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Abstract: New materials that are as similar as possible in terms of structure and biology to
the extracellular matrix (external environment) of cells are of great interest for regenerative
medicine. Oligoproline and oligohydroxyproline derivatives (peptides 2–5) are potential mimetics
of collagen fragments. Peptides 2–5 have been shown to be similar to the model collagen
fragment (H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH, 1) in terms of both their spatial structure and biological
activity. In this study, peptides 2–5 were covalently bound to nonwovens based on chitosan and
calcium alginate. Incorporation of the peptides was confirmed by Fourier transform -infrared
(FT-IR) and zeta potential measurements. Biological studies (cell metabolic activity by using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test and Live/Dead assay)
proved that the obtained peptide-polysaccharide conjugates were not toxic to the endothelial cell
line EA.hy 926. In many cases, the conjugates had a highly affirmative influence on cell proliferation.
The results of this study show that conjugates of chitosan and calcium alginate with oligoproline and
oligohydroxyproline derivatives have potential for use in regenerative medicine.

Keywords: conjugate of polysaccharides with peptides; alginate; chitosan; proline; hydroxyproline
derivatives; mimetic of functional collagen fragments; stable spatial structure

1. Introduction

The aim of biomimetics of the cell environment is to constitute a matrix for cell deposition that
affects cells in such a way that they are able to function as if they were in their natural environment [1].
Thus, materials used as cell scaffolds must provide an appropriate cell microenvironment for adequate
tissue growth [2,3]. In addition, biomaterials must ensure cell adhesion, proliferation, differentiation
and finally tissue regeneration. The chemical composition, physical properties and biological activity
of a scaffold are therefore its key characteristics and only a balanced combination of all them can
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guarantee tissue regeneration. A variety of materials, both natural and synthetic, have been used for
tissue regeneration [4–6]. Synthetic biodegradable compounds belonging to the group of polyesters
and co-polyesters have found the widest applications [7–10]. Synthetic scaffolds characterized by
biodegradability and the possibility of modulating their mechanical and physical properties have been
developed, with structural parameters adapted to the needs of various types of tissues. The problem
with this group of compounds is that they can cause acidification of the environment, resulting from
the degradation of polyesters to the corresponding mers. This leads to inflammatory processes at
the implantation site. Hybrid scaffolds, resulting from the merger of synthetic and natural materials,
have also proven be useful in regenerative medicine. Their formation involves the modification
of surface of synthetic polymers using biomolecules found in extracellular matrix (ECM) such as
fibrinogen or collagen. This improves their properties and biocompatibility, combining the advantages
of both types of structure—the mechanical strength of synthetic polymers and the ability of natural
compounds to interact with cells [11,12].

Currently, research underway to develop new materials based solely on natural polymers,
including polysaccharides and proteins, especially those that are part of the extracellular matrix.
These natural materials are ideally suited to the function of scaffolds in regenerative medicine.
They include proteins that are able to undergo self-assembly and form nanofiber structures. Collagens
are particularly useful, including collagens II, III, V and XI and in particular type I and type VII
collagens represent the most fundamental components in the extracellular matrix and play crucial
role in wound healing [13–21]. However, the main disadvantage of collagen is its animal origin
(xenogenic material) or allogenic origin, which activates the immune system and may lead to its
rejection. In addition, collagen of xenogenic origin may not be sufficiently clean, which risks the effects
of unknown impurities on the regeneration process [22]. The additional purification of collagen used
in transplants results in increased costs compared to their synthetic counterparts [23].

The use of protein-based scaffolds is almost impossible, due to the poor mechanical properties of
proteins. Proteins undergo enzymatic degradation and must therefore be administered continuously.
Therefore, proteins are usually deposited on materials that provide mechanical durability. However,
due to their random orientation on the cell surface, only some of the proteins have the proper placement
for adhesion [24]. The surface structure of the material, characterized by the load, wettability and
topography, can affect the spatial arrangement of deposited proteins [25–32]. On hydrophobic surfaces,
deposited proteins will strive to increase their interactions with the hydrophobic substituents of
hydrophobic amino acids, which may result in protein denaturation and a different way of presenting
the protein motifs responsible for cell adhesion [33,34]. Most of these problems can be eliminated by
using small peptides immobilized on materials as presenting cell recognition motifs. Peptides are
characterized by higher stability under sterilization conditions and at elevated temperatures. They are
also less sensitive to changes in pH [35] and storage conditions [36]. Due to the small area (volume)
of peptides, it is possible to achieve a higher degree of peptide filling on the surface of the modified
material. This, in turn, makes it possible to compensate for the lower activity of peptides compared
to proteins, with respect to cell adhesion [37]. The extracellular matrix (ECM) consists of proteins
containing numerous structural motifs determining cell adhesion, while a single peptide is also a
single motif of cell adhesion. Thus, it is possible to achieve selectivity for the required cell type,
which translates into selectivity of action on one type of receptor. Both linear and cyclic peptides can be
a starting point for the design and synthesis of peptidomimetics [38]. Quite often, linear peptides have
a low degree of enzymatic degradation (even in vivo) [39]. Cyclic peptides [40–42] are characterized
by stability to enzymatic degradation and stability over time.

Collagen is characterized by structural motif containing three parallel left-handed oligopeptide
chains with a helical PPII conformation drape around each other to form a right-handed triple
helix [43,44]. This is the main protein component of the extracellular matrix and at the same time is a
frequent structural motif of protein-derived scaffolds for regenerative medicine. In collagen, folding PPII
helices into a triple helix forces every third rest to be glycine, giving the recurring Xaa-Yaa-Gly motif [45].
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The Xaa and Yaa residues of collagen are usually L-proline (ca. 30%) and L-hydroxyproline (ca. 40%).
The fragment Pro-Hyp-Gly is the most frequent triplet in collagen [46]. Helical PPII conformation
is characteristic for oligoproline derivatives and proline-rich peptides/proteins. The conformational
stability of such peptides means that they have been classified as one of the groups of cell-penetrating
peptides that can be utilized as a drug delivery system [47].

In this study, we investigate whether oligoproline and oligohydroxyproline derivatives can
be used as conformationally stable collagen fragment mimetics in regenerative medicine. We also
examine whether the covalent attachment of oligoproline derivatives to polysaccharides allows for the
improvement of conjugate activity compared to the individual components. Chitosan and calcium
alginate were selected as polysaccharide matrices based on their widely proven utility in medicine,
including regenerative medicine [48–50].

2. Materials and Methods

2.1. Synthesis and Characterization of Peptides 1–5

Model collagen fragments H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH (1), H-(Pro)6-OH (2), H-(Pro)9-OH (3),
H-(Hyp)6-OH (4) and H-(Hyp)9-OH (5) were synthesized on chlorotrityl resin according the
Fmoc/tBu strategy.

Analytical RP-HPLC was performed on a LC Dionex UltiMate 3000 (ThermoFisher Scientific,
Waltham, MA, USA), using a Kinetex Reversed Phase C18 column (100 × 4.6 mm). Gradients of 0.1%
TFA in H2O (B) and 0.1% TFA in CH3CN (A) were used, at a flow rate 0.4 mL/min with UV detection at
220 and 254 nm. Preparative HPLC was done on a CombiFlash, EZPrep, Teledyne ISCO (Lincoln, NE,
USA) using a Supelco Discovery BIO Wide Pore C18 column (25 cm × 21.2 mm, 10 mm; Sigma-Aldrich)
flow rate 5 mL/min, detection wavelengths 220 and 254 nm, gradient ratio A (0.1% TFA in CH3CN)
and B (0.1% TFA in H2O) 0:100 to 18:82 in 30 min, followed by an isocratic run for 5 min.

Mass Spectrometry analysis was performed on a Bruker microOTOF-QIII (Bruker Corporation,
Billerica, MA, USA).

2.1.1. General Procedures and Synthesis of Peptides 1–5

Attachment of C-terminal amino acid on 2-chlorotrityl chloride resin (GP1).
2-chlorotrityl chloride resin with an initial load of 1.0 mmol/g (1 g corresponds to 1 equivalent

(1 mmol)) was used for the reaction. The Fmoc-protected amino acid (3 equivalent related to the resin)
and 6 equivalent of EtNiPr2 were dissolved in CH2Cl2 (10 mL/g resin) and added to 2-chlorotrityl
chloride resin, which had previously undergone a swelling process in CH2Cl2 for 1 h. The suspension
was shaken for 60 min. The polymer was filtered and washed with CH2Cl2/MeOH/EtNiPr2 17:2:1 (3 ×),
DMF (2 ×) and CH2Cl2 (3 ×). The modified resin was dried in a vacuum desiccator to constant mass.

Typical Coupling Procedure (GP 2).
For the coupling procedure, 3 equivalent of the amino acid, 3 equivalent of 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4- methylmorpholinium toluene-4-sulfonate (DMT/NMM/TosO−) [51] and 6 equivalent of
N-methylmorpholine (NMM) were dissolved in N,N-dimethylformamide (DMF) (final amino acid
concentration in DMF 0.5 mM). The solution was added to the resin. The suspension was shaken for
1–2 h. The chloranil test was used to monitor the completion of the reaction.

Deprotection (GP 3).
The Fmoc protecting group was removed using 25% piperidine solution in DMF (2 × 5 min).
Cleavage from the Resin (GP 4).
The peptides were cleaved from the resin using a mixture (ca. 2 mL/0.1 g resin) of 95% TFA

(2,2,2-trifluoroacetic acid), 2.5% H2O and 2.5% TIS (triisopropylsilane). Cleavage was performed over
4 h at room temperature. The crude product was lyophilized, identified by MS. The purity of final
product was determined by RP-HPLC.

