples three times with distilled water 
and filtering them using a vacuum pump. Finally, the 
samples were stored in refrigeration at -18 °C until their 
subsequent use.

2.3 � Collagen extraction

The extraction of acid-soluble collagen was carried out 
by mixing the pretreated samples with 0.5 M acetic acid 
for 72 h in a 1:15 ratio (w/v). Collagen was subsequently 
precipitated by adding 1.5  M NaCl and 0.05  M tris 
hydroxymethyl aminomethane (pH 7.0). The precipitated 
collagen was recovered by centrifugation for 50 min at 
4500 rpm, after which the supernatant was discarded. 
The recovered collagen was dissolved in 100 mL of 0.5 M 
acetic acid and dialyzed with a 14 kDa pore size cellulose 
membrane (Sigma Aldrich) measuring 49 mm × 79 mm 
against 50 volumes of 0.1 M acetic acid for 24 h. The 
dialysis product was then filtered using Number 2 filter 
paper. Subsequently, a second dialysis process was car-
ried out at 4 °C against 10 volumes of 0.1 M acetic acid. 
The distilled water solution was changed every 12 h until 

a neutral pH was reached [34]. This extract was referred 
to as acid-soluble collagen (ASC).

For the collagen extraction by hydrolysis with pepsin, 
the pretreated samples were mixed with 0.75% pepsin 
(w/w) in 0.5 M acetic acid at a ratio of 1:15 (w/v) and stirred 
continuously for 72 h at 4 °C. The collagen was then pre-
cipitated by adding 1.5 M NaCl and tris hydroxymethyl 
aminomethane (pH 7.0). The precipitated collagen was 
recovered by centrifuging for 50 min at 4500 rpm, and 
the supernatant was discarded. The recovered collagen 
was dissolved in 100 mL of 0.5 M acetic acid and dialyzed 
against 50 volumes of 0.1 M acetic acid for 24 h, using 
a 49 mm × 79 mm cellulose membrane (Sigma Aldrich) 
with a pore size of 14 kDa. The dialysis product was fil-
tered using filter paper Number 2. Then, a second dialysis 
process was performed against 10 volumes of acetic acid 
0.1 M at 4 °C. The distilled water solution was changed 
every 12 h until a neutral pH was reached [37]. This extract 
was named pepsin-soluble collagen (PSC). Finally, the col-
lagen obtained from both the acid extraction and enzy-
matic extraction processes was freeze-dried at 0.520 mbar 
(Labconco, Kansas, USA) and stored at -18 ºC until further 
use. The collagen with the highest extraction yield was 
selected for the subsequent elaboration of the materials.

The performance of acid-soluble collagen (ASC) and 
pepsin-soluble collagen (PSC) was calculated from the 
percentage of dry weight of the skin used initially.

2.4 � Analyses

2.4.1 � UV–VIS spectroscopy

The ASC and PSC samples were dissolved in 0.5 M acetic 
acid at a concentration of 1 M, and a spectral scan from 
200 to 800 nm was performed to identify the maximum 
absorbance wavelength using a UV–VIS spectropho-
tometer model DR 5000 (HACH, Colorado, USA) [38]. The 
quantification of protein content was performed using 
Lowry’s method. Bovine serum albumin (BSA) was used 
as a standard to prepare the standard curve, while 0.5 M 
acetic acid was used for the negative control. The posi-
tive control sample used was collagen type I from Sigma 
Aldrich (Mexico).

2.4.2 � Fourier transform infrared spectroscopy

The spectra were recorded using lyophilized collagen on 
a Nicolet ™ IR spectrophotometer (Thermo Scientific, Mas-
sachusetts, USA). The spectra were scanned 16 times and 
measured in the range of 1000–4000 cm−1 with a reso-
lution of 4 cm−1. The sample was directly placed on the 
FTIR spectrometer with an Agilent diamond ATR sample. 
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The control sample used was type I collagen from Sigma 
Aldrich.

2.4.3 � Nuclear magnetic resonance (1H‑NMR)

The nuclear magnetic resonance spectra were recorded 
using an Agilent 500 MHz DD2 spectrometer (California, 
USA). The experiments were conducted at 25  °C, with 
the solvent signal (deuterated HCl) carefully chosen to 
avoid interference with any signal. Following dissolu-
tion, approximately 1 mL of the collagen sample solution 
was transferred to a 5 mm MRI tube and inserted into the 
magnet. After allowing 10 min for thermal equilibrium, the 
experiment was performed. The control sample used was 
collagen type I from Sigma Aldrich.

