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Abstract

A key challenge in tissue engineering is developing functional tissues that can effectively
mimic the structure and function of natural tissues. This involves creating scaffolds that
support cell proliferation, and differentiation. This research aimed to develop hydrogels as
scaffolds that could be utilised in tissue engineering, particularly in applications that require
angiogenesis. Whey protein isolate (WPI) has been employed as the main hydrogel
component, as WPI hydrogels have been investigated for possible applications in bone tissue
engineering. Heparin (HP) and tinzaparin (TP) were selected as additives, as they enhance
cellular growth and exhibit anti-inflammatory properties. Nine different compositions were
created, each with varying percentages of the additives, a control sample containing pure
WPI, and samples with HP or TP at 2.5%, 5%, 7.5%, and 10% concentrations. The
mechanical tests showed compressive moduli in the range of 430-620 kPa for the modified
hydrogels and indicated that a 5% content of HP or TP is optimal in terms of mechanical
characteristics. The highest swelling ratios of approximately 13% and 16%, respectively were

noted in both modified groups (TP and HP) at the 7.5% concentration. HP 2.5% demonstrated
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the highest cytocompatibility among all HP concentrations, including the WPI control, while
TP 10% exhibited greater cytocompatibility than other TP concentrations, also surpassing the
WPI control. All hydrogels with additives enhanced cell attachment compared to the WPI
control, indicating better cytocompatibility. The morphology visualization of DPSCs indicated
no significant differences between the four HP or TP concentrations. TP 10% showed the
most promising results in angiogenic differentiation potential tests in vitro, suggesting this

composition should be studied further.
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1. Introduction

Tissue engineering (TE) combines materials science, biology, and engineering to design
environments that facilitate cell attachment and proliferation to substrates, as well as, the
formation of complex tissue structures, aiming to create viable replacements for damaged or
diseased tissues. The slow growth of blood vessels is a significant challenge in this field, as a
proper vascularization is crucial for tissue integration and survival. Hydrogels have gained
significant attention in tissue engineering thanks to their superior properties, including their
similarities to the extracellular matrix (ECM) of tissues [1]-[3]. Hydrogels were developed by
Wichterle and Lim in 1960 [4]. Since then, hydrogels have gained great attention and have
been used in various tissue engineering applications, as they can be injectable, implantable or
sprayable [5]-[7]. Hydrogels can be utilised in different areas of biomedicine, including
wound dressings, drug delivery systems, tissue-engineered implants, and contact lenses.
Hydrogels are composed of hydrophilic, cross-linked polymer networks that can retain large
amounts of water without losing their 3D structure [2]. Their high water retention and the ease
of loading hydrogels with small molecules makes them attractive for TE, as they can contain
bioactive molecules like glycosoaminoglycans (GAGs) or growth factors (GFs), which

facilitate cell growth and differentiation, which are crucial in tissue regeneration [2], [8].

Whey protein isolate (WPI) is a by-product of the dairy industry. Approximately 1.5 million
tons of whey protein are produced every year during cheese manufacturing, and this amount is
expected to increase because of the growing dairy industry [9]. As WPI is a by-product, it is
cheap and available in large quantities [9]. Over 90% of WPI consists of proteins, such as -
lactoglobulin, a-lactalbumin, bovine serum albumin, and lactoferrin [10]. WPI is known for

its high nutritional value and physicochemical properties which facilitate processing using



techniques like foaming, film-forming, emulsifying, water-binding, or gelling [10], [11]. It
has found application not only in the food industry, but also in medical and cosmetic sectors
[11]. WPI has gained interest as a biomaterial due to its advantageous biological properties,
such as antimicrobial bioactivity [9]. Recently, attention has been focused on WPI’s ability to
form hydrogels, which are sterilizable, show high cytocompatibility, biodegradability, and
low toxicity and possess the ability to enhance proliferation and differentiation of osteogenic

bone-forming cells [11]-[15].

Heparin (HP) is a heterogenous GAG and a linear polysaccharide that occurs in nature [16].
Since 1935 HP has found its use in clinical applications as a blood anticoagulant [17], [18]. It
reduces side effects like inflammatory or coagulant response [8]. Thanks to its highest
negative charge density among all the other known biological macromolecules, HP interacts
ionically with bioactive molecules like GFs, proteins, and cytokines [2]. Consequently, it is
commonly used as coating for implants, especially in a hydrogel form [8]. In addition, HP
positively influences bone cells’ growth and adhesion [8], [19]. HP plays a key role in many
processes such as cell adhesion, proliferation, and binding of proteins that are essential in
development, blood clotting, and angiogenesis [20]. Heparin has been shown to enhance
angiogenesis primarily by stabilizing and potentiating the activity of growth factors like
FGF2, as demonstrated by Manjunathan et al. [21]. Beyond angiogenesis, heparin also
contributes to wound healing through its antimicrobial and anti-inflammatory effects. Ahire et
al. [22] reported that heparin-capped silver nanoparticle-infused nanofibers enhanced healing
while reducing bacterial growth. Similarly, Sayed et al. [23] found that a chitosan/heparin
complex improved wound healing in diabetic rats by increasing the collagen content and
growth factor expression. Heparin-modified curcumin-loaded nanofibers showed superior
wound healing effects compared to unmodified ones [24]. Kohyama et al. [25] further
confirmed that heparin synergizes with bFGF to accelerate skin regeneration. Furthermore,
Yadav et al. [26] showed that functionalization of liver scaffolds with heparin enhanced
angiogenesis and re-endothelialization, underscoring its broader role in vascular tissue

engineering.

