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Abstract

Functionalized hydrogels stimulate the migration and morphogenesis of endothelial cells (ECs) and are useful substrates
for wound healing. The present study investigates the feasibility of covalent conjugation of taurine (Tau) on a gelatin-based
hydrogel. This hydrogel is expected to maintain positive charged growth factors such as basic fibroblast growth factor
(bFGF) and vascular endothelial growth factors (VEGFs) near ECs within the hydrogel microenvironment. The gelatin
was conjugated with hydroxyl phenol (Ph) and Tau moieties, and in following that Ph residues were crosslinked through a
horseradish peroxidase-catalyzed reaction. The migration characteristics of ECs were analyzed by scratch migration assay
and microparticle-based cell migration assay. Cellular morphology and amounts of angiopoietin 1 (Ang 1), bFGF, and VEGF
proteins were evaluated for encapsulated cells. The potential of synthesized hydrogels in wound healing was assessed by
the percentage of reduction from the original wound size and histopathological analyses of rat skin. The incorporated Tau
molecules within the hydrogel remained stable through covalent bonds during incubation. During extended incubation,
the gelatin-based hydrogel conjugated with Tau improved the migration distance and number of existing migrated ECs.
Immobilized Tau within the gelatin-based hydrogel induced high motility of ECs, accompanied by robust cytoskeleton
extension and a cell subpopulation that expressed CD44 and CD31 receptors as well as enhancement of Ang 1, bFGF, and
VEGF. We found that injectable Gel-Ph-Tau effectively improves wound-healing parameters.
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Introduction

Treatment of skin wounds is one of the most expensive global
healthcare challenges [1, 2]. In addition, wound healing can
be fragile and may lead to chronic, incurable wounds that
rupture or fail. Issues involved in chronic wound healing
include diabetes, venous or arterial disease, infection, and
metabolic deficiencies in old age [3, 4]. The wound-healing
process is a pathological condition affecting the anatomical
and functional structure of the skin. Inflammation, prolif-
eration, migration, and remodeling are the four phases of
wound healing [4—6]. Immediately after injury, hemostasis
occurs, and involves platelet aggregation and blood coagu-
lation. In the second phase, neutrophils and reactive oxygen
species (ROS) clean debris and eliminate bacteria [7]. The
proliferation phase is accompanied by an accumulation of
numerous skin cells and formation of granulation tissue.
In this phase, extracellular matrix (ECM) components (col-
lagen, hyaluronic acid, proteoglycans, and elastin) play a
significant role in the granulation process. Formation of new
tissue is also influenced by growth factors and cytokines [8,
9]. Finally, in the remodeling phase, fibroblasts cover the
entire injury [10].

As noted, ECM plays an important role in wound heal-
ing; therefore, replicating its features with materials can be
helpful. Hydrogels are three-dimensional (3D), hydrophilic,
highly absorbent cross-linked polymer networks, and capable
of absorbing a great quantity of water or biological flu-
ids. They have a soft network consistency similar to that of
native ECM [11-13]. In other words, hydrogels more closely
resemble natural living tissue environments than other scaf-
fold types, making them promising scaffold materials for
many tissue engineering and regenerative medicine appli-
cations [14]. Selection of suitable hydrogel materials and
availability of biofunctional groups, and finding the best
methods of manufacturing matrices with desirable charac-
teristics, are vital factors in tissue regeneration research [15,
16]. Several natural and synthetic hydrogels functionalized
with bioactive groups have been employed as wound dress-
ing substrates [17—19]. Natural hydrogels such as hyaluronic
acid [20], fibrin [21], and collagen [22] and its denatured
form gelatin [23], contain bioactive and/or cell adhesive
sequences that provide cell attachment, proliferation, and
migration. However, promotion of hydrogel bioactivity and
function through immobilization of such molecules in the
hydrogel structure would upregulate their effectiveness in
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Fig. 1 a Schematic illustrations of a conjugated phenol (Ph) group and
taurine (Tau) on gelatin backbone, and hydrogel formation through
horseradish peroxidase (HRP) catalyzed crosslinks between Ph moi-
eties in Gel-Ph-Tau. b Gel-FluPh microparticle production through the

biomedical applications [24]. The novel properties of gelatin
have attracted a great deal of attention. Gelatin has excel-
lent features, such as hemostatic properties, biocompatibility,
non-toxicity, low antigenicity, non-immunogenicity, and cell
binding sites, making it suitable for biomedical applications
[25, 26]. Functional groups in gelatin allow it to be modi-
fied and crosslinked with different crosslinking techniques
(chemical and enzymatic) for hydrogel formation [24, 25,
27, 28]. The hydrogelation via peroxidase-catalyzation due
to occurrence in a mild condition has become one of the
most popular methods of crosslinking among biopolymers
[29-31]. Horseradish peroxidase (HRP) is one of the most
commonly used peroxidases, known for its ability to gel in a
matter of seconds [4, 28, 32].