2.4.4 � SDS‑PAGE electrophoresis

The electrophoretic patterns were obtained through elec-
trophoresis in a polyacrylamide gel with sodium dodecyl 
sulfate (SDS-PAGE), using the method of Laemmli [39] with 
slight modifications. A mini-protein vertical electrophore-
sis system (Bio-Rad, USA) was employed. A solution of ASC 
and PSC at a concentration of 1 M in 0.05 M acetic acid 
was prepared. Subsequently, a mixture was made by add-
ing Laemmli sample buffer in a 1:1 ratio, which contained 
12.48% Tris–HCl (pH 6.8), 6% (w/v) SDS, 12.52% (v/v) glyc-
erol, 14.96% (v/v) mercaptoethanol, and 3 g bromophenol. 
The samples were heated at 90 °C for 5 min and allowed 
to cool to room temperature. For electrophoresis, a 7.5% 
separation gel and a 4% stacking gel were utilized. Sub-
sequently, 10 μL of the solution from each sample were 
deposited in each of the gel wells, along with 10 μL of 
molecular marker and 10 μL of standard type I collagen 
(Sigma Aldrich). Electrophoresis was conducted at 100 V 
for 70 min, using 1X run buffer (Tris/Glycine/SDS) [40]. 
After the electrophoresis, the protein bands were stained 
with a solution of 0.1% Coomassie R-250 blue dissolved 
in water, methanol, and acetic acid (13:5:2, v/v/v) for 6 h. 
Then, the bands were destained using a solution of water, 
methanol, and acetic acid (13:5:2, v/v/v) [11]. The positive 
control used was collagen type I (Sigma Aldrich).

2.4.5 � Intrinsic viscosity

The collagen isolated from devilfish was dissolved in con-
centrations ranging from 0.1 to 0.5 M in 0.5 M acetic acid. 
A negative control consisting of only 0.5 M acetic acid was 
also prepared. The viscosity of each solution was meas-
ured using an SVM 3000® viscometer (Anton Paar, Graz, 
Austria). The intrinsic viscosity of collagen was calculated 
using the Kuhn-Mark-Houwink-Sakurada equation based 

on the dynamic viscosity measurements [41]. The positive 
control used in the experiment was collagen type I.

 where η is the intrinsic viscosity, M is the mean molecular 
weight, K and α are specific values for proteins (1.86 × 10-19 
and 1.8 for collagen, respectively).

2.4.6 � Amino acid analyses

A Hitachi L-8900 amino acid analyzer (NY, USA) equipped 
with a 4.6 mm ID × 60 mm ion-exchanged resin-packed 
column was used for analysis. To prepare the sample, 
0.2 mg of the sample was suspended in 800 μL of perfor-
mic acid (PA) and left overnight under a nitrogen atmos-
phere at 55 °C. After drying, the sample was hydrolyzed by 
adding 200 μL of 4.2 N NaOH at 110 °C for 24 h. To neutral-
ize the hydrolysate, 200 μL of 4.2 N HCl and 600 μL of Nle 
diluent were added. A second hydrolysis was performed 
in the liquid phase by using 200 mL of a 6N HCl/1% phe-
nol solution at 110 °C for 24 h. The resulting hydrolysate 
was dried under a nitrogen atmosphere at 55 °C and then 
adjusted to 1 mL with the Nle dilution buffer. The sample 
was vigorously stirred, and an aliquot of 50 μL was used 
for analysis. Nle’s solution was used as an internal standard 
[42].

2.4.7 � Elaboration of chelated materials (Col‑PAAS‑Metal)

Collagen solutions were prepared with 0.5 M acetic acid 
at different concentrations (0.005, 0.007, and 0.009 M of 
PSC). In parallel, metallic salt solutions were prepared 
(KCl, CaCl2, and FeCl3) at concentrations of 0.001, 0.002, 
and 0.003 mol/g of dry Collagen-Polyacrylate (Col-PAAS). 
A mixture of 40 mL of the metallic salt solutions, 10 mL of 
the PSC solution, and 40 mL of a 6.25% w/v sodium poly-
acrylate solution (Sigma Aldrich, Mw: 94.04 g/mol) was 
prepared at room temperature with mild mechanical stir-
ring [29]. The mixture was then poured into rectangular 
silicone molds (6.6 cm × 3.81 cm × 2.54 cm) and left to dry 
in the extraction hood for 4 days. Finally, the biomaterial 
was conditioned by placing it in a desiccator with a satu-
rated solution of sodium chloride (25 ± 0.5 °C, 70 ± 5% RH).

2.4.8 � UV–Vis spectroscopy of the biomaterial‑forming 
solution

For determining the maximum absorbance wavelength 
of the chelated polymer in the materials, a PSC solu-
tion (10 mL) was added at a concentration of 0.009 M in 
0.05 M acetic acid. Subsequently, solutions of metallic salts 
(FeCl3, CaCl2, KCl) were added (40 mL) at a concentration 

(1)[η] = KM
α
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of 0.003 mol/g dry mass Col-PAAS, along with 40 mL of 
a 6.25% w/v sodium polyacrylate solution. The deter-
mination of the maximum absorbance wavelength was 
performed using a DR 5000 UV–VIS spectrophotometer 
(HACH, Colorado, USA), by performing a spectral scan of 
200–800 nm [43]. The control sample consisted of a col-
lagen solution at a concentration of 0.009 M with PAAS 
and sodium polyacrylate at 6.25% w/v, without any added 
metallic ions.