A block diagram of peptide synthesis, for example peptide 1, is shown in Figure 1.
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3.0 mmol). DMT/NMM/TosO- (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was 
cleaved from the resin according to the procedure GP 4. 

High Performance Liquid Chromatography (HPLC) (15–95% A in 30 min): tR 8.22 min, purity = 
98.95%. 

Liquid Chromatography Mass Spectrometry (LC/MS): 567.6223 ([M + H]+, C25H39N6O9+; calc. 
567.60). 

Synthesis of H-(Pro)6-OH (2) 
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Pro-OH (1.012 g, 3.0 mmol), 

DMT/NMM/TosO- (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was cleaved from 
the resin according to the procedure GP 4. 

HPLC (15–95% A in 30 min): tR 14.56 min, purity = 99.15%. 
LC/MS: 601.7064 ([M+H]+, C30H45N6O7+; calc. 601.32). 
Synthesis of H-(Pro)9-OH (3) 
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Pro-OH (1.012 g, 3.0 mmol), 

DMT/NMM/TosO- (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was cleaved from 
the resin according to the procedure GP 4. 

HPLC (15–95% A in 30 min): tR 15.71 min, purity = 99.25%. 
LC/MS: 892.4854 ([M+H]+, C45H66N9O10+; calc. 892.05). 
Synthesis of H-(Hyp)6-OH (4) 
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Hyp(tBu)Pro-OH (1.228 g, 

3.0 mmol), DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was 
cleaved from the resin according to the procedure GP 4. 

HPLC (15–95% A in 30 min): tR 11.71 min, purity = 98.95%. 
LC/MS: 697.6966 ([M + H]+, C30H45N6O13+; calc. 697.70). 
Synthesis of H-(Hyp)9-OH (5) 
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Hyp(tBu)-OH (1.228 g, 3.0 

mmol), DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was 
cleaved from the resin according to the procedure GP 4. 

HPLC (15–95% A in 30 min): tR 13.88 min, purity = 98.90%. 
LC/MS: 1036.4396 ([M + H]+, C45H66N9O19+; calc. 1036.05). 

Figure 1. Block diagram of peptide 1 synthesis.

Synthesis of H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH (1)
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Pro-OH (1.012 g, 3.0 mmol),

Fmoc-Ala-OH (0.934 g, 3.0 mmol), Fmoc-Hyp(tBu)-OH (1.228 g, 3.0 mmol), Fmoc-Gly-OH (0.892 g,
3.0 mmol). DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was
cleaved from the resin according to the procedure GP 4.

High Performance Liquid Chromatography (HPLC) (15–95% A in 30 min): tR 8.22 min,
purity = 98.95%.

Liquid Chromatography Mass Spectrometry (LC/MS): 567.6223 ([M + H]+, C25H39N6O9
+; calc. 567.60).

Synthesis of H-(Pro)6-OH (2)
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Pro-OH (1.012 g, 3.0 mmol),

DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was cleaved from
the resin according to the procedure GP 4.

HPLC (15–95% A in 30 min): tR 14.56 min, purity = 99.15%.
LC/MS: 601.7064 ([M+H]+, C30H45N6O7

+; calc. 601.32).
Synthesis of H-(Pro)9-OH (3)
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Pro-OH (1.012 g, 3.0 mmol),

DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was cleaved from
the resin according to the procedure GP 4.

HPLC (15–95% A in 30 min): tR 15.71 min, purity = 99.25%.
LC/MS: 892.4854 ([M+H]+, C45H66N9O10

+; calc. 892.05).
Synthesis of H-(Hyp)6-OH (4)
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Hyp(tBu)Pro-OH (1.228 g,

3.0 mmol), DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was
cleaved from the resin according to the procedure GP 4.

HPLC (15–95% A in 30 min): tR 11.71 min, purity = 98.95%.
LC/MS: 697.6966 ([M + H]+, C30H45N6O13

+; calc. 697.70).
Synthesis of H-(Hyp)9-OH (5)
Starting materials for each coupling—resin (1.0 g, 1.0 mmol), Fmoc-Hyp(tBu)-OH (1.228 g,

3.0 mmol), DMT/NMM/TosO− (1.239 g, 3.0 mmol) and NMM (0.66 mL, 6.0 mmol). The peptide was
cleaved from the resin according to the procedure GP 4.

HPLC (15–95% A in 30 min): tR 13.88 min, purity = 98.90%.
LC/MS: 1036.4396 ([M + H]+, C45H66N9O19

+; calc. 1036.05).
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2.1.2. CD Studies

CD studies were done with a Jasco J–1500 spectrometer Far-UV (ABLE JASCO Polska, Cracow,
Poland) and rectangular quartz cuvette (1 mm path length, Hellma). The samples were prepared in
water (LC-MS grade water, Merck Warsaw, Poland) and methanol (LC-MS, Merck Polska, Warsaw,
Poland), at a concentration of 0.1 mg/mL. All studies were carried out at room temperature. CD spectra
were measured in the range of 190–270 nm. The experimental parameters—data pitch, 5 nm; scanning
mode, continuous; scanning speed, 100 nm/min; bandwidth, 3 nm; integration time, 1 s.

2.1.3. Raman Spectroscopy Studies

Peptides 1–5 were analyzed on a Renishaw inVia Raman Microscope equipped with a 532 nm
laser arranged in a backscattering geometry, wavenumber range 100–3200 cm−1. All measurements
were carried out at room temperature in an ambient air atmosphere.

2.2. Preparation of Nonwovens

Calcium alginate fibers were made by the wet solution method at the Institute of Material Sciences
of Textiles and Polymer Composites of the Lodz University of Technology. Spinning conditions were
in accordance with the procedure described by Bogun et al. [52]. Calcium alginate fibers were obtained
from sodium alginate Protanal LF 10/60LS (FMC Biopolymer, Sandvika, Norway) using a calcium
chloride solution as a coagulation solvent.

Chitosan fibers were also obtained by wet-spinning from a solution according to the adapted
procedure presented by Wawro and Pighinelli [53]. Commercial chitosan from Primex Co., Myre,
Norway, degree of deacetylation 90% (Fourier transform infrared (FTIR)), Mv = 350 kDa was used to
form the fibers.

To manufacture needle-punched nonwovens, a fleece with a cross-system arrangement of fiber
was obtained on a Befama (BEFAMA Sp. z o.o., Kalina, Poland) laboratory roller carding machine
with an elastic covering, equipped with an Asselin (ANDRITZ Asselin-Thibeau S.A.S., Elbeuf sur
Seine, France) horizontal stacker. Needle punching of the fleece was carried out on an Asseline needle
punching machine (ANDRITZ Asselin-Thibeau S.A.S., Elbeuf sur Seine, France) with an upper needle
plate. The technological parameters of needle punching were as follows—type of needles—15 × 18
× 40 × 3 1

2 RB (Groz-Beckert®, Albstadt-Ebingen, Germany); needle density 9.5; number of needle
punches 60/cm2; depth of needle punching 12 mm.

The mass per square meter of nonwovens was determined according to the ISO 9073-1:1989
standard at 70 g/m2 for calcium alginate nonwoven and 90 g/m2 for chitosan nonwoven.

Characteristic of prepared chitosan nonwoven—the thickness—2.2 mm, the tensile strength in the
longitudinal direction—19.3 N, the tensile strength in the transverse direction—15.3 N, the elongation
in the longitudinal direction—88.8%, the elongation in the transverse direction—61.5%.

Characteristic of prepared calcium alginate nonwoven—the thickness—2.0 mm, the tensile
strength in the longitudinal direction—5.7 N, the tensile strength in the transverse direction—11.6 N,
the elongation in the longitudinal direction—74.1%, the elongation in the transverse direction—50.0%.

Determination of nonwovens thickness was measured according to the ISO 9073-2:1995 standard.
Determination of tensile strength and elongation was carried out according to the ISO

29073-3:1989 standard.

2.3. Synthesis of Polysaccharide-Peptide Conjugates

2.3.1. Synthesis of conjugates of chitosan with peptides 2–5

Details on the preparation of conjugates of chitosan with peptides 2–5 are given in Table 1.
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Table 1. Parameters for obtaining of conjugates of chitosan with peptides 2–5.

Peptide Modification of Chitosan Nonwoven Conjugates

H-(Pro)6-OH (2)
H-(Pro)6-COO-4,6-dimethoxy-1,3,5-triazine ester

C=0.01 M in DMF–water (7:3, v:v), 10% relative to amino
groups of D-glucosamine units

Chitosan-(Pro)6

H-(Pro)9-OH (3)
H-(Pro)9-COO-4,6-dimethoxy-1,3,5-triazine ester

C=0.01 M in DMF–water (7:3, v:v),
10% relative to amino groups of D-glucosamine units

Chitosan-(Pro)9

H-(Hyp)6-OH (4)
H-(Hyp)6-COO-4,6-dimethoxy-1,3,5-triazine ester

C=0.01 M in DMF–water (7:3, v:v),
10% relative to amino groups of D-glucosamine units

Chitosan-(Hyp)6

H-(Hyp)9-OH (5)
H-(Hyp)9-COO-4,6-dimethoxy-1,3,5-triazine ester

C=0.01 M in DMF–water (7:3, v:v),
10% relative to amino groups of D-glucosamine units

Chitosan-(Hyp)9

A 5 cm × 8 cm chitosan nonwoven (0.36 g, which corresponds to 2 mmol of free amino groups
of D-glucosamine units) was used for the reaction. In all cases, an equal amount of polysaccharide
nonwoven was used. Before the coupling reaction, the chitosan nonwoven was treated with a 25%
aqueous solution (v:v) of N-methylmorpholine (NMM) (50 mL) for 5 min, then washed with H2O
(50 mL), a mixture of water and THF (1:1, v:v) ( 50 mL) and again with THF (50 mL) (stage 1).