Recently, antioxidants have gained considerable attention
in biomedical applications because of their ability to act as
reducing agents, hydrogen-donating antioxidants, free rad-
ical scavengers, and singlet oxygen quenchers [5, 33, 34].
Free radicals are involved in homeostasis and the transmis-
sion of messages. They are also produced naturally in the
body, but unusually high levels cause chronic inflammation,
which makes treatment difficult [33, 35]. Free radicals impair
the metabolism of fibroblasts, keratinocytes, and endothelial
cells by lipid peroxidation, which disrupts the wound healing
process [5, 36, 37]. To eliminate the damaging effects of free
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radicals, various antioxidants have been used in wound heal-
ing [38, 39]. Taurine (2-aminoethanesulfonic acid, Tau) is a
non-essential sulfur-containing amino acid found in almost
all mammalian tissues, and it plays an important physio-
logical and pathological role in various organ and tissue
components [40—42]. This substrate is a powerful antioxidant
that has positive effects on inflammation, cell proliferation,
and collagen synthesis [36, 43, 44]. The valuable effects
of Tau as an antioxidant in biological systems have been
linked to its ability to stabilize biomembranes, scavenge
ROS, and decrease peroxidation of unsaturated membrane
lipids [44—46]. Tau has been used to prevent oxidative dam-
age to skin wounds because it heals wounds [36].

Several studies have shown that gelatin affects cell migra-
tion and tissue organization during wound healing, and may
cause epithelial tissue formation at the cellular level. How-
ever, in this study, we hypothesized that the development
of Tau and hydroxyl phenol (Ph)-conjugated gelatin hydro-
gels would be a useful strategy to accelerate the healing of
chronic wounds (Fig. 1a). The plan was to apply a gelatin-
based dressing to promote endothelial cell (EC) proliferation,
migration, and angiogenesis and achieve rapid wound heal-
ing (Fig. 1). The designed hydrogel was characterized using
various methods. First of all, the biophysical properties were
evaluated. Secondly, we investigated their effect on EC motil-
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ity in two-dimensional (2D) and 3D systems with scratch
and microparticle-based cell migration assays (Figs. 1b and
Ic), respectively. Next, cell proliferation and morphology and
expression of EC markers and proteins were determined to
prove the functionality of conjugated Tau residues. Finally,
wound closure and regenerated tissues were characterized
(Fig. 1d).

Materials and methods
Materials

Gelatin (Type A, 300 bloom; ~50,000 and 100,000 Da),
taurine, N-Hydroxysuccinimide (NHS), HRP (160 U/mg),
sodium periodate, collagenase (170 U/mg), tyramine,
water-soluble carbodiimide hydrochloride (WSCD), and 2-
morpholinoethanesulfonic acid (MES) were purchased from
Sigma (St. Luis. MO, USA). The H,O, aqueous solution
(30%, mass fraction) and other chemicals were obtained from
Dr. Mojallali (Iran).

Cell culture

Endothelial cells (ECs) were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% (volume frac-
tion) fetal bovine serum (FBS), 100 pg/mL penicillin, and
100 pg/mL streptomycin in a humidified atmosphere of 5%
C0O2/95% air at 37 °C. Following the guidelines of the Ethics
Committee on Research of Fasa University of Medical Sci-
ences, cellular behaviors in the fabricated hydrogel were
evaluated.