2.4.9 � Determination of mechanical properties

The tensile stress, elongation at break, and Young’s modu-
lus of the materials were determined using the method 
developed by Xiao et al. [44], with modifications. An XT 
PLUS texture analyzer (Stable Micro Systems, Godalming, 
UK) was used for this purpose. Rectangular-shaped sheets, 
5 cm × 1 cm (length × width), were cut from the samples 
for analysis, and the results were the average of three 
measurements. The crosshead speed was set at 0.3 mm/s 
with an initial distance of 30 mm until the samples broke. 
The tensile stress and elongation at break were calculated 
using the following equations.

 where �e is tensile stress (MPa), F is the maximum force 
(N), Ao is the initial section (mm2), e is elongation or unit 
deformation (%), and L (mm) is the width of the test speci-
men, respectively. Finally, Lo (mm) is the initial length of 
the test specimen and E is Young’s modulus (MPa). The 
negative control was the material made of collagen solu-
tion at a concentration of 0.009 mg mL−1 with PAAS at 
6.25% w/v without metal ions.

2.4.10 � Infrared spectroscopy (FT‑IR) of chelated 
biomaterials

The spectra of the materials synthesized from collagen-
PAAS-metal ions were recorded using a Nicolet ™ IR spec-
trophotometer model (Thermo Scientific, Massachusetts, 
USA). Spectra were scanned 16 times and measured at 
400–4000 cm−1 with a resolution of 4 cm−1 [45]. For each 
sample, the material was placed directly on the FTIR spec-
trometer fitted with an Agilent diamond ATR sample. The 
positive control was the material obtained from collagen 

(2)� =
F

Ao

(3)e =
L − Lo

Lo
x100

(4)�e = E .e

solution at a concentration of 0.009 mg mL−1 with PAAS 
and sodium polyacrylate at 6.25% w/v without metal ions.

3 � Results

3.1 � Collagen extraction

Acid-soluble collagen and pepsin-soluble collagen were 
isolated from the skin of Pterygoplichthys pardalis, yielding 
0.30 ± 0.08% and 4.46 ± 0.10% of dry weight (DW), respec-
tively. These results are consistent with the reported yields 
for the extraction of collagen from the skin of striped cat-
fish (Pangasianodon hypophthalmus), where the yields of 
ASC and PSC were 5.1% and 7.7%, respectively [46].

The treatment with pepsin generated higher yields than 
the method using acid, as reported in studies on catfish 
(ASC, 16.80%; PSC, 28%) [2] and paddlefish (ASC, 53%; PSC, 
66%) [47]. This suggests that a large amount of collagen 
from the devilfish’s dermal plates was cross-linked through 
covalent bonds via condensation of aldehyde groups in 
the telopeptide region, as well as by intermolecular cross-
linking. These cross-links hinder the solubilization of col-
lagen in an acidic environment. In contrast, enzyme treat-
ment generates higher yields compared to acid extraction, 
but the characteristics of the extracted collagen, such as 
the size of the molecules and the distribution of molecular 
weight, depend mainly on the treatment time and the con-
centration of the enzyme. Pepsin affects the telopeptide 
region where collagen molecules are crosslinked, allowing 
extraction with greater performance and without damag-
ing the integrity of the triple helix. The product resulting 
from hydrolysis is called atelocollagen, which results from 
the removal of terminal amino and carboxyl residues 
which act as antigens located on non-helical protein sec-
tions [17].

Because PSC presented the highest extraction perfor-
mance, it was chosen for the elaboration of the materials 
and characterization.

3.2 � UV–Vis spectroscopy

The maximum absorbance wavelengths observed for ASC 
and PSC were 240 and 236 nm, respectively (Fig. 1). The 
data obtained showed the presence of protein in extracts 
from both extraction methods, which was likely colla-
gen. This matches with the results reported for collagen 
obtained from northern pike scales [48], skin from the 
Pacific cod [49], carp skin [3], and fish waste [50]. The UV 
absorption that was visualized in the spectrum was related 
to the –COOH, CONH2 groups present in polypeptide 
chains, as well as to the n → π * electron transition of C=O 
in the peptide bond [51]. Approximately, proteins show 
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maximum absorbance at 280 nm, because of the influence 
exerted by some of the amino acid side chain bonds such 
as phenylalanine, tyrosine, tryptophan [34]. The wave-
length value obtained for collagen extracted from devilfish 
skin was lower than that of other proteins. This could be 
since collagen obtained from P. pardalis skin is lacking in 
tyrosine and phenylalanine, which are sensitive chromo-
phores that contribute to ultraviolet absorption at 280 nm 

[3, 5]. In addition, it has a relatively high abundance of gly-
cine and proline (Table 1).