Peptide preactivation (stage 2) was performed in parallel. Equimolar amounts of the peptide,
DMT/NMM/TosO− and 3 equivalent of NMM were used. Preactivation was carried out in a mixture of
DMF and water (7:3, v:v) (20 mL) for 5 min, with vigorous stirring.

Preactivation of peptide 2: H-(Pro)6-OH (0.120 g, 0.2 mmol), DMT/NMM/TosO− (82.6 mg,
0.2 mmol), NMM (66 µL, 0.6 mmol).

Preactivation of peptide 3: H-(Pro)9-OH (0.179 g, 0.2 mmol), DMT/NMM/TosO− (82.6 mg,
0.2 mmol), NMM (66 µL, 0.6 mmol).

Preactivation of peptide 4: H-(Hyp)6-OH (0.140 g, 0.2 mmol), DMT/NMM/TosO− (82.6 mg,
0.2 mmol), NMM (66 µL, 0.6 mmol).

Preactivation of peptide 5: H-(Hyp)9-OH (0.207 g, 0.2 mmol), DMT/NMM/TosO− (82.6 mg,
0.2 mmol), NMM (66 µL, 0.6 mmol).

The chitosan nonwovens were treated with solutions of activated 2–5 peptides (four separate
reactions), at room temperature, with gentle shaking, reaction time 24 h (stage 3). After this time, the
solutions were removed and the chitosan nonwovens were washed successively with a DMF-H2O
mixture (1:1, 50 mL), DMF (50 mL), H2O (50 mL), THF (2 × 50 mL) and EtOH (50 mL). They were dried
in a vacuum desiccator to constant weight.

2.3.2. Synthesis of Conjugates of Calcium Alginate with Peptides 2–5

Details on the preparation of conjugates of calcium alginate with peptides 2–5 are given in Table 2.

Table 2. Parameters for obtaining of conjugates of calcium alginate with peptides 2–5.

Peptide Modification of Chitosan Nonwoven Conjugates

H-(Pro)6-OH (2)
Mixture of 2 (1 equiv.) and DMT/NMM/TosO− (3 equiv.)

in DMF–water (7:3, v:v),
10% peptide relative to reactive groups of MM, GG or MG/GM units

Alginate-(Pro)6

H-(Pro)9-OH (3)
Mixture of 3 (1 equiv.) and DMT/NMM/TosO− (3 equiv.)

in DMF–water (7:3, v:v),
10% peptide relative to reactive groups of MM, GG or MG/GM units

Alginate-(Pro)9

H-(Hyp)6-OH (4)
Mixture of 4 (1 equiv.) and DMT/NMM/TosO− (3 equiv.)

in DMF–water (7:3, v:v),
10% peptide relative to reactive groups of MM, GG or MG/GM units

Alginate-(Hyp)6

H-(Hyp)9-OH (5)
Mixture of 5 (1 equiv.) and DMT/NMM/TosO− (3 equiv.)

in DMF–water (7:3, v:v),
10% peptide relative to reactive groups of MM, GG or MG/GM units

Alginate-(Hyp)9
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Calcium alginate nonwoven was used for the reaction, with dimensions of 5 cm × 8 cm (0.28 g,
corresponding to an average of 1.6 mmol of carboxylate groups and 1.6 mmol of free hydroxyl groups
of the composite unit from MM, GG or MG/GM). In all cases, an equal amount of polysaccharide
matrix was used.

There was no separate preactivation process. Immediately after all reagents had been dissolved
in the mixture of DMF and H2O (7:3, v:v) (20 mL), the solutions were poured onto calcium
alginate nonwovens.

Reaction with peptide 2: H-(Pro)6-OH (0.192 g, 0.32 mmol), DMT/NMM/TosO− (0.396 g, 0.96 mmol),
NMM (123 µL, 1.12 mmol).

Reaction with peptide 3: H-(Pro)9-OH (0.286 g, 0.32 mmol), DMT/NMM/TosO− (0.396 g, 0.96 mmol),
NMM (123 µL, 1.12 mmol).

Reaction with peptide 4: H-(Hyp)6-OH (0.224 g, 0.32 mmol), DMT/NMM/TosO− (0.396 g,
0.96 mmol), NMM (123 µL, 1.12 mmol).

Reaction with peptide 5: H-(Hyp)9-OH (0.331 g, 0.32 mmol), DMT/NMM/TosO− (0.396 g,
0.96 mmol), NMM (123 µL, 1.12 mmol).

The calcium alginate nonwovens were treated with solutions of peptides 2–5 (four separate
reactions), at room temperature, with gentle shaking, reaction time 24 h. After this time, the solutions
were removed. The nonwovens were washed successively with a mixture of DMF and H2O (1:1, v:v,
50 mL), DMF (50 mL), H2O (50 mL), THF (2 × 50 mL) and EtOH (50 mL), dried in a vacuum desiccator
to constant weight.

2.4. Characteristic of Polysaccharide-Peptide Conjugates

2.4.1. FT-IR Studies

The samples were analyzed using attenuated total reflectance (ATR) Fourier transform infrared
(FT-IR) spectroscopy (Perkin Elmer, software Spectrum 100, PerkinElmer, Inc. Waltham, MA, United
States). Four scans were performed for each sample, at a resolution of 4 cm−1 between 4000 cm−1 and
380 cm−1.

2.4.2. Electrokinetic Potential Studies

Electrokinetic potential (zeta, ζ) was calculated using the Helmholtz-Smoluchowski equation [54]
after measuring streaming potential on a SurPASS (Anton Paar GmbH, Graz, Austria) [55], using the
cylindrical cell, in the pH range of 3.5–10 and 0.001 M KCl as the electrolyte. Four measurements
were performed for each sample. The Isoelectric Point (IEP) was calculated. The zeta potential was
measured on samples (0.4 g) of polysaccharide nonwovens modified with peptides 2–5. Figure 2 shows
the principle of measurement in the cylindrical cell of the SurPASS electrokinetic analyzer.Materials 2020, 13, x FOR PEER REVIEW 8 of 29 
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2.5. Examination of Cell Cytotoxicity

The endothelial cell line EA.hy 926 (ATCC, Manassas, VA, USA) [56] was used. The MTT test was
performed using endothelial cells of the EA.hy 926 line. The extracts (2 mg/mL) were incubated in
DMEM (Corning) for 48 h at 37 ◦C. Cells were seeded into a 96-well plate with 1 × 104 cells per well
and grown under standard conditions (37 ◦C, 5% CO2 in humid air). The next day, the medium was
replaced with extracts. After 24 h of treatment, the culture medium was removed and replaced with
the MTT solution (1 mg/mL, Sigma Aldrich, Poznan, Poland) and incubated for 2 h in an incubator.
The MTT solution was then decanted and 100 µL of isopropanol (Sigma Aldrich, Poznan, Poland)
was added to each well. Absorbance was measured at 570 nm and 650 nm for the reference using a
microplate reader (Victor X4 Perkin Elmer, PerkinElmer, Inc. Waltham, MA, USA). Cells cultured for
48 h in DMEM were used as a negative control. As a positive control were used cells incubated for
24 h, followed by the addition of DMSO, which were then cultured for another 24 h. Three samples of
each type were tested and the results were presented as a percentage of the negative control with the
standard deviation. Statistical significance was assessed using one-way ANOVA analysis of variance.
Values for which the value **p < 0.001, ** p < 0.01, *p < 0.05 were considered statistically significant.

In addition, the cell viability of selected samples was assessed, using a Live/Dead
Viability/Cytotoxicity Kit (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) containing
Calcein AM, a green color for live cells and ethidium homodimer-1 (EthD-1, a red color for dead cells.
The study also used EA.hy 926. The cells were cultured in a Dulbecco’s Modified Eagle’s Medium
containing L–glutamine (4 mM), glucose (4.5 g/L), 15% fetal bovine serum (Biological Industries, Kibbutz
Beit HaEmek, Israel) and 0.5% mixtures of streptomycin sulfate and penicillin G (Pen: 10.000 U mL−1;
Strep: 10 mgmL−1; Biological Industries) under standard conditions (37 ◦C, in a humidified atmosphere
of 5% CO2 in air). The samples were then washed twice with phosphate-buffered saline (PBS) and
incubated with dyes (0.6 µM Calcein AM1 and 1.5 µM EthD-1) for 30 min at 37 ◦C. The stain solutions
were removed by washing with PBS. Microscopic examinations were performed on a fluorescence
microscope (Olympus GX71, Olympus, Tokyo, Japan).

3. Results and Discussion

Synthesis of all peptides, H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH (1), H-(Pro)6-OH (Pro6, 2), H-(Pro)9-OH
(Pro9, 3), H-(Hyp)6-OH (Hyp6, 4), H-(Hyp)9-OH (Hyp9, 5), was carried out on solid phase with
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium toluene-4-sulfonate (DMT/NMM/TosO−) as
a coupling reagent [51]. The purity of the final peptides was in all cases above 98.5%.