Preparation of taurine/phenol conjugated hydrogel

Gel-Ph-Tau was synthesized by amide-bond formation via
carbodiimide-mediated condensation of the carboxyl groups
of Gel with the amino groups of Tau using WSCD and NHS
in MES buffer [43]. The Gel-Ph was synthesized in a simi-
lar way, by conjugation of the amino groups of gelatin with
the carboxyl groups of tyramine. The amino group of Tau
was conjugated with the carboxyl groups of gelatin. Briefly,
gelatin was dissolved in 50 mmol/L MES buffer (pH 6.0) at
5 g/L. WSCD, NHS, tyramine, and Tau were added to this
solution at 3.8, 3.2, 3.3, and 2.2 g/L, respectively. The amino
reduction conjugation reaction was performed at room tem-
perature for 16 h with mild stirring. To remove any remaining
chemicals, the final solutions were dialyzed against deionized
water using 12 kDa dialysis membranes, with the deionized
water being changed every six hours. Afterward, modified
Gel derivatives were lyophilized. The feasibility of conjuga-
tion of Ph and Tau contents to the backbone of the resultant
polymers was determined through Fourier-transform infrared

spectroscopy (FTIR). The degrees of substitution of Ph and
Tau residues were determined spectrometrically (UV-VIS)
at 275 nm, using the calibration curve of tyramine and at
570 nm by a ninhydrin reagent method, using a calibration
curve pre-determined for known percentages of Tau substrate
[41,43,47].

Fabrication of fluorescent microparticles

We used a double-orifice microfluidic device for micropar-
ticle fabrication [43, 48]. A combination of Gel-FluPh 5%
(0.05 g/mL) and 40 U/mL HRP with a flow rate of 70 wL/min
was inserted in 180-pwm-diameter channels (inner channel).
Liquid paraffin containing H,O; and lecithin was introduced
to the outer channel at a flow rate of 2 mL/min. The process
of combining H»O; and paraffin was carried out by homog-
enizing 60 mL of liquid paraffin and 0.6 mL of aqueous
H;,0; solution (12 mol/L) for 10 min. After centrifuging at
3000 r/min to eliminate the surplus HyO», the prepared emul-
sion was mixed with liquid paraffin containing 4% (mass
fraction) lecithin at a ratio of 1:3. To separate microparticles
from the liquid paraffin, the microparticles underwent several
washing processes with the addition of calcium-free Krebs
Ringer HEPES-buffered saline (CF-KRH buffer) at each step
(including centrifugation at 1000 r/min for 1 min, followed
by two washing steps at 1500 r/min for 4 min). Finally, the
prepared Gel-FluPh microparticles were incubated for cell
migration assay of hydrogels.

Hydrogel characteristics

Polydimethylsiloxane (PDMS)-based mold was used to fab-
ricate cylindrical hydrogels for mechanical testing (5 mm
diameter, 600 pL volume) [49]. We fabricated hydrogels of
Gel-Ph and Gel-Ph-Tau at 3% (0.03 g/mL) in the presence
of HRP and H>O, at 2 U and 1 mmol/L, respectively; they
were then kept at 25 °C for 1 h to complete polymeriza-
tion and hydrogel network formation. Fabricated cylindrical
hydrogels were placed in a compression machine (Zwick-
Roell Z010, Germany). Additional cylindrical hydrogels
were made identically to those created for the mechanical
tests and were immersed in the PBS buffer for swelling and
degradation tests [47]. To calculate the swelling ratio, we
recorded the weight of each hydrogel before immersion (W;)
and removed the hydrogel immersed in PBS to record the wet
weight (W), before which the surface water on the hydrogel
was quickly removed using paper. Calculation of the swelling
ratio was based on the following formula: (W—W;)/W;.

Hydrogels were soaked in PBS media containing 1 U/mL
of collagenase type I for degradation study. The excess water
from cylindrical hydrogels was wiped off, and the hydrogels
were weighed until after 21 days.
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Scratch migration assay

Endothelial cells (ECs) were seeded in a 24-well cell culture
plate to form a cell monolayer with 80% confluency. Next,
we used a yellow pipette tip to scratch cells on the tissue cul-
ture plates. To remove cell debris, wells were washed with
culture media and then refilled with new culture medium.
Culture media with four different conditions, including nor-
mal medium (Negative condition; group 1), Gel-Ph 3% (0.03
g/mL) (group 2), Gel-Ph 3% (0.03 g/mL) + soluble Tau
0.172% (0.00172 g/mL) (Sol Tau; group 3), and Gel-Ph-Tau
3% (0.03 g/mL) (group 4), were prepared and added to cul-
tured cells. The amount of Tau in group 3 was equal to that
in group 4 (Gel-Ph-Tau condition). Cell images were taken
in the well plates immediately following the addition of new
media and 24 h after that [50, 51].