3.3 � Fourier transform infrared spectroscopy

The spectral analysis using FTIR showed the characteristic 
signals of amides A and B, as well as amides I, II, III (as seen 
in Fig. 2). The main signals in the collagen spectra were like 
the signals of collagen from other fish species and aquatic 
organisms, such as softshell turtle [52], pufferfish skin [53], 
milkfish and silver carp [54, 55].

The amide A band for ASC was found at 3277  cm−1 
and 3291  cm−1 for PSC, which is associated with N–H 
stretching vibrations. Such vibrations occur in the range 
of 3400–3440 cm−1, which are assigned to the stretch-
ing mode and help demonstrate that the NH groups in 
both types of extracted collagens are related to hydrogen 
bonds, probably with a carbonyl group from the peptide 
chain. Amide B bands were found at 2921 cm−1 for ASC 
and 2924 cm−1 for PSC, which are associated with an asym-
metric chain of the CH2 group [56]. Amide I, bands II and 
III are known to be responsible for the degree of molecu-
lar order found in collagen, as well as participating in the 
formation of the triple helix structure resulting from CO 
stretching, N–H bending and C–H stretching, respectively. 
Amide bands I, II and III were found at 1635, 1550, and 
1240 cm−1 for ASC and 1641, 1545, and 1241 cm−1 for PSC, 
respectively. According to Peng Sun et al. [25], if the result 
of dividing the value for the amide III band over the band 
corresponding to the displacement of 1450–1454 cm−1 is 
approximately 1, this indicates that the triple helical struc-
ture is intact. For the spectra of (ASC) and (PSC), ratios of 
1.17 were obtained, suggesting that triple helix structure 
was intact [51].

3.4 � Nuclear magnetic resonance (1H‑NMR)

The presence of a triple helix structure in collagen can be 
elucidated through 1H-NMR spectroscopy. The formation 
of a triple helix structure results in the appearance of a 
new set of chemical shifts, which cannot be observed in 
the structure of denatured or non-assembled collagen.

The resonance spectra for both ASC and PSC samples 
shows the characteristic resonances of collagen-like triple-
helices. The Pro Cd Hl,h signals at 3.55 and 3.10 ppm and 
the Hyp Cb Hl resonance at 2.08 ppm, confirm the triple 
helical structure [57, 58] (Fig. 3). Chemical displacements 
at 1.23 ppm indicate an acidic reaction between proline 
and tryptophan [59].

NMR analysis confirmed the presence of water mol-
ecules in both ASC and PSC, corresponding to the chemi-
cal displacement of the singlet at about 4.6–4.8 ppm [60, 
61]. The intense band observed at 4.8 ppm indicated 

Fig. 1   UV–VIS spectra of collagen extracted from Pterygoplichthys 
pardalis skin by acid (ASC—black line) and pepsin (PSC—blue line) 
methods. The solvent used was HAc 0.5  M and the collagen con-
centration was the same in both solutions

Table 1   Composition of amino 
acids from pleco collagen (PSC)

Amino acids Conc
µM/mg

c/1000 
resi-
dues

Asp 0.19 52
Thr 0.1 27
Ser 0.16 44
Glu 0.27 74
Pro 0.4 110
Gly 1.16 319
Ala 0.43 118
Val 0.1 27
Ile 0.06 16
Leu 0.08 22
Tyr 0.02 5
Phe 0.04 11
His 0.03 8
Lys 0.1 27
Arg 0.19 52
Hyl 0.02 5
Hyp 0.22 60
Cys 0.02 5
Met 0.05 14
Trp 0.003 1
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the presence of hydration water, which constitutes 
about 0.5 g of water/g of collagen. This fraction of water 
includes the bound water interacting with the collagen’s 
surface, along with the “structural” water that stabilizes 
the collagen helix [62].

3.5 � SDS‑PAGE electrophoresis

SDS-PAGE data from collagen samples are shown in Fig. 4. 
It is noteworthy that the band patterns in both ASC and 
PSC allow two different α chains to be identified, α1 and 
α2, with a molecular size of 139 and 128 kDa, respectively 
[5]. Presence of a β chain dimer with a molecular size of 
195 kDa was also observed. [63]. Also, the γ chain trimer 
formed by intramolecular and intermolecular crosslinking 
of the three chains was detected [64].

Type I collagen is composed of 2 identical α1 subunits 
and one α2 subunit, according to studies by Felician et al. 
[65], Salvatore et al. [6], and Peng Sun et al. [25]. Type I col-
lagen is the primary collagen found in fish skin and scales, 
as reported in various studies. The band patterns identified 
in this analysis are consistent with findings reporting type 
I collagen in silver carp (α1 with MW less than 120 kDa; α2, 
with MW less than 115 kDa) [66] and yellowfin tuna (α1 
with MW less than 120 kDa; α2 with MW less than 150 kDa) 
[67]. The presence of β and γ chains indicates the pres-
ence of the dimer and trimer, respectively, suggesting that 
the extraction process and the addition of pepsin did not 
affect the native structure of collagen [68].