In the first stage, we examined whether all the synthesized derivatives formed ordered spatial
structures. Previous research on oligoproline derivatives had shown that even dipeptides assembled
from α-Pro, β2h-Pro and β3h-Pro form stable spatial structures [57]. Hexa– and nona–peptides
composed of proline and hydroxyproline were used in conformational studies. Based on CD studies in
water and methanol, it was found that all the derivatives formed ordered spatial structures, which due
to the similarity of the CD spectra (Figure 3) can be classified as peptides forming the right-handed
PPI and the left-handed PPII helix [58,59]. The PPII helix is formed in H2O and organic acids [60,61],
while the PPI helix dominates in hydrophobic solvents [62,63]. As a recurring Xaa-Yaa-Gly motif is
characteristic for collagen, where Xaa and Yaa are usually L-proline (ca. 30%) and L-hydroxyproline
(ca. 40%), it can be supposed that oligoproline and oligohydroxyproline derivatives could be structural
collagen mimetics, able to form ordered spatial structures even for short peptides. CD studies of both
peptides 2 and 3 composed of L-proline residues and peptides 4, 5 composed of L-hydroxyproline
residues, showed that these peptides form ordered spatial structures (Figure 3).



Materials 2020, 13, 3079 9 of 28

Materials 2020, 13, x FOR PEER REVIEW 9 of 29 

 

in water and methanol, it was found that all the derivatives formed ordered spatial structures, which 
due to the similarity of the CD spectra (Figure 3) can be classified as peptides forming the right-
handed PPI and the left-handed PPII helix [58,59]. The PPII helix is formed in H2O and organic acids 
[60,61], while the PPI helix dominates in hydrophobic solvents [62,63]. As a recurring Xaa-Yaa-Gly 
motif is characteristic for collagen, where Xaa and Yaa are usually L-proline (ca. 30%) and L-
hydroxyproline (ca. 40%), it can be supposed that oligoproline and oligohydroxyproline derivatives 
could be structural collagen mimetics, able to form ordered spatial structures even for short peptides. 
CD studies of both peptides 2 and 3 composed of L-proline residues and peptides 4, 5 composed of 
L-hydroxyproline residues, showed that these peptides form ordered spatial structures (Figure 3). 

 

 

Figure 3. Circular dichroism (CD) spectra of oligoprolines 2, 3 derivatives (panel (a)) and
oligohydroxyprolines 4, 5 (panel (b)).

Diversifying the molar ellipticity for peptides 2–5 as a function of the amounts of amino acid
residues yielded surprising results. In the case of oligoproline derivatives (peptides 2 and 3) this
relationship is intuitive, with larger numbers of residues in the peptide chain corresponding to a
higher value for Pro9 (peptide 3) compared to Pro6 peptide (peptide 2), in methanol and in water
(Figure 3a). However, there is an inverse relationship for peptides composed of L-hydroxyproline
residues (Figure 3b). Hyp6 has higher molar ellipticity compared to peptide 5 consisting of nine
L-hydroxyproline residues.

Raman spectroscopy studies [64] also confirmed that both oligoprolines and oligohydroxyprolines
(Figure 4) form ordered spatial structures. Peptides 1–5 were placed on glass slides and examined
using a Renishaw inVia Raman microscope equipped with a 532 nm laser set up in the backscattering
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geometry. Measurements were made in the wavelength range from 100 to 3200 cm−1. The structures
of the peptides were studied using Raman spectroscopy. In Raman spectroscopy, three regions are
characteristic for amide/peptide bonds—near 1650 cm−1, in 80% of cases assigned to C=O stretch
(Amide I band); near 1550 cm−1, in 60% of cases corresponding to N-H bend and in 40% to C-N stretch
(Amide II band) and near 1300 cm−1, corresponding in 40% of cases to C-N stretch and 30% to N-H
bend (Amide III band). Figure 4 shows the Raman spectra of oligoprolines 2 and 3 (Figure 4a) and
oligohydroxyprolines 4 and 5 (Figure 4b) peptides limited to the range of 100–2000 cm−1, where the
characteristic bands for peptides occurs. The positions of the bands attributed to amide I and amide III
confirm that both types of synthesized peptides have α-helix structures. Regardless of the length of the
peptide chain, for both types of synthesized peptides, the Raman spectra look very similar. Detailed
analysis of the positions of the bands (Tables 3 and 4) reveals that the differences do not exceed 3 cm−1.
The main difference between the spectra obtained for oligoprolines and oligohydroxyprolines concerns
the intensity of two bands relative to others in the spectrum. In the case the structure of oligoprolines,
the band at ~1451 cm−1 attributed to the CH2 scissor or CH2 bend vibration are more intense relative
to other bands. For oligohydroxyprolines, the bands at ~825 cm−1 attributed to C-C stretch or CH2

rock vibration are much more intense than the others.Materials 2020, 13, x FOR PEER REVIEW 11 of 29 
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Table 3. Band assignments for Raman spectra of (Pro)9 and (Pro)6 peptide structures based on [63,65–68].

Peak Position (cm−1) Proposed Band Assignment
(Pro)9 (Pro)6

1736 1738 C=O stretch
1660 1660 Amide I (C=O stretch)
1616 1614 C=O asymmetric stretch
1451 1453 CH2 scissor or CH2 bend
1272 1274 Amide III (C-N stretch and N-H bend)
1245 1245 C-O stretch
1197 1197 NH+ deformation
1165 1165 NH2

+ deformation
1096 1096 CH2 rock
1050 1051 C-N stretch
974 974 C-C-N stretch
923 924 C-COO− stretch
836 836 C-C stretch or CH2 rock
730 731 COO− deformation
417 417 OCC bend–2011 Kecel
365 367 NCC bend–2011 Kecel

Table 4. Band assignments for Raman spectra of (Hyp)9 and (Hyp)6.

Peak Position (cm−1) Proposed Band Assignment
(Hyp)9 (Hyp)6

1734 1730 C=O stretch
1660 1660 Amide I (C=O stretch)
1642 1642 COO− asymmetric stretch
1611 1611 C=O asymmetric stretch
1465 1463 CH2 bend or CH2 scissor
1445 1445 CH2 bend
1344 1344 C-H bend or CH2 twist
1313 1320 C-H bend
1267 1267 Amide III (C-N stretch and N-H bend)
1235 1232 C-O stretch
1165 1165 NH2

+ deformation
1085 1085 CH2 rock
971 974 C-C-N stretch
917 917 C-COO− stretching
882 882 NH2

+ rock, N-H bend
829 825 C-C stretch or CH2 rock
727 727 COO− deformation
560 558 skeletal deformations
336 329 CCN bend
286 288 skeletal deformations

Detailed descriptions of band marks on the spectrum are presented in Tables 3 and 4 for
oligoprolines and oligohydroxyprolins, respectively.

Raman spectroscopy was also used to evaluate the spatial structure of the model collagen
fragment H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH (1) (Figure 5, Table 5). Position bands attributed to amide I
(1662 cm−1) and amide III (1269 cm−1) correspond to a predominantly α-helical structure, indicating this
model peptide to be a fragment of collagen. Detailed analysis of the spectrum enables the identification
of individual components of the peptide, such as proline (1740, 1613, 1451, 1344, 1243, 1197, 1057, 976,
880 and 818 cm−1), hydroxyproline (1740, 1613, 1344, 1243, 976, 880 and 818 cm−1), glycine (1451 cm−1)
and alanine (1105 and 917 cm−1). Information on the bands identified in the spectrum (Figure 5) is
summarized in Table 5.
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Figure 5. Raman spectra of H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH (peptide 1).

Table 5. Band assignments for Raman spectra of H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH [63–67].

Peak Position (cm−1) Proposed Band Assignment Proposed Residue

1740 C=O stretch Pro/Hyp
1662 Amide I (C=O stretch) –
1613 C=O asymmetric stretch Pro/Hyp
1451 CH2 scissor or CH2 bend Pro/Gly
1344 C-H bend or CH2 twist Pro/Hyp
1307 COH bend Pro
1269 Amide III (C-N stretch and N-H bend) –
1243 C-O stretch Pro/Hyp
1197 NH+ deformation Pro
1105 C-C stretch Ala
1057 C-N stretch Pro
976 C-C-N stretch Pro/Hyp
917 C-COO− stretch Pro/Hyp/Ala
880 NH2

+ rock, N-H bend Pro/Hyp
836 C-C stretch Pro/Hyp
818 C-C stretch Pro/Hyp
742 – Pro
724 COO- deformation Backbone
339 CCN bend Pro/Hyp
266 skeletal deformations –
192 CCC bend –
142 CCC bend –

The most intense band in the spectrum of H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH is at 1451 cm−1,
assigned to the CH2 scissoring vibration. Analyzing wound samples from male ICR mice (at different
time points), Liu et al. [69] connected these bands with the total matrix of the wound samples. The area
ratio of this band to the amide I band (representing the collagen content) could be used for examining
collagen levels in wound and determining the degree of wound healing.