Tinzaparin (TP) is classified as a low molecular weight HP (LMWH) and is obtained
through enzymatic depolymerization of unfractionated HP (UFH) [27]. TP, among all the
other LMWHs, has the highest average molecular weight (6,500 Da) [28]. It exhibits the
highest anti-Ila activity [28]. Its advantage is that it has more predictable bioavailability and
safety than UFH [29]. It also binds less to plasma proteins and has a longer half-life time than



HP [30]. LMWHs have been reported to have a lower risk of inducing osteoporosis [31]. The
experiment aimed to investigate, if these advantages can influence the performance of the

materials obtained in this study.

Heparinized materials have been developed to promote the therapeutic efficacy of blood-
contacting surfaces. Treating catheters, stents and other biomedical devices with HP inhibits
blood clotting. A wide range of systems including hydrogels, films, micro and nanoparticle
systems and electrospun nanofibrous membranes containing HP have been designed and
fabricated to improve biocompatibility [32]. Due to the abundance of functional groups in the
structure of HP, heparinized materials can be used in controlled drug and GFs delivery and
enhancement of cell adhesion and differentiation. By preventing non-specific protein
adsorption and localizing GFs, heparinization promotes cell attachment, proliferation and

differentiation on biomaterials [18].

In this research, a new strategy was explored by combining WPI hydrogels with HP or TP to
investigate their potential use as scaffolds for TE with enhanced angiogenic potential.
Swelling analyses, mechanical tests, and enzymatic degradation analyses were conducted to
examine physical properties and differences between control samples and samples containing
HP or TP as additives. Infrared spectroscopy (FTIR) and scanning electron microscopy
(SEM) techniques were employed to confirm the integration of HP and TP into the WPI
hydrogel matrix. Human dental pulp stem cells (hDPSCs) were used for the biological
experiments, as they have been previously reported to promote specific angiogenic
differentiation markers [33]—-[35], making hDPSCs an excellent cellular system to study their
angiogenic differentiation potential when cultured on HP and TP-modified WPI-based
hydrogels. Cytocompatibility assessments were performed to evaluate the adhesion, viability
and growth of hDPSCs seeded on the different types of HP and TP-containing hydrogels. The
angiogenic differentiation potential of hDPSCs cultured on the hydrogels was investigated by

means of the relative gene expression of specific angiogenic markers.

2. Materials and methods
2.1.  WPI-HP and WPI-TP hydrogel formation

The 40% (w/v) whey protein isolate (WPI) solution was prepared from WPI (Davisco Foods
international (Eden Prairie, MN, USA)) and deionized water. Heparin sodium salt (HP) M,,
~ 20,000 g/mol and tinzaparin (TP) M, = 8,000 g/mol, both derived from porcine mucosa,



were supplied by LEO Pharma (Cork, Ireland/Ballerup, Denmark). HP and TP were added
separately to 40% WPI solutions to obtain 2.5%, 5%, 7.5%, and 10% HP and TP
concentrations. Table 1 presents all the obtained samples with their abbreviations. Samples
were left for 1 hour on a vortex to ensure that solutions were well homogenized. Next,
solutions were transferred to 2 ml Eppendorf tubes, which were placed in a 70°C water bath
for 10 min to induce gelation. The obtained hydrogels were sterilized in an autoclave. Sample

groups prepared in this way are described in Figure 1.

Table 1. Table with all the obtained samples with their symbols.

Whey Tinzaparin | Tinzaparin | Tinzaparin | Tinzaparin | Heparin Heparin Heparin Heparin
protein 2.5% 5% 7.5% 10% 2.5% 5% 7.5% 10%
isolate

40%

WPI TP25 TP50 TP75 TP100 HP25 HP50 HP75 HP100

Fig. 1. Macroscopic images of the prepared samples, from the left respectively: A) WPI, TP25, TP50,
TP75, TP100; B) WPI, HP25, HP50, HP75, HP100.

2.2.  Fourier Transform Infrared Spectroscopy (FTIR)




To check if HP and TP were correctly incorporated into hydrogels, FTIR analysis was carried
out. The device used for tests was an Agilent Cary 630 FTIR. FTIR analyses in attenuated
total reflection (ATR) mode were conducted to investigate the chemical bonds in the prepared
hydrogels. To conduct the experiment, samples were cut into small pieces, approximately 1
mm in height. After that, each sample was placed on the clean crystal and the measurement
started. Samples were tested without prior lyophilisation, to maintain their native structure, in

which they would be delivered to the body. Each sample was tested in triplicate.

2.3.  Swelling ratio

To verify the swelling behavior of hydrogels, 10 samples of each material were incubated in 5
ml PBS solution at 37°C for 5 days. The samples were weighed before and after incubation.
Before placing any sample on a scale, the water excess was removed delicately from the

surface with a paper towel. The swelling ratio was calculated from the following formula (eq.