3.6 � Measurement of viscosity and molecular weight

The intrinsic viscosity is a parameter that reflects the 
hydrodynamic volume occupied by macromolecules in 
solution and is related to their molecular weight [69]. The 
intrinsic viscosity values obtained for ASC and PSC were 

Fig. 2   FTIR spectra of collagen extracted from Pterygoplichthys par-
dalis skin by acid (ASC—red line) and pepsin (PSC—purple line) 
methods. IR spectra show the typical corresponding bands of col-

lagen: υ indicates the stretching vibration, υas indicates the stretch-
ing asymmetric vibration, and d indicates the bending vibrations

Fig. 3.   1H-NMR spectra for a type 1 collagen standard, collagen 
extracted Pterygoplichthys pardalis skin by using b the pepsin 
method (PSC) and c the acid method (ASC). PSC and ASC spectra 
exhibit similarities between them, and the differences observed 
compared to the collagene could be due to impurities
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23.81 and 13.66 dL/g, respectively. By using the Kuhn-
Mark-Houwink-Sakurada equation, the average molecular 
weight was estimated to be 412 and 302 kDa for ASC and 
PSC, respectively. A standard collagen molecule usually 
has a size of 300 kDa, which corresponds to 100 kDa for 
each of the alpha strands [70]. A molecular weight higher 
than 300  kDa indicates the presence of cross-linking 
between collagen molecules and therefore suggests the 
formation of dimers and trimers [71]. These results indicate 
that ASC and PSC collagen types obtained in this study 
retained their native triple helix structure [49] (Fig. 5). 
Thus, the viscosity measurements suggest that collagen 
molecules from devilfish are likely cross-linked by covalent 

bonds that occur via condensation of aldehyde groups in 
the telopeptide region and intermolecular cross-links, 
which ultimately reduces collagen solubility [72].

3.7 � Amino acid analyses

Table 1 shows the amino acid composition of P. pardalis 
skin collagen. Pepsin produced a higher collagen yield, 
so the subsequent analyses were exclusively carried out 
with PSC. Collagen from this fraction had relatively high 
levels of glycine (29.8%), as well as alanine, glutamic acid, 
proline, and hydroxyproline. The structure of collagen is 
based on a repetitive sequence of (Gly-Pro-Hyp)n, where 
glycine represents almost one-third of the total residues. 
This amino acid is crucial for the formation of the triple 
helix, as it allows for the union of α chains through its side 
chain R. This, in turn, enables the formation of long and 
stable structures. Any other amino acid would prevent the 
binding of α chains [73].

Proline and hydroxyproline are important amino acids 
in collagen due to the presence of pyrrolidine rings, 
which restrict the conformation of the polypeptide chain 
and stabilize the collagen triple helix [2]. In this study, 
proline was the third most abundant amino acid, repre-
senting approximately 10% of the total amino acids in 
collagen. Hydroxyproline was the fifth most abundant 
amino acid, accounting for 6% of the total. However, 
hydroxylysine was not significant, representing only 
about 0.5% of the total. Interestingly, collagen derived 
from species living in cold environments has lower levels 
of amino acids containing imine fractions, such as pro-
line and hydroxyproline, compared to terrestrial organ-
isms. This is likely due to the evolutionary adaptation of 
aquatic organisms to lower body temperatures, resulting 

Fig. 4   SDS-PAGE performed on collagen samples under denatur-
ing conditions. Line 1 (L1) represents the high molecular weight 
marker. Line 2 (L2) refers to the collagen extracted by pepsin 
method (PSC), and the line 3 (L3) refers to the collagen extracted by 
acid method (ASC). Collagen extracted from Pterygoplichthys par-
dalis skin with both methods, PSC and ASC, exhibit the presence of 
a1, a2, and b bands, typical of the type 1 collagen

Fig. 5   Reduction of the intrinsic viscosity as function of collagen 
concentration. It demonstrates that at higher concentrations of 
collagen, the reduced viscosity is lower in both cases. Further-
more, the intrinsic viscosity obtained for collagen extracted using 
the acid method (ASC) is higher than that obtained to collagen 
extracted using the pepsin method (PSC)
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in collagen with a lower melting point and thermal sta-
bility, and lower concentrations of these amino acids 
[74].

The absence of cysteine in the obtained collagen 
underscores the presence of type I collagen. Generally, 
type I collagen has a low cysteine content, typically 
around 0.2%, and a methionine content ranging from 
1.24 to 1.33% [75]. The use of pepsin during the extrac-
tion method may also influence these contents by reduc-
ing the percentages of Tyr and His, which are present in 
lower quantities in PSC. This protease affects the bond 
between Tyr and His, resulting in lower levels of these 
two amino acids [54]. These findings are consistent with 
those obtained for other aquatic species, such as Rho-
pilema esculentum [76], Takifugu flavidus [77], Scomber 
japonicus [78].