Cell migration in hydrogels

Gel-FluPh microparticles were produced with the help of the
microfluidic system to promote cell migration in 3D hydro-
gels, similar to the previously established method [43]. The
stained ECs with green cell tracker dye were seeded onto
microparticle surfaces by placing them in a non-adherent
culture plate for 24 h. The cell-coated microparticles were
embedded into 600 wL of prepared 3% (0.03 g/mL) gel-
based hydrogels of different compositions, including Gel-Ph,
Gel-Ph-Tau, and Gel-Ph+Sol Tau, which were polymerized
by adding HRP (0.5 U/mL) and H>O> (0.5 mmol/L). The
culture medium was replaced every day following hydrogel
placement in the non-adherent 24-well tissue culture dish. At
different time intervals (0, 3, 7 days), cellular position was
monitored using a fluorescence microscope (Labomed invert
microscopic). The number of migrated cells and their average
distance from the surface of microparticles were determined
according to obtained images and Vernon and Sage’s method
[52].

Cellular behavior in hydrogels

Solutions of Gel-Ph, Gel-Ph-Tau, and Gel-Ph+Sol Tau
(at concentrations of 0.03 g/mL) were mixed with ECs
(2x10° cells/mL solution), HRP (0.5 U/mL), and H,0,
(0.5 mmol/L), and then 360 wL of each solution was poured
into a 24-well cell culture plate. To probe cellular morphol-
ogy, we fixed the encapsulated cells with 4% (0.04 g/mL)
paraformaldehyde for 15 min and observed their morphol-
ogy with a confocal laser scanning microscope (CLSM;
Nikon C2, Nikon Corp, Tokyo, Japan). In addition, the
hydrogels were exposed to the 0.5-mg/mL. MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at
specific time intervals (0, 3, 7 days) and incubated for 4 h.
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The MTT reagent was then replaced with dimethyl sulfox-
ide (DMSO) for color intensity measurements of DMSO at
450 nm by ELISA microplate readers.

Flow cytometry assay

On the 7th day of embedded EC incubation in hydrogels,
ECs were recovered using collagenase. The recovered cells
were washed three times with buffer (PBS and 5% bovine
serum albumin. Cells were incubated on ice with mouse
anti-human CD44 and CD31 antibodies (BD Biosciences,
Franklin Lakes, NJ, USA) for 45 min in the dark. After wash-
ing cells three times with cold buffer, assays were performed
using a BD Accuri C6 flow cytometer (BD Biosciences, CA,
USA) [53].

Reverse transcription polymerase chain reaction
(RT-PCR) assay

After seven days, the hydrogels containing ECs were
immersed in collagenase type I to recover cells, followed
by three washing steps with PBS. We accomplished RNA
isolation using previously established methods [54, 55].
After adding TRIzol reagent (Invitrogen, Carlsbad, USA),
we mixed lysed solutions with chloroform and centrifuged
them (at 14,000g) for 30 min. Then, the supernatant was col-
lected and mixed with an equal volume of isopropanol. The
mRNA sediments were collected by centrifuging the resul-
tant solution for 5 min at 14,000g. Next, a cDNA synthesis
kit (AE301-02, TransGen Biotech) was applied to reverse
transcribe the RNA into cDNA, which was then mixed with
a supermix solution (AQ601-01, TransGen Biotech) and
primers (Table 1). Finally, a 7500 real-time PCR system
(Applied Biosystems, CA, USA) was used to perform the
RT-PCR test.

Animal studies

The functionality of hydrogels for wound healing was
assessed using a full-thickness excisional wound model [56,
57]. To this end, we divided 20 healthy adult male rats
into four groups. Before we created wounds, the rats were
anesthetized (0.1 mL ketamine 10% (volume fraction) and
0.05 mL xylazine). After shaving the rats’ skin and washing
it with ethanol 70%, we used a curved surgery scissor to cre-
ate a full-thickness circular wound (diameter of 1 cm). The
first group of rats, a negative control group, had not under-
gone any treatment. In the second group, the positive control
group, animals were treated with paraffin gauze. In the third
group, wound areas were covered with Gel-Ph. Finally, the
fourth group of injured animals was treated with Gel-Ph-
Tau. The wound areas were washed every 4 days with PBS
and the dressing replaced with a fresh corresponding sample.