1.):

M .
S% =—"_""1%100
M; Eq. 1.

Where M,, — wet mass, M; — initial mass

Results are presented as mean =+ standard deviation (SD).

2.4.  Enzymatic degradation

To analyze hydrogel behavior in human body fluids, enzymatic degradation tests were
conducted. 10 samples of each material were incubated in 5 ml PBS solution with added
protease (2 mg/L) at 37°C for 5 days. The samples were weighed before and after incubation.
As in the swelling tests, before placing any sample on the scale, the excess water was
removed from the surface with a paper towel. Enzymatic degradation was calculated from the

formula (eq. 2.):

Ma I
D% =——7——x100
M; Eq. 2.

Where M, — mass after incubation, M; — initial mass



Results are presented as mean + standard deviation (SD).

2.5. Mechanical analysis

The load-bearing capacity of the hydrogels was evaluated using static compression testing
with a maximum strain of 60%.. Ten cylindrical samples (1 cm height) were prepared from
each material and tested using Zwick Roell machine. Testing parameters included a
compression rate of 2 mm/min and a maximum strain of 60%. The compressive stress at 60%
strain (F) was determined for each sample using the following formula (Eq. 3.):

F—P
A Eq. 3.

Where P — maximum load at 60% strain, A — cross-sectional area

Results are presented as mean =+ standard deviation (SD).

2.6. Protein release

5 samples of each material were placed in 5 ml PBS solution and left in an incubator set at
37°C for 5 days. After 5 days nano-drop tests were conducted, using a UV-VIS method
(NanoDrop 2000c, ThermoScientific). Each measurement was repeated 3 times. Results are

presented as a mean from all the measurements.

2.7.  Scanning electron microscopy (SEM) imaging

Samples with 10% HP and TP concentration were chosen on the assumption that the biggest
changes in structure would become most apparent at the highest concentrations. Three sample
groups were prepared: control sample WPI, HP100, and TP100. A sample from each of the
three groups was cut to obtain the middle piece of hydrogel. Each piece was dried overnight

before examination with a SEM (JCM-7000 NeoScope™ Benchtop SEM, Jeol).

2.8.  Cell culture and viability



Cellular viability and behavior assays were conducted utilizing DPSCs. The cells were
cultured in alpha-MEM medium supplemented with 15% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 pg/mL penicillin/streptomycin, and 2.5 pg/mL amphotericin and incubated in
a CO; incubator at 37°C. When the cells had reached 80 % - 90 % confluence, they underwent
trypsinization and were seeded onto WPI/HP and WPI/TP hydrogels previously sterilized
through ultra violet (UV) radiation, for 10 min. Each hydrogel was treated with 50 x 103 cells
for the proliferation assay and 10 x 10*cells for the differentiation assay. Additionally, 200 pl
culture medium was added to each hydrogel; this medium was changed every three days. For
differentiation assays, DPSCs were exposed to M199 medium, supplemented with 15% FBS,
1% antibiotics/antimycotics (all from Invitrogen), and the following angiogenic supplements:
75 ng/mL endothelial cell growth supplement (ECGS), 50 pg/mL. HP (all from Sigma-
Aldrich), 50 ng/mL recombinant human (rh) VEGFss, (Invitrogen), referred to as angiogenic

medium. The angiogenic medium was changed every 2 days for a total period of 21 days.

An AlamarBlue™ viability assay was conducted to assess the cellular viability of the WPI/HP
and WPI/TP hydrogels. The hydrogels were treated with DPSCs (n=5). The resazurin-based
indicator stains cells, resulting in a red product that can be analyzed photometrically. At days
3 and 5, 200 pl of AlamarBlue™ reagent, diluted in alpha-MEM at a 1:10 ratio, were added to
each well and incubated at 37°C for 60 min. Post incubation, 100 pl of the supernatants were
transferred to a 96-well plate, and their absorbance was measured at 570 and 600 nm in a
Synergy HTX Multi-Mode Microplate Reader (BioTek, Bad Friedrichshall, Germany). After
this, the cell-seeded hydrogels were rinsed twice with PBS, and their culture media were

renewed.

2.9.  Cell adhesion and morphology evaluation via scanning electron microscopy
SEM was used to examine cell attachment and morphology on the WPI/HP and WPI/TP
hydrogels. The assay was conducted with a JEOL JSM-6390 LV SEM, with an accelerating
voltage between 15 and 20 kV. DPSCs (50 x 10° cells per sample) were seeded onto the
hydrogels and incubated in a CO> incubator at 37°C for 5 days. On day 5, the hydrogels were
rinsed with PBS and fixed using a 4% v/v paraformaldehyde solution, for 15 min. Post
fixation, the hydrogels were dehydrated with ethanol with concentrations ranging from 30%
to 100% v/v. The hydrogels were dried using hexamethyldisilazane (HMDS) to ensure
complete dehydration. This method preserved the structural integrity of hydrogels. Finally,



they were gold coated with a 20 nm thick layer of gold using a sputter coater (Baltec SCD
050).