3.8 � UV–VIS spectroscopy for biomaterial‑forming 
solution

The material composed of collagen and sodium poly-
acrylate (control) exhibited a λ max of 302 nm, which was 
66 nm higher than that of pure collagen. This can be attrib-
uted to the polyanionic structure of sodium polyacrylate, 
which can absorb light and form electrostatic interactions 
with positively charged species such as alginates, proteins, 
and metal ions [79]. On the other hand, the λ max for the 
Col-PAAS-K complex was identified at 314 nm, which was 
12 nm higher than the control made with the biomaterial 
formulated with collagen and sodium polyacrylate (Col-
PAAS). In the case of the Col-PAAS-Ca complex, the λ max 
was identified at 322 nm, which was 20 nm higher than 
the control. Finally, for the Col-PAAS-Fe complex, the λ max 
was found at 326 nm, which was 24 nm higher than for the 
control (Fig. 6). These findings indicate that an interaction 
exists among the components of the biomaterial. The shift 
in the maximum absorbance wavelength when adding the 
different metal ions may be due to structural changes in 
carbonyl oxygen during chelation [80]. These changes in 
the intensity of the absorption band or wave suggest that 
the peptide may be forming new complexes by bonding 
with metals at metallic binding sites [43, 80].

Once the solutions were formulated the biomaterials 
were prepared according to the methodology previously 
described. The materials chelated with various metal ions 
are shown in Fig. 7.

4 � Mechanical properties of chelated 
biomaterials

The concentration of collagen (ranging from 0.005 to 
0.009 mg mL−1) affects the tensile stress, elongation at 
break, and Young’s modulus of the materials (Fig. 8). This 
is because the increased concentration of collagen leads to 

Fig. 6   UV–VIS spectra of collagen extracted from Pterygoplichthys 
pardalis skin by acid (ASC—black line), control (Col-PAAS—orange) 
and biomaterials based on collagen chelated with various metal 
ions: potassium (blue), calcium (green) and iron (purple). The graph 
demonstrates the effect of adding PAAS and metals on collagen, 
highlighting the interaction between the different components of 
the mixture

Fig. 7   Material formed with collagen extracted from Pterygoplichthys pardalis skin, CO-PAAS chelated with K+1 (A), Ca2+ (B), and Fe3+ (C)
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the formation of denser structures [81]. Collagen’s unique 
amino acid sequence, including glutamic acid, aspartic 
acid, arginine, and lysine, provides a greater number of 
binding sites and is capable of electrostatic interactions 
with metal ions [82, 83].

The addition of metal ions to Col-PAAS materials 
increased structural stability due to metal coordina-
tion by multiple triple helices. Metal ions can interact 
with functional groups, and strong metal–ligand inter-
actions can remodel flexible regions of the protein to 
adopt a metal coordination site at the collagen’s terminal 
chains, leading to increased cross-linking and resulting 
in superior structures [84]. It was demonstrated that 

the mechanical stability provided by the metal ions 
depended on their valence state.

Table 2 shows the effect of metallic ion concentra-
tion on the mechanical properties of the biomaterial. The 
treatment that yielded the best results (P < 0.05) in terms 
of tensile strength was the one that included iron at con-
centrations of 0.002 and 0.003 mol/g Col-PAAS, resulting 
in values of 4.80 and 7.38 MPa, respectively. In contrast, 
the inclusion of K+ and Ca2+ ions did not improve this 
mechanical variable, as the negative control (Col-PAAS) 
had a higher value of 3.15 MPa than any of the concen-
trations of these two metal ions.

Fig. 8   Diagrams of A Tensile stress, B Elongation at break, and C Young’s modulus for materials with different metallic ions

Table 2   Tensile stress (MPa), 
elongation at break (%) and 
Young’s modulus for Co-PAAS 
biomaterials with different 
metallic ion concentrations: K+, 
Ca2+ and Fe3+

Samples Concentration
mol/g Co-PAAS

Tensile stress (MPa) Elongation at 
break (%)

Young’s 
modulus 
(MPa)

Co-PAAS 0 3.2 ± 0.1c 4.3 ± 2.0e 9.1 ± 0.4i

Co-PAAS-K+ 0.001 0.9 ± 0.0 h 17.9 ± 0.9d 12.3 ± 0.3 h
0.002 2.0 ± 0.0f 59.4 ± 6.8a 20.0 ± 0.2f

0.003 3.0 ± 0.0d 20.7 ± 5.3cd 42.1 ± 7.3b

Co-PAAS-Ca2+ 0.001 1.0 ± 0.1h 10.2 ± 0.1e 14.3 ± 0.6g

0.002 1.5 ± 0.0g 26.4 ± 1.7c 12.7 ± 1.2e

0.003 2.5 ± 0.1e 34.3 ± 1.0b 26.0 ± 1.2d

Co-PAAS-Fe3+ 0.001 1.4 ± 0.1g 23.3 ± 2.8cd 39.3 ± 0.4b

0.002 4.8 ± 0.0b 39.5 ± 0.8b 72.5 ± 0.8a

0.003 7.4 ± 0.1a 10.1 ± 0.7e 30.7 ± 1.4c
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The increase in stress force is dependent on the con-
centration of the metallic ion, as the mechanical proper-
ties of biomaterials are related to the electrostatic interac-
tions of the anionic carboxyl groups, as well as intra- and 
intermolecular interactions [29]. The chelation that occurs 
between collagen molecules and metallic ions increases 
the degree of cross-linking of the fibrils, generating a more 
compacted structure [80, 81, 85].