Bio-Design and Manufacturing (2023) 6:284-297

289

Table 1 Primers used in

real-time PCR analysis Gene Primer (5-3) Annealing temperature (°C)

VEGF CCT CCG AAA CCATGA ACTTT 57
TTC TTT GGT CTG CAT TCA CAT T

bFGF TCT GGC AGT TCC TTA TGA TAG 58
AAA TAC AAC TCC CAT CAC CAG

Ang 1 TTC CTT TCC TTT GCT TTC CTC 59
CTGCAGAGCGTTTGTGTTGT

GAPDH CCT GTA CGC CAA CAC AGT GC 57

ATA CTC CTG CTT GCT GAT CC

At time intervals of 0, 4, 8, and 12 days, wound reduction
was tracked with a digital camera. Quantitative analysis was
performed with a combination of image analysis and the fol-
lowing equation [36]:

Wound area at the given time

Wound closure = (1 — ) x 100%.

Initial wound area

Histopathology

At the end of the study, the animals were euthanized by anes-
thetic overdose (100 mg ketamine and 25 mg xylazine/kg
body weight). The wound site was excised, and the treated
tissue was used for histological assessment. Just after wound
isolation, the specimens were fixed with paraformaldehyde
4%, gradually dehydrated (using ethanol 50% to 95%),
and embedded in paraffin. To assess the privileged histo-
logically healing condition, the specimens were sectioned
in 6-um slices by a rotary microtome and stained with
hematoxylin—eosin (H&E) and Masson’s trichrome (MT)
stain. The stained samples were observed by an independent
pathologist using a light microscope.

Statistical analysis

We used the two-tail T test to analyze quantitative data using
an ANOVA to determine statistical significance (P<0.05).
Resultant data were presented as means with standard devi-
ations (SDs).

Results and discussion

Characterization of synthesized Gel-Ph-Tau

The Ph contents of the resultant Gel-Ph-Tau and Gel-Ph

were determined to be 1.81x 10~* mol-Ph/g-Gel-Ph-Tau and
1.94x10~* mol-Ph/g-Gel-Ph, using an ultraviolet—visible

spectrometer. The Tau conjugated was 4.6 x 10~ mol-Tau/g-
Gel-Ph-Tau (or 5.75 mg Tau/g-Gel-Ph-Tau). The FTIR
spectra (Fig. 2a) indicated the characteristic peaks of Gel,
including a strong band at 1620-1640 cm~! proving the
C=C groups of Ph, a hydroxyl O-H broadband in the range
of 3000-3400 cm ™!, and an ether aliphatic C—H stretching
band (2840-2910 cm™!). The peak at 1190 cm™' con-
tributed to stretching vibrations of carboxylic functional
groups related to aliphatic ether. Also, the spectra of designed
hydrogels showed that the Gel-based fingerprint bands at
1250-1280 cm~! were related to the C-N and N-H bands
at 1633 cm™! (typical of amide I), 3420 cm~! (amide A),
and 29 150 cm~! (amide B). The peaks for N-H stretch-
ing vibration of amine I, carbonyl stretch of amide II, and
amide III appeared at 1637, 1558, and 1414 cm™!, respec-
tively. The peaks for asymmetric and symmetric stretching
vibration bands of the sulfonate (O=S=0) group were at
1125 and 1181 cm™!. These results indicated that Tau was
conjugated onto the Gel-Ph-Tau chain without breaking the
structure.

Physical characteristics of hydrogels

We used prepared cylindrical hydrogels for characterization
of the physical properties of the samples (Fig. 2b). As shown
in Fig. 2c, the Gel-Ph and Gel-Ph-Tau were tested under
compressive stress—strain profiles up to 80% strain. Unlike
Gel-Ph, which was resistant to 128 kPa, the Gel-Ph-Tau
hydrogel was shown to be resistant to 212 kPa. The swelling
properties of the prepared Gel-based hydrogels are shown in
Fig. 2d. A dramatic and equal level of swelling were observed
from O to 8 h in both Gel-Ph and Gel-Ph-Tau hydrogels. The
swelling kinetics of both hydrogels reached saturation with
an equilibrium swelling ratio of 3.02 and 2.67, respectively,
after 12 h; this remained static through the extended incuba-
tion time until 36 h, the point at which the equilibrium state
of hydrogels was determined. In addition, the biodegradabil-
ity of Gel-Ph and Gel-Ph-Tau was evaluated by soaking the
formed cylindrical hydrogels in the PBS buffer containing
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Fig.2 a Fourier-transform infrared spectroscopy (FTIR) analysis of
synthesized substrates for hydrogels production, b photographs of pre-
pared Gel-based hydrogels, ¢ compression assay, d swelling kinetics,