All the peptides were also assessed in terms of their cytotoxicity against the endothelial cell
line EA.h 926. No cytotoxicity was observed (Figure 6) both for incubating cells in the presence of
peptides 1–5 for 1 day (Figure 6a) and for 7 days (Figure 6b). Cells cultured in medium without the
addition of any substances or harmful agents were used as the Control− (K−), while cells treated
with DMSO on the second day of incubation were used as the Control+ (K+). The dimethyl sulfoxide
(DMSO) was added to a final concentration of 5%. An MTT test was used to assess the cytotoxicity of
peptides 1–5. No cytotoxic effect was observed in a wide range of tested concentrations for any of the
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used peptides—model peptide 1 which is a fragment of collagen H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH,
oligoproline derivatives H-(Pro)6-OH (2), H-(Pro)9-OH (3) and oligohydroxyproline derivatives
H-(Hyp)6-OH (4), H-(Hyp)9-OH (5). The measured absorbance was higher or at least comparable to
the results obtained under Control– conditions. The tests were performed in the concentration range of
10 µM and 10 mM.
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Figure 6. Results of cell metabolic activity by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT test) of the endothelial cell line EA.h 926 cultured in the presence of peptides 1–5, panel
(a)—cells incubated in the presence of peptides for 1 day, panel (b)—cells incubated in the presence
of peptides for 7 days. Cytotoxicity tests were performed in five replicates. The presented results
are average values. Statistical significance was assessed using one-way ANOVA analysis of variance.
Values for which the value **p < 0.001, ** p < 0.01, *p < 0.05 were considered statistically significant
(see Supplementary Materials, Figure S1). No statistical significance was observed for 7 days incubation.
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The highest cytotoxicity for peptides 1–5 was observed at 100 µM. However, for subsequent
higher concentrations of 0.5 mM and 1 mM all tested peptides showed a reduction in cytotoxicity.
At the highest tested concentration of 10 mM, only the H-(Pro)9-OH (3) peptide showed comparable
toxicity to that at 100 µM. For the remaining peptides, no significant cytotoxicity was observed even at
the highest concentration. The relationship between cytotoxicity and the concentration of peptides
may seem surprising, since the highest cytotoxicity was observed at one of the lower concentrations,
this observation may indicate a differentiation of their interaction with different receptors depending
on the concentration. The receptors that collagen affects are—integrins, discoidin domain receptors
DDR1 and 2, OSCAR, GPVI, G6b-B and LAIR-1 of the leukocyte receptor complex (LRC) and mannose
family receptor uPARAP/Endo180 [70].

In the next stage of our research, we attempted to use structurally stable oligoprolines and
oligohydroxyprolines, containing the key spatial structure for collagen of proline and hydroxyproline
residues, to obtain conjugates with polysaccharides. Nonwovens from chitosan and nonwovens from
calcium alginate were used in the tests. The choice of both polysaccharides was dictated by their wide
use in medicine, including regenerative medicine. DMT/NMM/TosO− was used to covalently attach
peptides 2–5 to the polysaccharide matrices. The choice of this reagent was based on its high efficiency
for both classical peptide synthesis and ester synthesis in solution and on solid phase, as well as its
usefulness for the functionalization of solid surfaces. DMT/NMM/TosO− has been used successfully to
functionalize cellulose, alginate, chitosan and carbon nanomaterials [51,71–73]. In addition to efficient
acylation of nucleophilic groups in the presence of superactive triazine carboxylic acid esters, triazine
coupling reagents have one more important property, crucial from the perspective of the modification
of solid materials. 1-Hydroxy-4,6-dimethoxy-1,3,5-triazine formed as a side product is easily removed
by extraction, which eliminates the adverse process leading to deposits on materials.

It was assumed that only functional groups on the surfaces of the polysaccharide nonwovens
would be modified. Therefore, much smaller amounts of peptides 2–5 and the condensing reagents
were used relative to the polysaccharide functional groups. About 10 mol.% of the reagents was
used for the amino groups of chitosan and carboxyl/hydroxyl alginate. For the acylation of chitosan,
it is theoretically possible to acylate amino and hydroxyl groups in a reaction with superactive triazine
esters of peptides 2–5. However, due to the significantly higher reactivity of the amine functions,
it can be assumed that as a result of modification conjugates are predominantly formed in which the
peptide is attached to the chitosan matrix by means of an amide bond (Figure 7a). It is also possible
that derivatives are formed linked by ester bonds. A different method of functionalization occurs with
calcium alginate. In this case, the hydroxyl groups of the M and G units can be acylated, which leads to
polysaccharide-peptide conjugates linked by an ester bond. The presence of carboxyl groups in calcium
alginate also allows reactions using carboxyl groups. Under conditions that allow exchange within the
carboxylate anion (the release of Ca2+ and the formation of either the sodium or ammonium salt in
the presence of an amine), there is the possibility to activate the carboxyl function of alginate using
triazine condensation reagents, forming superactive alginate triazine esters, followed by aminolysis
with amino peptide groups. Under the experimental conditions used (no preactivation of peptides,
excess condensation reagent and tertiary amine in relation to the amount of peptides 2–5), it is possible
to modify the alginate matrix in two ways (Figure 7b).
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The successful attachment of peptides 2–5 to alginate and chitosan nonwoven was confirmed
by FT-IR analysis (Figure 8). The spectra for the polysaccharide-peptide conjugates were compared
to those for the unmodified polysaccharides. The results confirmed the addition of oligoproline
derivatives and oligohydroxyproline to the surface of the nonwovens.
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Figure 8. Fourier transform infrared (FT-IR) spectra of polysaccharide-peptide conjugates: (a) top
panel —unmodified chitosan, bottom panel—chitosan conjugates with peptides 2—5; (b) top panel
—unmodified calcium alginate, bottom panel—alginate conjugates with peptides 2–5.

The unmodified chitosan nonwoven (Figure 8a, upper panel) has characteristic bands in the range
of 1730–820 cm−1, which result from the presence of vibrations described in the literature [74] the C=O
group derived from residual N-acetyl groups at 1590 cm−1; the -CH3 group derived from residual
N-acetyl groups in the 1400 cm−1 range; sugar ring vibrations C-C and glycosidic bond (C-O-C) in the
range of 1280–910 cm−1. The band observed in the 3293–3362 cm−1 range corresponds to N-H and O-H
stretching vibrations, as well as to intramolecular hydrogen bonds. In turn, the bands at about 2870 and
2920 cm−1 can be attributed to C-H symmetrical and asymmetrical stretching (CH2 and CH3 groups,
respectively). These correspond to bands characteristic of the polysaccharide (skeletal vibrations of
the ring). In the case of chitosan nonwoven modified with peptides 2–5, peptide bond bands are
visible which overlap partly with the chitosan (Figure 8a, bottom panel). The strongest greatest change
in the band relationship compared to the unmodified nonwoven is in the range of 1750–920 cm−1.
The different band is that for the carbonyl group (1680 cm−1), which is derived from the peptide bond.
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Additional bands in this range are responsible for the stretching vibrations of N-acetyl groups and C-O
bonds, at 1580 and 1025 cm−1 respectively. The spectrum also shows bands derived from the sugar
backbone and the glycosidic bonds in the chitosan chain (1180 cm−1, 1040 cm−1, 1030 cm−1).

Analysis of the spectrum of unmodified calcium alginate (Figure 8b, upper panel) reveals the
presence of a characteristic broad band in the range 3600–3000 cm−1, characteristic for the stretching
vibrations of OH groups. Additionally, two absorption bands corresponding to the valence vibrations
of the C-O group of the carboxyl ion (asymmetrical at 1420 cm−1 and symmetrical at 1620 cm−1) were
found. The band with the highest intensity at 1080–950 cm−1 is characteristic for the skeletal vibrations
of the alginate ring and indicates the presence of a glycosidic bond typical of polysaccharide materials.
Analyzing the spectra of calcium alginate conjugates with peptides 2–5, it is possible to identify amine
groups shown by stretching vibrations in the range of 3550–3200 cm−1 (secondary amines) and by a
small peak at 1250 cm−1 (Figure 8b, bottom panel). The presence of vibrations in the 3300 cm−1 range
indicates the presence of carboxyl groups in the peptides. In addition, the bands at 1650–1500 cm−1

confirm the presence of peptide bonds. Vibrations from methylene groups are visible in the area of
1410–1500 cm−1. The spectra also show a broad band derived from the alginate hydroxyl groups,
which unfortunately overlaps with a peptide bond band. The intense band at 1400 cm−1 indicates the
presence of O-H and C-O bonds. The band in the range of 1150–800 cm−1 is derived from the original
alginate substrate.

Studying the electrokinetic properties of textiles and nonwovens is very useful, as it allows changes
in the charge on the materials surface to be monitored after each step of modification. The electrokinetic
potential is the component of the total potential in the intermediate surface layer at the solid/liquid
interface. Zeta potential gives information on the nature and dissociation of functional groups, as
well as on the hydrophilicity or hydrophobicity of the fiber surface and the absorption of ions and
other compounds. The most important value is the isoelectric point (IEP), the pH value for which the
electrokinetic surface potential is equal to zero.