2.10. Cell migration assay

hDPSCs, in the presence and absence of WPI hydrogels with the addition of HP and TP, were
observed under optical microscopy to evaluate their migratory capacity. A cell migration
assay was performed following the previously established protocol [36]. hDPSCs were seeded
in 12-well plates at a density of 1 x 10° cells/well. Once the cells reached 100% confluency, a
scratch was introduced to the monolayer using a sterile pipette tip. The cells were then
cultured in conditioned angiogenic medium at 37 °C in a 5% CO: incubator. Cell migration
and wound closure areas were analysed using ImageJ software. All experiments were
conducted in triplicates. Data is presented as mean + SD.

2.11. Gene expression analysis by quantitative real time PCR (qPCR)

At days 7 and 21 of differentiation, 1 ml Trizol Reagent was added to the cells for mRNA
extraction. The lysate was transferred into tubes and 200 pl chloroform were added. After
mixing the tubes were left still for 3 min prior to centrifugation for 30 min at 12,000g and
4°C. Approximately 500 pl of mRNA were isolated and transferred carefully to new tubes
where an equal quantity of isopropanol was added. The tubes were left still for 10 min before
being centrifuged for 10 min at 12,000g and 4°C. The supernatants were removed, 1 ml 75%
v/v ethanol was added and centrifuged for 5 min at 7500g at 4°C. The supernatants were
removed and 15 pl RNAse free H2O was added into every tube. The mRNA concentration
and the absorbance ratio 260/280 were measured with Nanodrop before and after the DNase |
treatment. For the cDNA synthesis, PrimeScript RT Reagent Kit (Perfect Real Time)
(TAKARA, Japan) was used according to the manufacturer’s instructions. For the qPCR that
was performed in a CFX Connect Bio-Rad quantitative real time PCR system (Bio-Rad,
USA), the KAPA SYBR Fast Master Mix (2x) Universal (KapaBiosystems) was used. The
primers for the genes examined in this study are presented in Table 2 and include (i) the
CD105 or endoglin, which is a receptor for transforming growth factor beta and its expression
is upregulated in actively proliferating endothelial cells, (ii) the kinase insert domain receptor
(KDR-V) is a gene that encodes the vascular endothelial growth factor receptors (VEGFR),
and (ii1) the von Willebrand factor (vVWF) gene that encodes a glycoprotein involved in
hemostasis, by facilitating platelet adhesion to the exposed subendothelium at sites of vascular

injury and promoting platelet aggregation [37]. Glyceraldehyde-3-phosphate dehydrogenase



(GAPDH) is a housekeeping gene used as a reference. All assays were performed in triplicate,

and the results were expressed as mean + SD.

Table 2. Gene symbols and sequences of the forward and reverse primers.

Gene Forward (5’-3’) Reverse (5’-3’)

symbol

GAPDH AGC CAC ATG GCT CAGACAC GCC CAATAC GAC CAAATC C
CD105 AGT CTT GCA GAAACA GTC CA TGG ACT TCAAGG ATG GCATT
KDR-V CAG CTCACAGTCCTAGAGCG AGATGC CGTGCATGAGACTT
vWF GCT GACACC AGAAAAGTGCC  GTC CTG GAAGAC GTCACT GG

2.12. Tube formation assay

hDPSCs, in the presence and absence of WPI hydrogels with HP and TP, were observed
under optical microscopy to evaluate the modulation of their tube formation potential. Tube
formation assay was performed following a previously established protocol [38]. For the tube
formation assay, hDPSCs were seeded in 24-well plates at a density of 5 x 1000 cells/well,
and maintained in angiogenic medium. Tube-like structures were evaluated after 12 and 24 h
of incubation at 37 °C in a 5% CO: environment. All experiments were conducted in

triplicates. Data is presented as mean + SD.

2.13. Statistical analysis

Statistical analysis was carried out using an ANOVA t-test in GraphPad Prism version 8
software to assess the significance of differences among various hydrogel compositions and
the control at different experimental time periods. A p-value (*) less than 0.05 was considered
significant, **p < 0.01, ***p <0.001, ****p <0.0001, compared to the WPI control hydrogel

at the corresponding time point.

3. Results and discussion

3.1.  FTIR

Figure 2 presents the results of the FTIR-ATR spectroscopy; a control sample (WPI), the
additive in powder form (HP or TP) and hydrogels containing the additive (HP or TP) with



concentrations of 2.5%, 5%, 7.5%, and 10%. It can be seen that the addition of HP and TP
flattened the peak around 3200cm™. A peak around 1000cm™!, a main carbohydrate band (blue
color), and sulphate stretch band (orange color) at around 1200cm™, visible on pure HP and
TP powders, can be also seen on WPI hydrogels with HP and TP additives, and they become
more intense with increasing additive concentration, which suggests that the additives were

successfully incorporated into hydrogels [39], [40].
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Fig. 2. Results of FTIR analysis with highlighted characteristic heparin peaks. The orange color

represents a sulphate stretch band and the blue color represents a main carbohydrate band.