collagenase. Figure 2e shows that the hydrogels completely
degraded within 21 days. Interestingly, the weight loss speed
of Gel-Ph was faster than that of Gel-Ph-Tau at various time
points, but both degraded completely on day 21. Therefore,
the conjugation of Tau and covalent crosslinking among Ph
moieties did not inhibit bioactivity of collagenase, and the
Gel molecules were broken and dissociated by collagenase
treatment. In summary, Gel-Ph-Tau has superior mechanical
properties, a lower swelling ratio, and a slower degradation
rate, possibly due to greater stability provided by the presence
of Tau molecules in the polymer chains.
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and e degradation assay of Gel-Ph and Gel-Ph-Tau. The data are repre-
sentative of the averages obtained by triple replicating each hydrogel

Scratch migration assay

We characterized ECs through time profiling experiments to
determine the effects of hydrogels on their motility and mor-
phology. In the presence of immobilized or soluble Tau in
hydrogels, ECs covered the scratched (cell-free) areas of cul-
ture dishes after 24 h, whereas the control and Gel-Ph groups
covered only 42% and 65% of the scratched areas, respec-
tively (Fig. 3). However, the soluble form of Tau caused fewer
migrated cells, suggesting that using conjugated Ph moieties
as a backbone for Tau affected cell motility. In either case, it
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Fig. 3 Microscopic images of endothelial cells (ECs) during the scratch
migration assay. Cells were cultured in normal DMEM medium without
adding Gel-Ph or Tau in the media as a negative control; or cultured in

Gel-Ph + Sol Tau

Fig.4 Endothelial cell (EC) migration in 3D hydrogels: a micrographs
of cell migration in 3D hydrogels on days 0, 3, and 7; b numbers of
migrated cells; ¢ migration distance from the microparticle surface in
different hydrogels. The data are representative of the averages obtained

can be concluded that taurine’s existence in hydrogels pro-
moted cell migration, which agrees with previous studies
[46]. The images displayed in Fig. 3 do not show that the
ECs exhibited any significant differences in their morpholo-
gies under different conditions.

Microparticle-based cell migration assay

We investigated the migration of ECs in the 3D cul-
ture microenvironment by seeding ECs on microparticle
surfaces and embedding them in the evaluation hydrogel
matrixes (Fig. 1c). The effects of the different hydrogel
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media containing 3% (0.03 g/mL) of Gel-Ph, Gel-Ph+soluble taurine
(Sol Tau), and Gel-Ph-Tau, respectively. The data are representative of
the averages obtained by triple replicating each hydrogel
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for 20 replicated microparticles in each hydrogel condition. Distances
were measured utilizing a radial grid of 18 radii centered over the pho-
tomicrograph of each microparticle

types, including Gel-Ph, Gel-Ph+Sol Tau, and Gel-Ph-Tau
on cell migration were examined at intervals of 0, 3, and
7 days, at the same concentration of 3% (0.03 g/mL) for
Gel derivatives. One can see in Fig. 4a that at the 3rd and
7th days of migration, the Gel-Ph-Tau influenced both dis-
tance and number of migrated cells, which are indicators
of the response to migration (Figs. 4b and 4c). Among the
different hydrogels (Gel-Ph, Gel-Ph-Tau, and Gel-Ph+Sol
Tau), the furthest migration distance of cells was 330 pm
(in Gel-Ph-Tau), with an average number of 35 migrated
cells per microparticle. Compared with a Gel-Ph hydro-
gel crosslinked with Tau, the average migration distance
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Fig.5 a Morphological changes of embedded endothelial cells (ECs) in
Gel-Ph, Gel-Ph+Sol Tau, and Gel-Ph-Tau on days 3 and 7. b Cell pro-
liferation based on mitochondrial activity for these groups on days 0, 3,
and 7. ¢ CD44 and CD31 expression of embedded ECs characterized
by flow cytometry on day 7. The top, left, and right top portions show

and number of cells in the Gel-Ph hydrogel were 50%
and 63% lower, respectively, on day 7 of encapsulation
(Figs. 4a—4c). On day 3, the ECs migrated almost equally
in hydrogels containing crosslinked or soluble Tau; how-
ever, the crosslinked Tau induced cells to migrate farther
by day 7 (Fig. 4c). The longer migration distances on day
7 indicated the long-term effectiveness of conjugated Tau in
the Gel-Ph-Tau hydrogel. In brief, the carbodiimide conju-
gation of Tau in the Gel-Ph-Tau substrate played a larger
role in the migration and survival of ECs, as evidenced by
the high average number of migrating cells in hydrogels
functionalized with Tau residues. It should be noted that
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the effect of covalently conjugated Tau in Gel-Ph is com-
parable to that in the previous studies conducted on other
kinds of cells and hydrogels containing Tau residues [,
27].