The elongation at break was found to be dependent 
on the concentration of metallic ions in the biomaterial. 
The treatment with the best results for elongation at break 
(P < 0.05) was the one that included potassium ions at a 
concentration of 0.002 mol/g Col-PAAS, which resulted 
in a 59.353% increase in the dimension of the material 
before breaking. The highest concentration of calcium ions 
(0.003 mol/g Dry Col-PAAS) caused an elongation before 
rupturing of 34.259%, while the lowest concentration of 
iron ions (0.001 mol/g Dry Col-PAAS) caused an elonga-
tion before maximum rupture of 23.254%. According to 
Ling et al. [86], the addition of divalent metallic ions such 
as Ni, Mg, and Co can increase the mechanical strength 
and significantly increase the elastic modulus of materi-
als, compared to trivalent metal ions which significantly 
reduce breaking deformation. This phenomenon occurs 
because trivalent metallic ions can strongly bind to nega-
tively charged groups (COOH and OH) in materials, pro-
viding highly cross-linked structures that make them less 
water-like and more solid [87]. The difference in mechani-
cal properties between divalent and trivalent ions is attrib-
uted to the valence effect, where a higher valence leads 
to a more polarized ion cloud and, consequently, stronger 
attraction [84]. A slightly smaller radius results in excellent 
stability and the highest coordination strength in the Co-
PAAS material system, causing materials chelated with Fe 
to be mechanically stronger compared to Ca and K [88].

The best results (P < 0.05) for Young’s modulus were 
obtained with a concentration of 0.002 mol Fe3+/g Col-
PAAS, followed by 0.003 mol K+/g Col-PAAS and, finally, 
with 0.001 mol Fe3+/g Col-PAAS. Therefore, the addition of 
metallic ions increased Young’s modulus of the materials. It 
was observed that a concentration of 0.003 mol Fe3+g Col-
PAAS did not cause a greater increase in Young’s modulus, 
a phenomenon that is due to the fact that the chelation 
between collagen and the iron ion saturated all sites cor-
responding to the functional groups of collagen and PAAS. 
That is, all of the binding sites corresponding to the func-
tional groups of collagen had electrostatic interactions, 
and therefore, by adding a higher concentration of the iron 
ion, the mechanical variables were no longer favored [89]. 
This saturation phenomenon was not evidenced with the 
concentrations of calcium and potassium that were used, 
as the materials made when using these metals increased 
Young’s modulus significantly as the concentration of the 

ions increased. Therefore, the higher valence in Fe3+ and 
lower valences in K+ and Ca2+ cause the final materials to 
exhibit a different behavior both in tensile stress, elon-
gation at break and Young’s modulus, which will vary by 
increasing the concentration of the metals. Interactions 
may change the spatial structure and binding strength of 
material components [90].

It was expected that the chelation between calcium 
ions and collagen would increase the mechanical proper-
ties of the collagen fibril, as calcium ions naturally chelate 
with collagen in tissues such as tendons, bones, and liga-
ments. Wang et al. [91] and Wei et al. [92] have shown that 
chelation of metallic ions, such as Fe3+, with proteins can 
form metallopolymer structures with strong mechanical 
properties, as iron ions have a valence of three, which can 
bind to free electron pairs. However, an increase in iron 
concentration could cause the breakdown of the network 
between collagen and PAAS, weakening the electrostatic 
force and resulting in a decrease in tensile strength [29].

As reported by Ge et al. [28], the mechanical charac-
teristics of gelatin hydrogels can be adjusted by using 
different metal ions, varying temperatures, and changing 
soaking durations. The addition of iron to materials made 
from gelatin and tannic acid (DC-GT/OTA/FeIII) can with-
stand compression stress of up to 65 MPa with a compres-
sive strain of over 99% and exhibits excellent resistance 
to fatigue under repetitive loads, resulting in better stress 
force properties compared to materials synthesized from 
gelatin and tannic acid alone (SC-GT/OTA), this is due to 
the metallic coordination of Fe3+ and the OH groups of 
OTA.

Additionally, hydrogels crosslinked with metal ions 
demonstrate enhanced antibacterial properties against 
Escherichia coli and Staphylococcus aureus. The antibacte-
rial properties are desired attributes of collagen wound 
healings, making them potentially valuable for various 
biological applications under natural bodily conditions.