3.2.  Swelling

The results of the swelling assay can be observed in Figure 3A. The results
demonstrate the swelling ratio of each hydrogel sample group, calculated by eq. 1. Both HP
and TP are highly hydrophilic molecules due to the presence of sulphate groups. Sulphate
groups are highly negatively charged, and due to electrostatic repulsion can increase in
osmotic pressure within the hydrogel and the result is a hydrogel with a higher swelling

potential. Therefore, it was expected that the swelling ratio would be higher in the HP and TP



sample groups when compared to the control sample [18]. However, not all samples followed
the expected trend. For example, the TP25 variables demonstrated a lower swelling ratio than
the WPI control sample. Additionally, the HP25 group had only slightly higher swelling ratio
than the WPI control. A potential explanation could be that the small amount of additives like
HP and TP does not exert a great influence on swelling. This would be because at lower HP
and TP concentration there are more available positively charged regions on the WPI for the
HP and TP to electrostatically bind to. This results in ionic crosslinking and a tighter hydrogel
network and a lower swelling ratio. As more HP and TP is introduced to higher
concentrations, there is less WPI to interact with and more negatively charged hydrophilic

sulphate groups, causing the osmotic pressure, resulting in higher swelling.

The highest swelling ratio is for the 7.5% concentration for both HP and TP, which
suggests that this concentration is the best choice when preparing hydrogels with HP or TP for
tissue engineering. Biomaterials possessing a high swelling ratio are desirable in tissue
engineering [41]. Hydrogels are very often enriched with additives that can induce the desired
process. Both synthetic (e.g. metal ions) and natural (e.g. GFs) compounds can be used [41],
[42]. The highest swelling ratio from all the examined samples was for HP75, and was almost
4 times higher than the swelling ratio of the control sample. Samples of 10% concentration
showed a lower swelling ratio than the 7.5% samples, which could suggest a higher degree of
crosslinking, went too high, and there is less space for water to bind [43][44]-[47].
Additionally, the mass loss for the 10% variables could be the result of degradation with
weakening structural integrity past a certain HP and TP concentration. However, any potential
discussion surrounding the binding between WPI and HP TP is currently speculation and

requires further investigations.

3.3.  Enzymatic degradation

The results for the enzymatic degradation assay can be observed in figure 3B. Any
degradation was determined by change in mass calculated using eq. 2. The swelling % of HP
and TP-containing samples is higher than both the WPI control variables. A possible
explanation for this process could be that enzymes break down the bonding between
molecules, which in turn allows more water to bind into the hydrogel before it is degraded.
Additionally, the proteases used in the investigation cleave peptide bonds. An increase in HP

and TP reduces the number of available peptide bonds for cleavage while maintaining the



electrostatic repulsion discussed in the swelling section. The mass change ratio for HP25 and
HP50 samples is lower than for the control sample. Changes in a polymer mesh size can affect
the degradation rate of hydrogels, as a smaller mesh size can be less accessible for larger
molecules such as enzymes, decreasing the hydrogel degradation rate [2][48]. This could be
the explanation for the results of samples HP25 and HP50. However, such discussion must
remain speculative. The results show that with manipulating the concentration of added HP, it
is possible to change the degradation rate of WPI hydrogels, either decrease or increase it. The
result for TP100 is similar to that of the control sample. Adding TP at a concentration
between 2.5% and 10% to WPI hydrogels increases the mass change ratio for hydrogels

compared to the control sample.

Comparing swelling and enzymatic degradation analyses in HP samples, it can be seen that
lower concentrations (HP25 and HP50) do not impact these properties of hydrogels as much
as higher concentrations (HP75 and HP100) do. This can be explained through the fact that
the addition of low HP concentrations only slightly affects the polymer mesh structure, and
consequently, their swelling and enzymatic degradation properties. Higher HP concentrations
may enhance binding of water molecules, which may favor enzymatic degradation. The
opposite trend was observed in samples with TP, as the highest mass change is observed for
TP50, while lower or higher concentrations of TP decrease the mass change. Notably, the
swelling behavior does not correlate with the enzymatic degradation behaviour, which implies
that other mechanisms may be involved in these processes. TP50 exhibited the highest mass
change, which may form breakdown of the hydrogel network that increases enzyme
accessibility. Higher concentrations of TP may result in higher ionic interactions between TP

and WPI, which have an impact on stabilizing the hydrogel’s structure.
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Fig. 3. Diagrams showing A) the average swelling ratio [%] and B) the enzymatic degradation
expressed as average mass change ratio [%] after 5 days of incubation with standard deviation poles

for each material [n=10].

3.4.  Mechanical analysis

Figure 4 shows the average compressive stress at 60% strain for each sample group. The
control sample shows the highest compressive stress at 60% strain, and as predicted, the
additives lower the compressive stress values. The explanation could be that HP and TP
increase hydrogel porosity, which leads to lower mechanical properties [3]. The trend of
lower mechanical properties at 2.5%, an increase at 5%, and a subsequent decrease at higher
concentrations is consistent for both additives. Both TP50 and HP50 showed the best results
among the samples with additives, suggesting that a 5% additive concentration is optimal for
achieving the best mechanical properties. In samples with added TP, there are no visible
differences between the concentrations, whereas in samples with HP, a notable difference is

observed between HP50 and HP100.
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Fig. 4. Diagram showing average compressive stress at 60% strain [kPa] with standard deviation poles

for each material [n=10].