Analysis of cells encapsulated in hydrogels

CLSM was used to observe the morphology of the cells
within the Gel-Ph, Gel-Ph+Sol Tau, and Gel-Ph-Tau. The
embedded cells in Gel-Ph+Sol Tau and Gel-Ph-Tau hydro-
gels started developing a spindle-shaped structure and cyto-
plasmic extensions by day 3, as shown in Fig. 5a. The cells
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Fig.6 In vivo models of wound healing. a The appearance of wounds treated with paraffin gauze, Gel-Ph, and Gel-Ph-Tau after 4, 8, and 12 days.
Non-treated wounds are considered a negative control. b Percentage of wound closure for these groups in monitored time lapse

in the Gel-Ph hydrogel maintained a sphere-like shape, in
contrast to those with Tau residues. Based on the shape of
embedded cells, the presence of Tau in hydrogels enables
embedded ECs to form capillary-like structures. It has been
reported in other studies that cytoplasmic extension is essen-
tial to enhancing angiogenesis [8, 13]. We observed this
in both Gel-Ph+Sol Tau and Gel-Ph-Tau hydrogels on day
7; it was an indication that the presence of Tau residues
provided favorable conditions for angiogenesis and reca-
pitulation of ECM properties. In contrast to soluble Tau,
the covalently immobilized Tau residues showed a signifi-
cantly higher number of cells with the cytoplasmic extension
on day 7 of encapsulation. Furthermore, Fig. 5b shows
that Gel-Ph-Tau hydrogel resulted in higher cell prolifer-
ation on days 3 and 7 than Gel-Ph and Gel-Ph+Sol Tau.
As determined by the assay, the covalently crosslinked
Tau in Gel-Ph-Tau is a suitable method of obtaining a
more biomimetic hydrogel with angiomodulatory proper-
ties.

Expression of EC surface proteins

We conducted this study to better understand the observed
behavior of embedded cells under the influence of Tau and
examine how this residue could interact with the surround-
ing microenvironment in terms of regulating ECs through
cell receptor interactions. For this purpose, we quantified
the CD44 and CD31 expression of embedded cells in Gel-
Ph, Gel-Ph+Sol Tau, and Gel-Ph-Tau on day 7 (Fig. 5c).
Unlike ECs embedded in Gel-Ph, which showed an insignif-
icant degree of CD44 and CD31 expression (39.7%), these
markers were highly positive for cells in Gel-Ph+Sol Tau and
Gel-Ph-Tau hydrogels (68.4% and 78.9%, respectively). The

presence of high levels of CD44 and CD31 in the Gel-Ph+Sol
Tau and especially Gel-Ph-Tau hydrogels can be attributed to
EC proliferation and morphogenesis in the designed hydro-
gels [43, 58].

Degree of angiogenesis factors

The RT-PCR assay was implemented to study the angio-
genesis factors of bFGF, Angl, and VEGF [59, 60]. The
results were normalized to ECs cultured in polystyrene cul-
ture dishes. Figure 5d shows that in hydrogels that included
Tau, the expression of VEGF, Angl, and bFGF was signifi-
cantly higher than in the control group (polystyrene culture
dish) or Gel-Ph condition. This phenomenon was corre-
lated with results obtained from morphological investigation
of ECs encapsulated in hydrogels. The availability of a
higher amount of positive charged growth factors (includ-
ing bFGF and VEGF) within the prepared Gel-Ph-Tau gel
matrix indicated that immobilization of Tau could local-
ize growth factors released by encapsulated cells within the
hydrogel microenvironment. Based on these results and those
described in previous sections, we can conclude that the pres-
ence of Tau residues can increase angiogenesis factors and
lead to higher EC proliferation, migration, and morphogen-
esis (Figs. 4 and 95).