Similarly, the study conducted by Wang, et  al. [27] 
demonstrated that the addition of different metal ions 
increased the compressive strength of the materials. 
Pure gelatin material had a compressive strength value 
of 0.04 MPa, while the addition of Cr3+ and Fe2+ increased 
this mechanical variable by 53% and 67%, respectively. In 
contrast, the addition of Fe3+ increased the compressive 
strength up to 11.81 MPa, which was 295 times more than 
pure gelatin material and represented a 90% increase in 
this mechanical variable.

In the study by Cunha et al. [93], where they report 
the development of a biomaterial using type I collagen, 
alginate, and CaSO4, it was observed that increasing 
the concentration of Ca2+ resulted in an increase in the 
Young’s modulus. However, it did not have an effect on the 
morphology of fibroblasts encapsulated in the material, 
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nevertheless, the cells were still able to spread and con-
tract the matrix which enhanced the upregulation of key 
mediators of inflammation such as IL-10 and COX-2. These 
findings suggest that by modulating the mechanical prop-
erties of a wound dressing biomaterial on the wound site, 
it could regulate the progression of wound healing.

4.1 � Fourier transform infrared spectroscopy

The interactions between metallic ions, collagen and 
PAAS were analyzed using FTIR spectrophotometry. All 
spectra pertaining to Col-PAAS-K, Col-PAAS-Ca, and Col-
PAAS-Fe materials showed characteristic absorption bands 
assigned to peptide bonds in collagen, which are related 
to the absorptions of amide A, amide B, amide I, amide II 
and amide III. However, they presented displacement vari-
ations, suggesting the existence of an interaction among 
components [27, 43].

The displacement of the amide A band for Col-PAAS 
was 3284 cm−1, which could be attributed mainly to the 
stretching vibration of the NH group that is found in the 
collagen peptides, as well as to electrostatic interactions 
with the oxygen in the sodium polyacrylate’s carboxyl 
group. After chelation, the frequency of displacement 
increased to 3364, 3341 and 3359 cm−1 for Col-PASS-K, Col-
PASS-Ca, and Col-PASS-Fe, respectively. The displacement 
of this band was due to the hydrogen binding and to the 
coordination of nitrogen with metals K, Ca, and Fe. Over-
all, the coordinated amino groups showed a significant 
increase with respect to NH stretching frequencies, and it 

was verified that the NH group is involved in the formation 
of the new complex [94, 95]. In the case of Col-PAAS-Ca, 
the absorption band for the NH group was the one that 
showed a smaller displacement regarding Col-PAAS, indi-
cating smaller interactions with calcium (Fig. 9).

The displacement of the amide I band for the Col-PAAS 
complex was 1647  cm−1. The amide I band spectra for 
Col-PAAS-K, Col-PAAS-Ca, and Col-PAAS-Fe, which cor-
responded to the stretching vibrations for the CO group, 
shifted to higher wavenumbers, which were 1655, 1692 
and 1642 cm−1, respectively. These shifts indicated the for-
mation of new bonds between metallic ions and the CO 
groups of the protein. Chelation is generated because the 
oxygen in the carbonyl group has a pair of non-bonding 
free electrons that interact with the atoms of metallic ions 
with empty electron orbits [29, 96, 97].

The amide II band represents the symmetrical and 
asymmetrical bending vibrations of the NH bond [98]. This 
band presented greater displacement in the spectra per-
taining to complexes Col-PAAS-K, Col-PAAS-Ca, and Col-
PAAS-Fe, which serves as evidence of interactions between 
this group and metals [99]. The amide III band represents a 
combination of NC stretching vibrations and NH deforma-
tion of amide bonds. This band also represents the bend-
ing vibrations of CH2 groups from the carbonated glycine 
chain and proline side chains [38], where a displacement 
to a higher wavenumber was observed, implying an 
existing interaction between these groups and metals. In 
addition, the chelates showed a new absorption band at 
650 cm−1 that was non-existent in the peptide spectrum, 

Fig. 9   FTIR spectra of the control corresponding to Col-PAAS (red) 
and collagen-based materials with different metal ions: potassium 
(green), calcium (yellow), iron (blue). υ indicates the stretching 

vibration, υas indicates the asymmetric stretching vibration and d 
indicates the bending vibration
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which represents the coordination between the metallic 
ions and collagen [45].

In general, the FTIR spectra of Col-PAAS-K, Col-PAAS-
Ca, and Col-PAAS-Fe showed differences compared to that 
of Col-PAAS, mainly in intensity and band displacement 
for the CN, CO, and NH groups. This suggests that these 
functional groups are involved in the formation of new 
complexes [100].

5 � Conclusions

The Col-PAAS-K, Col-PAAS-Ca, and Col-PAAS-Fe matrices 
may improve the mechanical properties of tissue-engi-
neered constructs. The incorporation of metal ions into the 
collagen matrix could enhance structural integrity, tensile 
strength, and overall stability, thereby providing superior 
support for tissue regeneration. The presence of K, Ca and 
Fe might exhibit improved biocompatibility, facilitating 
cell-material interactions, promoting favorable cellular 
responses and tissue integration.
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