Measurements were performed on the fibers, nonwovens, powders and granules according to
the streaming potential method, using a SurPASS electrokinetic analyzer by Anton Paar equipped
with a cylindrical measuring cell. The zeta potential of the chitosan and alginate-based materials
was determined in terms of the dependence of 0.1 M KCl solution to pH. To adjust the pH, we used
0.1 M sodium hydroxide and 0.1 M hydrochloric acid. The zeta potential measurements show very
clearly differences in terms of surface structure between the samples. Lower zeta potential values were
observed for unmodified materials compared to samples with peptides 2–5 attached to the surface
of polysaccharides matrices. At the plateau value of ζ-potential at pH 8–10, the acidic groups were
completely dissociated. The unmodified chitosan has a hydroxyl group on its surface, which was stable
in the tested pH range and did not protonate or deprotonate. However, in the presence of free amino
groups ammonium salts form in solutions with low pH, which resulted in the formation of a positive
charge on the surface of the nonwoven fabric. Since the ζ-potential is −4 mV, it can be concluded that
these amino groups predominated. After the attachment of proline/hydroxyproline derivatives to
chitosan, the surface is more positive charged as a result of the formation of an amide bond between
chitosan and the carboxyl group. However, the presence of a net charge on a modified chitosan surface
may be associated with the protonation of the N-terminal amino group in the attached peptide. In the
case of acylation of hydroxyl groups of chitosan by means of superactive triazine esters of peptides
2–5, it is possible to observe the presence of a positive charge on the amine functions of chitosan and
the N-terminal amino acid of peptides 2–5 in the curves imaging zeta potential. The curves presented
in Figure 9a confirm the effective binding of oligoproline and oligohydroxyproline derivatives to
the nonwoven surfaces by amide bonds, although the formation of an ester bond cannot be ruled
out. Another phenomenon can be observed for all treated surfaces. At pH 4, the surface became
more negative due to the shift the shear plane into the liquid phase, causing a reduction of in the
ζ-potential [75–77]. This indicates fiber swelling.
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At the plateau value of ζ-potential at pH 8–10, the acidic groups are completely dissociated [75–80].
The hydroxyproline and proline derivatives were also effective when attached to calcium alginate

materials. The unmodified calcium alginate nonwoven showed sorption properties, as reflected in the
specific appearance of the zeta potential curve. Alginate fibers bind significant amounts of water, due
to their tendency to form a so-called “egg box” structure [78–82]. The penetration into the alginate
of water molecules leads to swelling, which has a direct influence on the zeta potential. This may
be noticed in Figure 9b, where the zeta potential curve for calcium alginate shows a characteristic
increase in negative zeta potential below pH 5. The pH titration curve shows a rather small negative
zeta potential (−5 mV) at the plateau value of ζ-potential, rapidly turning to a more negative potential
below pH 4, reaching −29.1 mV at pH 3.3. This small negative zeta potential results from the presence
of acidic carboxyl and hydroxyl groups on the surface of the alginate fibers, making swelling possible.
The curves for Ca-alginate indicate that, once the water adsorption process has finished and the
material is already swollen, the electrochemical double layer transforms into a solid and the shear
plane transforms into an electrolyte solution. Similarly to the case of the modified chitosan surface,
after modification of the calcium alginate surface using proline/hydroxyproline derivatives higher
zeta potential was noticed (-3.5 mV). The swelling of fibers at the surface is superimposed on the
dissociation of surface functional groups above pH 5. Acidic surface groups are introduced, increasing
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the hydrophilic character of the surface [75-80]. A difference between the Ca-alginate before and after
modification can be noticed in the pH range of 3-4. The slope of the curves is not as sharp for the
modified surfaces as it is for the untreated Ca-alginate. It can be assumed that after modification of
calcium alginate surfaces using proline/hydroxyproline chains the tendency for swelling is limited.
The curves obtained for peptide-alginate conjugates show higher zeta potential and have a similar
shape, reflecting the stable physicochemical properties of the final products in the studied pH range.

In the final stage of the research, we studied the effects of covalently linked conjugates of peptides
2-5 with chitosan and alginate (Figure 10) on the endothelial cell line EA.hy 926. Experiments were
performed for incubation of cells for 1 day (Figure 10a) and 7 days (Figure 10b) to check the effect of
alginate and chitosan conjugates with peptides 2-5 both in the short and long term, which is important
from the point of view of the usefulness of materials used in regenerative medicine. As the Control−

(K−) were again used cells cultured in the medium without the addition of any substances or any
harmful factors, while as the Control+ (K+) were used cell cultures killed by adding DMSO on the
second day of incubation. DMSO was added to give a 5% final concentration in the culture medium.
Unmodified chitosan and calcium alginate were also studied. Based on absorbance measured by an
MTT test, unmodified chitosan showed a 58% reduction in cell viability compared to the Control− and
over 2.5-fold increases in cell viability compared to the Control+. A surprising result was observed in
the case of unmodified calcium alginate nonwoven. Cell viability relative to the Control+ was reduced
by more than 75%. The adverse effect of calcium alginate on the endothelial cell line EA.hy 926 may
result from the exchange of Ca2+ ions from the polysaccharide matrix for monovalent Na+ and/or K+

ions, causing the release of large amounts of Ca2+ ions into the culture medium. This in turn may
adversely affect the endothelial cells [83].

The adverse effect of calcium alginate was been completely eliminated by the covalent attachment
of 2-5 peptides to the nonwoven fabric. In all cases, a significant increase in absorbance was observed,
indicating cell viability. For alginate conjugates with (Hyp)9 and (Pro)6, the absorbance value was
1.7 times higher compared to the Control−, which indicates that these materials had a very beneficial
effect on the cells. A slight decrease in absorbance was observed for the alginate conjugate with
(Hyp)6, which indicates that in the case of hydroxyproline derivatives a longer peptide chain has
a more favorable effect on cell viability. Slightly lower absorbance compared to the Control− was
observed for the alginate conjugate of (Pro)9. Surprisingly, a more beneficial effect on cells is observed
for shorter peptide derivatives in the case of proline derivatives. Lower absorbance was observed for
all conjugates of chitosan with peptides 2-5 compared to the Control−. However, for conjugates with
(Hyp)9, (Hyp)6 and (Pro)6 the absorbance value was higher than that obtained for unmodified chitosan.
This indicates that the spatially stable oligoproline and oligohydroxyproline derivatives had a positive
effect on the endothelial cells. Only in the case of the chitosan-(Pro)9 conjugate was the absorbance
value comparable to that for the unmodified polysaccharide, showing no clear positive effect by the
proline/hydroxyproline derivatives on cells. In addition, no adverse effect of polysaccharide-peptide
conjugates on cells was observed in experiments with extended incubation time (Figure 10b). The most
positive effect has been observed for conjugates of alginate with oligoprolines and oligohydroxyprolines.
The diversity of biological responses between nonwovens based on polysaccharides may result from
their the physico-chemical properties, including their size of the fibers, because the influence of particle
size on biological activity is well known [84].

Live/Dead Viability/Cytotoxicity tests using Calcein AM (a green color for live cells) and ethidium
homodimer-1 (EthD-1, a red color for dead cells) also showed a positive effect of alginate and chitosan
conjugates with 2-5 peptides on the endothelial cell line EA.hy 926 (Figure 11). However, direct
counting of alive and dead cells cultured in the presence of modified chitosan and alginate nonwovens
was made difficult by the “melting” of cells in the polysaccharide matrices.
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Figure 10. Cytotoxicity of polysaccharide conjugates with 2-5 peptides to the endothelial cell line EA.hy
926, according an MTT assay, panel (a)—cells incubated in the presence of peptides for 1 day, panel
(b)—cells incubated in the presence of peptides for 7 days. Cytotoxicity tests were performed in five
replicates. The presented results are average values. No statistical significance was observed for 1 day
and 7 days incubation.

In the case of Control−, cells were incubated without any additions hindering the documentation of
tests by microscopic technique. In contrast, material swelling and final formation of multidimensional
structures (MD) in the form of similar to gels, for which microscopic imaging was difficult, was observed
in studies by using polysaccharide nonwovens modified with 2-5 peptides. This difficulty may also
have been the result of strong cell binding to the polysaccharide matrix.

The literature describes many examples of peptides derived from collagen, gelatin, elastin,
fibronectin and laminins containing the RGD motif, which is considered the most important element
improving the activity of various biomaterials, because of the interaction with integrins (pro-adhesive
motif). Also, another collagen fragment, laminins that do not contain the RGD motif, affecting cell
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adhesion. Their characteristic feature is the ability to bind to integrin receptors, which affects in
improved adhesion and proliferation of many cells. However, when thinking about the regeneration
process, one should not forget that it is a complex process that should be stimulated in many ways.
Therefore, derivatives derived from growth factors affecting endothelial cell proliferation, migration,
viability and angiogenesis are also useful in medicine. In addition to peptides derived from proteins
and polypeptides present in ECM, synthetic peptides belonging to the group of self-assembly peptides
(SAPs) are also known, which are also increasingly used in regenerative medicine [85–87]. The described
oligoproline/oligohydroxyproline derivatives, although belonging to the group of synthetic peptides
are able to mimic the collagen spatial structure and positively affect endothelial cell line. In the case
of proline derivatives, inhibition of proliferation and cytotoxicity against various cell types is not
observed. An additional feature of oligoproline is self-organization in contact with cell membranes,
which ultimately results in the ability to penetrate cell membranes [57].
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In addition, proline derivatives are characterized by high resistance to hydrolysis in the presence
of proteolytic enzymes, which allows their use in materials for regeneration that require prolonged
contact with tissues.

However, probably the most important advantage of using oligoprolines/oligohydroxyprolines,
which are made of identical amino acids, is the possibility of using the well-known method of synthesis
of homopolypeptides by using N-carboxy anhydride (Leuch’s anhydride) procedure that allows the
synthesis of longer derivatives on an enlarged scale in solution.