3.5. Protein release



Figure 5 shows the protein release measured with a UV-VIS NanoDrop equipment. In both
pictures, the whole measured spectrum is shown on the left, while on the right, a specific
wavelength range presents a difference in protein release from each material. It is apparent
that the control sample without any additives showed the highest absorbance, demonstrating
that the protein release was the highest from these samples. Samples with the addition of HP
and TP showed lower values, which could suggest that less protein is released. This may
conceivably be due to strong bonds between protein in WPI and TP or HP. If the mesh size is

smaller and crosslinking is higher, the release of protein may be hindered [2], [48].
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Fig. 5. Results of photometric measurements of the protein release profile for WPI and WPI with A),
A’) HP and B), B’) TP at different concentrations: A), B) the absorbance across the entire wavelength
range; B) a detailed view of the boxed region (240-300 nm).

3.6.  SEM imaging

SEM analysis (Fig. 6) revealed clear differences in terms of the microstructure and

morphology of the hydrogels with and without the additives. However, HP and TP-modified



samples were similar. Both are characterized by visibly round-shaped substructures, while the
WPI hydrogel appears smoother. It indicates that hydrogels containing HP and TP are well-
bonded and have more porous microstructure in the dry state, which is a desirable property in
TE [3]. Porosity provides space for cells to migrate and proliferate through biomaterial, which
leads to forming a new tissue, while the biomaterial is degraded. However, it should be noted
that the structure in the dry state is not necessarily representative of the structure in the wet

state. In the absence of further data, such discussion must remain speculative.

Fig. 6. SEM images of the hydrogels: A) HP100, B) TP100, and C) WPI; scale bar 10 pm.

3.7.  Cytocompatibility of the hydrogels

In vitro analysis with DPSCs was conducted to determine the cytocompatibility of WPI with
HP and WPI with TP hydrogel samples. An AlamarBlue™ cell viability assay was utilised to
assess the cytocompatibilty on days 3 and 5 in culture (Fig.7A). No significant differences
were evident among the different sample groups containing additives compared to the WPI
control. However, for the WPI hydrogels containing HP, as the concentration of HP increases,
the cytocompatibility levels slightly decrease. On day 5, the HP25 sample exhibited the
highest cell viability values compared to all other concentrations, including the WPI control;
however, the differences were not statistically significant. The opposite trend was observed
for the WPI with TP variables. TP100 exhibited higher absorbance values among the other
WPI with TP variables including the WPI control, on day 5. These molecular size optimized
LMWHs or ultra low molecular weight HPs (ULMWHs) have shown great potential in
clinical applications as drugs with improved therapeutic effects and low toxicity when
compared with large UFHs [49]. No obvious correlation with swelling (Fig. 3) and

mechanical testing results (Fig. 4) was observed.
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Fig. 7. A) Cell viability and proliferation of DPSCs seeded on WPI with HP and WPI with TP
hydrogels. Absorbance values were taken at days 3 and 5. Each bar represents the mean = SD of n=5.
B) SEM images demonstrating the cellular morphology of DPSCs on WPI with HP (left) and WPI
with TP (right) hydrogels (B). Images were taken in 2000x magnification after 5 days in culture. The

scale bars represent 10 um.

3.8.  Cell adhesion and morphology evaluation

The cells change their shape and morphology to adhere onto the biomaterial surface once they
come into contact with it. The progress of cell adhesion and spreading consists of cell
attachment, filopodial growth, cytoplasmic webbing, flattening of the cell mass and the
ruffling of peripheral cytoplasm [50]. Therefore, cell adhesion has been widely used to
investigate the cell behaviour on biomaterials. In this study, the adhesion of DPSCs was
assessed through SEM imaging (2000x magnification) after 5 days in culture (Fig. 7B).
DPSCs cultured on the WPI with HP and WPI with TP hydrogel compositions demonstrated
robust attachment to the hydrogels. By day 5, dense layers of cells were observed, along with

prominent cell—cell interactions, which are likely to support tissue formation. All hydrogel



types showed stronger cell attachment compared to the WPI control, indicating enhanced
cytocompatibility and cellular integration onto the hydrogels. Similar to the viability
assessment, the set of SEM images did not reveal any substantial differences between the
various concentrations, with the exception of the control. Cells cultured on WPI control
hydrogel appeared more rounded and showed limited spreading. This is in line with previous
studies reporting that tissue culture surfaces coated with GAGs such as HP support greater
proliferation of MSCs [51], [52]. Additionally, HP-functionalized hydrogels and heparinized
nanoparticles have also been developed to support the viability and differentiation of hMSCs
[53], [54]. No obvious correlation with swelling (Fig. 3) and mechanical testing results (Fig.

4) was observed.

3.9.  Wound healing assay

The scratch test, also known as wound healing assay, is a method used to evaluate the
angiogenic potential of cells, as cell migration is a key parameter in the formation of new
blood vessels. After a scratch was made on an hDPSCs monolayer, optical microscopy images
were taken at 0, 8, 16, 24, and 32 h (Figure 8A). All of the samples showed complete wound
closure at the final time point. At 24 h the samples showed the same significant difference
(Figure 8B). Significant differences were not observed between the control, TP25 and HP100
at 16 h, while all the other samples showed significant differences. These samples exhibit the
most similar behaviour in comparison to the control sample, suggesting their effect on the
natural behaviour. The lengths (gaps) at 24 h were the smallest for TP25 and HP100. TP25
and HP100 exhibited the most pronounced cell migration, suggesting enhanced angiogenic

potential compared to other conditions.
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Fig. 8. Representative optical microscopy images (A) and quantification of the length (gap closure)
(B) of the cell migration assay taken at 0, 8, 16, 24, and 32 h. From the left: TCPS; WPI; TP25;
TP100; HP25; HP100. Dashed lines (in red) were added to depict the scratch (gap). Scale bars
represent 00 um. Significant differences were calculated between the tissue culture treated polystyrene
(TCPS) control and each of the samples. Each graph represents the mean + SD of at least n=100
(*p<0.05, **p<0.01, ****p<(0.0001, denotes a statistically significant difference compared to the
TCPS control).

3.10. Evaluation of the angiogenic differentiation potential of the hDPSCs cultured
on hydrogels

hDPSCs hold significant promise for promoting vasculogenesis and angiogenesis [33], as they
are capable of differentiating into endothelial cells in vitro [34], [35]. This unique capability
makes hDPSCs highly suitable for exploring the angiogenic differentiation processes for
tissue engineering applications. The evaluation of the relative gene expression at days 7 and
21 for the WPI with HP and WPI with TP containing hydrogels provided critical insights into
the angiogenic differentiation potential and maturation of DPSCs. The relative gene
expression levels of CD105, KDR-V and vWF at these time points were examined (Fig. 9).
The lowest (TP25, HP25) and highest (TP100, HP100) concentrations were selected for this
study. The assessment of the lowest and highest concentrations allows for a comparison
between minimal and maximal dose effects, providing insight into both the supportive and

potentially inhibitory roles of HP and TP on angiogenic differentiation.

For the HP-containing hydrogels on day 7, HP100 exhibited significantly higher levels of
CD105 expression compared to the control WPI, suggesting enhanced angiogenic response,
while HP25 demonstrated lower CD105 expression than the control. By day 21, all hydrogels
showed a decrease except HP25, which could be linked to the higher CD105 expression

observed earlier on day 7.
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Fig. 9. Relative expression levels of the genes CD105, KDR-V, vWF after 7 and 21 days in culture
conditions for the heparin-containing hydrogels (upper panel) and tinzaparin-containing hydrogels
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compared to the WPI control). The values that are not visible represent a relative gene expression <1.

On day 7, HP25 and HP100 had approximately similar KDR-V levels, which were higher
than WPI. On day 21, a distinct trend emerged, HP25 experienced decreased KDR-V levels
compared to day 7, while WPI and HP100 samples increased their values, with the latter
presenting significantly higher values than the control. This rise might indicate a prolonged
retention of VEGFR-2 or delayed activation respectively. The VEGFR-2 signalling pathway,
the most critical ligand-receptor pair within the VEGF system, activates networks that drive
endothelial cell proliferation, migration, survival, and the formation of new blood vessels,
which is essential for angiogenesis. Moreover, the presence of VEGFR2 also integrates

mechanical and chemical cues, contributing to enhanced endothelial differentiation [55].

On day 7, WPI showed the highest vVWF expression, indicating strong angiogenic activation.
HP25 and HP100 showed lower vWF expression values, which suggests that HP may have
initially hindered angiogenic activation or impaired early vWF production. This could also be

attributed to HP’s role in modulating hemostasis [56]. VWF is a key factor to primary



hemostasis, facilitating platelet adhesion and aggregation at sites of vascular injury. HP,
incorporated into these hydrogels, acts as a potent anticoagulant by inhibiting thrombin and
Factor Xa activity [57]. This anticoagulant environment created by HP could suppress early
vWF expression as the hydrogels establish a microenvironment that activates anticoagulation.
On day 21, WPI presented the highest values. However, as differentiation progresses, vVWF
expression increases for HP25 and HP100, potentially signalling the cell transition toward a
more mature endothelial phenotype. Significant differences were not observed. Such trends
show that while WPI initially promoted higher vVWF expression, HP may provide a late-stage
boost. According to a previous study [58], PLLA/HP scaffolds have been reported to support
angiogenic differentiation over time. Extended experiments demonstrate the sustained
expression of angiogenic markers such as CD31 and vWF beyond one week. The observed
persistence and progression of these markers, suggests the scaffolds’ ability to induce a
sustained angiogenic commitment while maintaining the biological functionality of released

HP.

In general, HPs facilitate the binding of many proteins to high-affinity receptors on cells,
particularly within the endothelium [38], [59]. The gene expression profile of the DPSCs
stimulated in the presence of HP can be explained through factors such as VEGF1¢s and FGF-
2, which normally associate with heparan sugars on cell surfaces to form
ligand:sugar:receptor complexes that induce proliferative signals. It is also well described in
the literature that VEGF 65 affinity-selected sugars have been shown to exert pro-angiogenic

effects on endothelial cells [60].