4. Conclusions

In this study, we have shown that oligoproline and oligohydroxyproline derivatives (peptides 2-5)
can be used successfully as functional mimetics of collagen, which is the main protein component of
the extracellular matrix. Functional similarity was found based on both CD and Raman spectroscopy.
In addition, peptides 2-5 were found to have similar biological activity towards the endothelial cell line
EA.hy 926 to the model collagen fragment (H-Gly-Hyp-Pro-Ala-Hyp-Pro-OH, 1). Peptides 2-5 were used
to synthesize their conjugates with chitosan and calcium alginate, which are polysaccharides widely
used in medicine. To attach the oligoproline and oligohydroxyproline derivatives to the polysaccharide
functional groups, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium toluene-4-sulfonate
(DMT/NMM/TosO−) was used as a condensing reagent. The efficiency of peptide attachment to the
polysaccharides was confirmed using the FT-IR method, which showed additional bands characteristic
of newly-formed amide and ester bonds. Zeta potential measurements (electrokinetic properties)
revealed very clear differences in surface structure between the polysaccharides modified with peptides
2-5 and unmodified carbohydrate matrices. Biological studies (the MTT test and Live/Dead assay)
proved that the obtained peptide-polysaccharide conjugates are not toxic to the endothelial cell line
EA.hy 926 and in many cases have a highly positive effect on cell proliferation. The results of this
study provide the basis for further research on the use of conjugates composed of functional mimetic
collagen with polysaccharides in regenerative medicine.



Materials 2020, 13, 3079 24 of 28

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/14/3079/s1,
Figure S1: Results of MTT test of the endothelial cell line EA.h 926 cultured in the presence of peptides 1–5 (1 day
of incubation) – Statistical analysis.

Author Contributions: J.W. participated in peptide synthesis and study of properties of conjugates, J.F. participated
in peptide synthesis and discussion of results, A.B. participated in synthesis of peptide conjugates, Z.J.K.,
contributed discussion of results, S.F.G. contributed in FTIR and zeta potential measurements, A.T. contributed in
preparation of manuscript and discussion of results; M.K. performed biological tests, M.D. contributed in Raman
analysis of the peptides, E.G. and Z.D. participated in preparation of polysaccharide nonwovens, B.K. coordinated
the research and wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Centre, Poland grant number UMO-2018/31/B/ST8/02760.

Acknowledgments: The financial support from the National Science Center, Poland, under project number
UMO-2018/31/B/ST8/02760. This work has been supported in part by Croatian Science Foundation under the
project UIP-2017-05-8780 HPROTEX.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Webber, M.J.; Kessler, J.A.; Stupp, S.I. Emerging peptide nanomedicine to regenerate tissues and organs.
J. Intern. Med. 2010, 267, 71–88. [CrossRef] [PubMed]

2. Ma, P.X. Biomimetic materials for tissue engineering. Adv. Drug Deliv. Rev. 2008, 60, 184–198. [CrossRef]
[PubMed]

3. Nune, M.; Kumaraswamy, P.; Krishnan, U.M.; Sethuraman, S. Self-assembling peptide nanofibrous
scaffolds for tissue engineering: Novel approaches and strategies for effective functional regeneration.
Curr. Protein Pept. Sci. 2013, 14, 70–84. [CrossRef] [PubMed]

4. O’Brien, F.J. Biomaterials & scaffolds for tissue engineering. Mater. Today 2011, 14, 88–95.
5. Sethuraman, S.; Nair, L.S.; El-Amin, S.; Nguyen, M.-T.; Singh, A.; Krogman, N.; Greish, Y.E.; Allcock, H.R.;

Brown, P.W.; Laurencin, C.T. Mechanical properties and osteocompatibility of novel biodegradable alanine
based polyphosphazenes: Side group effects. Acta Biomater. 2010, 6, 1931–1937. [CrossRef]

6. Sethuraman, S.; Nair, L.S.; El-Amin, S.; Nguyen, M.-T.; Singh, A.; Greish, Y.E.; Allcock, H.R.; Brown, P.W.;
Laurencin, C.T. Development and Characterization of Biodegradable Nanocomposite Injectables for
Orthopaedic Applications Based on Polyphosphazenes. J. Biomater. Sci. Polym. Ed. 2011, 22, 733–752.
[CrossRef]

7. Zhao, L.; Detamore, M.S. Chondrogenic differentiation of stem cells in human umbilical cord stroma with
PGA and PLLA scaffolds. J. Biomed. Sci. Eng. 2010, 3, 1041–1049. [CrossRef]

8. Ragaert, K.; De Somer, F.; De Baere, I.; Cardon, L.; Degrieck, J. Production & evaluation of PCL scaffolds for
tissue engineered heart valves. Adv. Prod. Eng. Manag. 2011, 6, 163–172.

9. Pan, Z.; Ding, J. Poly(lactide-co-glycolide) Porous Scaffolds for Tissue Engineering and Regenerative Medicine.
Interface Focus 2012, 2, 366–377. [CrossRef]

10. Kim, Y.-H.; Cho, C.-S.; Kang, I.-K.; Kim, S.Y.; Kwon, O.H. Implantation of Cultured Preadipocyte Using
Chitosan/Alginate Sponge. Key Eng. Mater. 2007, 342–343, 349–352.

11. Almany, L.; Seliktar, D. Biosynthetic hydrogel scaffolds made from fibrinogen and polyethylene glycol for
3D cell cultures. Biomaterials 2005, 26, 2467–2477. [CrossRef] [PubMed]

12. Stratton, S.; Shelke, N.B.; Hoshino, K.; Rudraiah, S.; Kumbar, S.G. Bioactive Polymeric Scaffolds for Tissue
Engineering. Bioact. Mater. 2016, 1, 93–108. [CrossRef] [PubMed]

13. Terzi, A.; Storelli, E.; Bettini, S.; Sibillano, T.; Altamura, D.; Salvatore, L.; Madaghiele, M.; Romanò, A.;
Siliqi, D.; Ladisa, M.; et al. Effects of processing on structural, mechanical and biological properties of
collagen-based substrates for regenerative medicine. Sci. Rep. 2018, 8, 1429. [CrossRef] [PubMed]

14. Nyström, A.; Velati, D.; Mittapalli, V.R.; Fritsch, A.; Kern, J.S.; Bruckner-Tuderman, L. Collagen VII Plays a
Dual Role in Wound Healing. J. Clin. Investig. 2013, 123, 3498–3509. [CrossRef] [PubMed]

15. Zuber, M.; Zia, F.; Zia, K.M.; Tabasum, S.; Salman, M.; Sultan, N. Collagen based polyurethanes—A review
of recent advances and perspective. Int. J. Biol. Macromol. 2015, 80, 366–374. [CrossRef] [PubMed]

16. Yamada, S.; Yamamoto, K.; Ikeda, T.; Yanagiguchi, K.; Hayashi, Y. Potency of Fish Collagen as a Scaffold for
Regenerative Medicine. BioMed Res. Int. 2014, 2014, 1–8. [CrossRef] [PubMed]

http://www.mdpi.com/1996-1944/13/14/3079/s1
http://dx.doi.org/10.1111/j.1365-2796.2009.02184.x
http://www.ncbi.nlm.nih.gov/pubmed/20059645
http://dx.doi.org/10.1016/j.addr.2007.08.041
http://www.ncbi.nlm.nih.gov/pubmed/18045729
http://dx.doi.org/10.2174/1389203711314010010
http://www.ncbi.nlm.nih.gov/pubmed/23544748
http://dx.doi.org/10.1016/j.actbio.2009.12.012
http://dx.doi.org/10.1163/092050610X491670
http://dx.doi.org/10.4236/jbise.2010.311135
http://dx.doi.org/10.1098/rsfs.2011.0123
http://dx.doi.org/10.1016/j.biomaterials.2004.06.047
http://www.ncbi.nlm.nih.gov/pubmed/15585249
http://dx.doi.org/10.1016/j.bioactmat.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/28653043
http://dx.doi.org/10.1038/s41598-018-19786-0
http://www.ncbi.nlm.nih.gov/pubmed/29362434
http://dx.doi.org/10.1172/JCI68127
http://www.ncbi.nlm.nih.gov/pubmed/23867500
http://dx.doi.org/10.1016/j.ijbiomac.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26144910
http://dx.doi.org/10.1155/2014/302932
http://www.ncbi.nlm.nih.gov/pubmed/24982861


Materials 2020, 13, 3079 25 of 28

17. Grover, C.N.; Gwynne, J.H.; Pugh, N.; Hamaia, S.; Farndale, R.W.; Best, S.M.; Cameron, R.E. Crosslinking
and composition influence the surface properties, mechanical stiffness and cell reactivity of collagen-based
films. Acta Biomater. 2012, 8, 3080–3090. [CrossRef]

18. Pawelec, K.M.; Best, S.M.; Cameron, R.E. Collagen: A network for regenerative medicine. J. Mater. Chem. B
2016, 4, 6484–6496. [CrossRef]

19. Kaczmarek, B.; Sionkowska, A.; Osyczka, A. The application of chitosan/collagen/hyaluronic acid sponge
cross-linked by dialdehyde starch addition as a matrix for calcium phosphate in situ precipitation.
Int. J. Biol. Macromol. 2018, 107, 470–477. [CrossRef]

20. Parenteau-Bareil, R.; Gauvin, R.; Berthod, F. Collagen-Based Biomaterials for Tissue Engineering Applications.
Materials 2010, 3, 1863–1887. [CrossRef]

21. Kyle, S.; Aggeli, A.; Ingham, E.; McPherson, M.J. Production of self-assembling biomaterials for tissue
engineering. Trends Biotechnol. 2009, 27, 422–433. [CrossRef] [PubMed]

22. Coburn, J.C.; Pandit, A. Development of Naturally-Derived Biomaterials and Optimization of Their
Biomechanical Properties. Topics in Tissue Engineering. Ashammakhi, N., Reis, R., Chiellini, E., Eds.; 2007,
Volume 3, pp. 1–32. Available online: https://www.oulu.fi/spareparts/ebook_topics_in_t_e_vol3/cover.html
(accessed on 18 November 2007).