For the TP-containing hydrogels on day 7, TP25 exhibited significantly higher levels of
CD105 expression compared to the control WPI, suggesting enhanced angiogenic response.
TP100 demonstrated lower CD105 expression but higher than the control. By day 21, all
hydrogels showed a decrease except TP100, which maintained higher CD105 levels than the

control, which could be translated to sustained angiogenic stimulation.

WPI control hydrogels and TP25 exhibited the highest KDR-V expression on day 7 with
TP25 having higher KDR-V levels compared to WPI. TP100 had the lowest KDR-V
expression on day 7, suggesting that higher TP concentrations may have inhibitory effects on
the VEGFR-2 pathway. By day 21, all samples displayed increased expression values.

However, TP25 showed significantly higher values than the control.



On day 7, WPI showed the highest vWF expression, indicating strong angiogenic activation.
On day 21, all samples showed increased vWF expression. TP25 had the highest vWF values,
which suggests that TP may have initially hindered angiogenic activation or impaired early
vWF production. Such trends show that while WPI initially promoted higher vWF expression,
TP may cause a late-stage increase in VWF, suggesting delayed but extended angiogenic

activity. No significant differences were observed.

As a consequence of the lower mean molecular weight of the HP fragments, it is possible that
the LMWHs used in this study might prevent the binding of GFs to their receptor on
endothelial cells and thus inhibit their functions [61]. Our results are in line with those of
other studies that have explored the effects of HPs on angiogenesis in different
experimental in vivo and in vitro models. In an animal model of angiogenesis, it has been
shown that FGF-2- and VEGF'®-induced angiogenesis is more suppressed by a LMWH, or
HPs enriched in 2.5 kDa and 5.0 kDa species, than by high molecular weight HPs [62], [63].
Similarly, in anin vitro model of angiogenesis in human umbilical vein endothelial cells,
LMWH in the range of 3-6 kDa significantly inhibited FGF-2- and VEGF-induced
angiogenesis, whereas no inhibition was observed with UFH, tetrasaccharide, pentasaccharide

and octasaccharide [64].

Overall, the results demonstrate that both HP- and TP-containing WPI hydrogels affected the
cytocompatibility and the angiogenic potential of hDPSCs, with variations observed
depending on the concentration of HP and TP. SEM imaging and cell viability assays
confirmed robust cell attachment and viability across all hydrogel types, with HP25 and
TP100 showing the highest cytocompatibility by day 5, however, the differences were not
statistically significant. Gene expression analysis revealed that higher concentrations of HP
and TP (HP100, TP100) supported the prolonged expression of the markers CD105, KDR-V,
vWF, indicating sustained angiogenic stimulation. These findings highlight the potential of
tailored HP and TP concentrations in hydrogels to optimize the angiogenic differentiation

potential in tissue engineering applications.

3.11. Tube formation assay

Tube formation assay is an effective method for evaluation of the angiogenic potential of
biomaterials. Figure 10 presents the results of the assay with images taken at 12 and 24 h. In

the control samples, cells appear more aligned in linear arrangements, whereas TP25 and



HP100 exhibit the most distinct tube-like structures. TP100 and HP25 also show some

circular or rounded formations, but these are less prominent.

TCPS WPI TP25 TP100 HP25 HP100

Fig. 10. Optical microscopy images depicting the tube formation taken after 12, and 24 h. From the
left: TCPS; WPL; TP25; TP100; HP25; HP100. Scale bars represent 100 um at 10x magnification

(upper panel), and 50 pm at 20x magnification (lower panel).

4. Conclusions and Outlook

The objective of this research was to study WPI hydrogels synthesized with 2.5%, 5%, 7.5%,
and 10% concentrations of HP or TP. FTIR and SEM analyses confirmed successful
incorporation of both additives into the hydrogels. Mechanical tests showed a similar trend for
both, with the 5% concentration yielding the highest results. The 7.5% concentration
displayed the greatest swelling properties, though the difference between TP75 and TP100
was smaller than between HP75 and HP100. None of the samples were cytotoxic, although
increased HP content slightly decreased cytocompatibility. After 5 days, TP100 and HP25
displayed higher cytocompatibility compared to the control. SEM imaging revealed that
hydrogels with HP or TP displayed better cell attachment than the WPI control, with no
significant differences among the concentrations. Gene expression analysis by quantitative
PCR revealed that HP100 and TP25 exhibited the highest angiogenic potential in vitro. These
samples showed the highest KDR-V expression after 21 days and the highest CD105 levels
after 7 days. Among all tested samples, TP25 demonstrated the strongest vVWF expression.
The results of the scratch and tube formation assays are consistent with the PCR data, as TP25
and HP100 also showed the most pronounced proangiogenic activity in these functional tests.

The obtained hydrogels had a positive impact on angiogenic markers, and in the previous

\ " [ 20x



works they were reported to enhance osteogenesis. Taking those facts into consideration, WPI
hydrogels with the addition of HP and TP may find use as a material promoting angiogenesis.
The sample containing 2.5% TP showed the best properties overall among all the other
samples, and is recommended for further evaluation, which should focus on additional

angiogenic markers and other cellular responses in endothelial cells in vitro.
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TE - tissue engineering;

GFs - growth factors;
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ECM - extracellular matrix;

hDPSCs - Human dental pulp stem cells.
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