23. Angelova, N.; Hunkeler, D. Rationalizing the design of polymeric biomaterials. Trends Biotechnol. 1999, 17,
409–421. [CrossRef]

24. Elbert, D.L.; Hubbell, J.A. Conjugate addition reactions combined with free-radical cross-linking for the
design of materials for tissue engineering. Biomacromolecules 2001, 2, 430–441. [CrossRef] [PubMed]

25. Rouhi, A.M. Rediscovering natural products. Chem. Eng. News 2003, 81, 77–91. [CrossRef]
26. Delaittre, G.; Greiner, A.M.; Pauloehrl, T.; Bastmeyer, M.; Barner-Kowollik, C. Chemical approaches to

synthetic polymer surface biofunctionalization for targeted cell adhesion using small binding motifs.
Soft Matter 2012, 8, 7323–7347. [CrossRef]

27. Hlady, V.V.; Buijs, J. Protein adsorption on solid surfaces. Curr. Opin. Biotechnol. 1996, 7, 72–77. [CrossRef]
28. Misra, R.D.K.; Nune, C.; Pesacreta, T.C.; Somani, M.C.; Karjalainen, L.P. Interplay between grain structure

and protein adsorption on functional response of osteoblasts: Ultrafine-grained versus coarse-grained
substrates. J. Biomed. Mater. Res. Part A 2013, 101A, 1–12. [CrossRef]

29. Pettit, D.K.; Hoffman, A.S.; Horbett, T.A. Correlation between corneal epithelial cell outgrowth and
monoclonal antibody binding to the cell binding domain of adsorbed fibronectin. J. Biomed. Mater. Res. 1994,
28, 685–691. [CrossRef]

30. Wilson, C.J.; Clegg, R.E.; Leavesley, D.I.; Pearcy, M.J. Mediation of Biomaterial–Cell Interactions by Adsorbed
Proteins: A Review. Tissue Eng. 2005, 11, 1–18. [CrossRef]

31. Wang, W.; Woodbury, N.W. Selective protein–peptide interactions at surfaces. Acta Biomater. 2014, 10,
761–768. [CrossRef]

32. Lewandowska, K.; Pergament, E.; Sukenik, C.N.; Culp, L.A. Cell-Type-Specific adhesion mechanisms
mediated by fibronectin adsorbed to chemically derivatized substrata. J. Biomed. Mater. Res. 1992, 26,
1343–1363. [CrossRef] [PubMed]

33. Elbert, D.L.; Hubbell, J.A. Surface treatments of polymers for biocompatibility. Annu. Rev. Mater. Sci. 1996,
26, 365–394. [CrossRef]

34. Hern, D.L.; Hubbell, J.A. Incorporation of adhesion peptides into nonadhesive hydrogels useful for tissue
resurfacing. J. Biomed. Mater. Res. 1998, 2, 266–276. [CrossRef]

35. Schamberger, P.C.; Abes, J.I.; Gardella, J.A., Jr. Surface chemical studies of aging and solvent extraction
effects on plasma-treated polystyrene. Colloids Surf. B Biointerfaces 1994, 3, 203–215. [CrossRef]

36. Neff, J.A.; Caldwell, K.D.; Tresco, P.A. A novel method for surface modification to promote cell attachment to
hydrophobic substrates. J. Biomed. Mater. Res. 1998, 40, 511–519. [CrossRef]

37. Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697–715.
[CrossRef]

38. Sulyok, G.A.G.; Gibson, C.; Goodman, S.L.; Holzemann, G.; Wiesner, M.; Kessler, H. Solid-phase synthesis
of a nonpeptide RGD mimeticlibrary: New selective avb3 integrin antagonists. J. Med. Chem. 2001, 44,
1938–1950. [CrossRef]

http://dx.doi.org/10.1016/j.actbio.2012.05.006
http://dx.doi.org/10.1039/C6TB00807K
http://dx.doi.org/10.1016/j.ijbiomac.2017.09.017
http://dx.doi.org/10.3390/ma3031863
http://dx.doi.org/10.1016/j.tibtech.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19497631
https://www.oulu.fi/spareparts/ebook_topics_in_t_e_vol3/cover.html
http://dx.doi.org/10.1016/S0167-7799(99)01356-6
http://dx.doi.org/10.1021/bm0056299
http://www.ncbi.nlm.nih.gov/pubmed/11749203
http://dx.doi.org/10.1021/cen-v081n041.p077
http://dx.doi.org/10.1039/C2SM07407A
http://dx.doi.org/10.1016/S0958-1669(96)80098-X
http://dx.doi.org/10.1002/jbm.a.34105
http://dx.doi.org/10.1002/jbm.820280605
http://dx.doi.org/10.1089/ten.2005.11.1
http://dx.doi.org/10.1016/j.actbio.2013.10.025
http://dx.doi.org/10.1002/jbm.820261007
http://www.ncbi.nlm.nih.gov/pubmed/1429751
http://dx.doi.org/10.1146/annurev.ms.26.080196.002053
http://dx.doi.org/10.1002/(SICI)1097-4636(199802)39:2&lt;266::AID-JBM14&gt;3.0.CO;2-B
http://dx.doi.org/10.1016/0927-7765(94)01130-3
http://dx.doi.org/10.1002/(SICI)1097-4636(19980615)40:4&lt;511::AID-JBM1&gt;3.0.CO;2-I
http://dx.doi.org/10.1146/annurev.cellbio.12.1.697
http://dx.doi.org/10.1021/jm0004953


Materials 2020, 13, 3079 26 of 28

39. Massia, S.P.; Hubbell, J.A. An RGD spacing of 440 nm is sufficient for integrin alpha V beta 3-mediated
fibroblast spreading and 140 nm for focal contact and stress fiber formation. J. Cell Biol. 1991, 114, 1089–1100.
[CrossRef]

40. Aumailley, M.; Gurrath, M.; Müller, G.; Calvete, J.; Timpl, R.; Kessler, H. Arg-Gly-Asp constrained within
cyclic pentapeptides. Strong and selective inhibitors of cell adhesion to vitronectin and laminin fragment P1.
FEBS Lett. 1991, 291, 50–54. [CrossRef]

41. Gurrath, M.; Muller, G.; Kessler, H.; Aumailley, M.; Timpl, R. Conformation/activity Studies of Rationally
Designed Potent Anti-Adhesive RGD Peptides. Eur. J. Biochem. 1992, 210, 911–921. [CrossRef]

42. Ivanov, B.; Grzesik, W.; Robey, F.A. Synthesis and Use of a New Bromoacetyl-Derivatized Heterotrifunctional
Amino Acid for Conjugation of Cyclic RGD-Containing Peptides Derived from Human Bone Sialoprotein.
Bioconjug. Chem. 1995, 6, 269–277. [CrossRef] [PubMed]

43. Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78, 929–958.
[CrossRef] [PubMed]

44. Nagel, Y.A.; Kuemin, M.; Wennemers, H. Functionalizable oligoprolines as molecular scaffolds.
Chim. Int. J. Chem. 2011, 65, 264–267. [CrossRef]

45. Schumacher, M.; Mizuno, K.; Bächinger, H.P. The Crystal Structure of the Collagen-like Polypeptide
(Glycyl-4(R)-hydroxyprolyl-4(R)-hydroxyprolyl)9 at 1.55 Å Resolution Shows Up-puckering of the Proline
Ring in the Xaa Position. J. Biol. Chem. 2005, 280, 20397–20403. [CrossRef] [PubMed]

46. Ramshaw, J.A.M.; Shah, N.K.; Brodsky, B. Gly-XY tripeptide frequencies in collagen: A context for host–guest
triple-helical peptides. J. Struct. Biol. 1998, 122, 86–91. [CrossRef]

47. Pujals, S.; Giralt, E. Proline-rich, amphipathic cell-penetrating peptides. Adv. Drug Deliv. Rev. 2008, 60,
473–484. [CrossRef] [PubMed]

48. Vroman, I.; Tighzert, L. Biodegradable Polymers. Materials 2009, 2, 307–344. [CrossRef]
49. Sun, J.; Tan, H. Alginate-Based Biomaterials for Regenerative Medicine Applications. Materials 2013, 6,

1285–1309. [CrossRef]
50. Paul, P.; Kolesinska, B.; Sujka, W. Chitosan and Its Derivatives—Biomaterials with Diverse Biological Activity

for Manifold Applications. Mini Rev. Med. Chem. 2019, 19, 737–750. [CrossRef]
51. Kolesinska, B.; Rozniakowski, K.K.; Fraczyk, J.; Relich, I.; Papini, A.M.; Kaminski, Z.J. The Effect of Counterion

and Tertiary Amine on the Efficiency of N-Triazinylammonium Sulfonates in Solution and Solid-Phase
Peptide Synthesis. Eur. J. Org. Chem. 2015, 2015, 401–408. [CrossRef]

52. Bogun, M.; Szparaga, G.; Krol, P.; Mikołajczyk, T.; Rabiej, S. Calcium alginate fibers containing metallic
nanoadditives. J. Appl. Polym. Sci. 2014, 131, 40223. [CrossRef]

53. Wawro, D.; Pighinelli, L. Chitosan fibers modified with HAp/[beta]-TCP nanoparticles. Int. J. Mol. Sci. 2011,
12, 7286–7300. [CrossRef] [PubMed]
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