Wound dressings

Figure 6a illustrates the wound-healing process in the fol-
lowing groups at different time points: non-treated (negative
control), paraffin gauze (positive control), Gel-Ph, and Gel-
Ph-Tau. In the control group, wounds were still fresh and
bleeding on day 4. On the same day, the wound margins of
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the groups treated with Gel-Ph and Gel-Ph-Tau were unclear,
showing marginal regeneration [36]. There was no sign of
inflammation or infection in any of the groups. Additionally,
we determined wound closure for each group by comparing
the percentage of wound reduction at intervals of 0, 4, 8, and
12 days. Figure 6b shows that the highest and lowest percent-
ages of wound closure were obtained in the Gel-Ph-Tau and
non-treated groups, respectively, at all time points. Compared
to the negative control, which exhibited 59% wound closure
on day 12, 75% wound closure was achieved in the positive
control (paraffin gauze). The Gel-Ph and Gel-Ph-Tau wound
dressings resulted in 95% and 100% wound closure, indicat-
ing the efficacy of Tau and the importance of the scaffold
composite.

Histological analysis

We carried out histopathological analyses of the skin wounds
for significant skin features such as tissue regeneration, colla-
gen deposition in the tissue sections, and angiogenesis, using
H&E and MT staining. The H&E staining in the normal
group showed a distinguishable, typically thicker, stratified
epidermis, and dermis layer, with characteristics such as
well-organized epidermal papillae and ridges with visible
stratum corneum and basale. Moreover, the components of
the dermis layer, such as hair follicles, sebaceous and sweat
glands, arrector pili muscles, adipose tissue, and capillar-
ies were well-formed. In the gauze-treated wound group, we
observed an incomplete epidermis with less visible regular
stratum layers and incompletely defined epidermal papillae,
which are incompatible with epidermal ridges (Fig. 7). Fur-
thermore, in the gauze-treated wound group, the presence of
an external agent caused an influx of inflammatory cells in
the wound area. The absence of skin in this area prevented
the hair follicles from being juxtaposed and also, there was
distention of a few follicles without any glands. Histopathol-
ogy of wounds in the Gel-Ph-hydrogel-treated group revealed
restoration of the epidermis and enhancement of the thin
epidermal layer post treatment. After treatment with Gel-
Ph-Tau, we were able to see better recovery of skin layers, a
loose crust of dermal layers, the presence of sweat and seba-
ceous glands, and rearrangement of hair follicles (Fig. 7).
Angiogenesis is imperative for complete wound repair. The
histopathological results indicated that the capillary forma-
tion index in the Gel-Ph-Tau group was higher than in other
groups (Fig. 8). The light microscope MT-stained sections
showed that the loosely packed collagen fibers, which were
detected at the edge of treated groups, had irregular align-
ment. The collagen fibers in the dermal layer were sparser
at the edge of wounds treated with Gel-Ph-Tau. However,
the fibers tended to be denser when approaching the center
(Fig. 8). Unlike gauze-treated wounds, the collagen fibers at
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Fig.7 Wound-healing hematoxylin—eosin (H&E)-stained microscopic
sections in rats on day 12. a Control. Normal back-skin tissue char-
acteristics such as epidermis and dermis, sebaceous glands, and hair
follicles can be recognized clearly (blue arrows). b Wound after skin
injury; the epidermis and dermis layers are damaged, and the skin has
lostits integrity. ¢ Sterile-gauze-treated wound. Sterile gas as an external
agent causes a heavy flow of immune-system inflammatory cells into the
wound area. d Gel-Ph-hydrogel-treated wound. The visible epidermis
and dermis; a few hair follicles of the sebaceous glands are distinguish-
able. e Gel-Ph-Tau-treated wound. Dermal papillae with their ridge
(black arrow) and neovascularization (yellow arrow) are visible. Each
row represents a hydrogel group at two magnifications
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Fig. 8 Histopathological analysis of the Masson’s trichrome (MT)
stained skin at the end of the 12th post-wounding day. a Control.
Regular dense collagen fibers stained blue-green and nuclei and cyto-
plasm stained red. b Wound. Collagen fiber deposition and irregular
form of skin layers after injury. ¢ Sterile-gauze-treated wound. Pres-
ence of inflammatory cells with loosely packed collagen was observed.
d Gel-Ph-hydrogel-treated wound. Dense collagen fibers with parallel
alignment are distinguishable. e Gel-Ph-Tau-treated wound, showing
no scar, fewer inflammatory cells, more hair follicles, fibroblasts, and
blood vessels, and extensive collagen fibers in a regular arrangement.
Each row represents a hydrogel group at two magnifications

the center of Gel-Ph-Tau-treated wounds were reconstructed
and densely packed, with a parallel arrangement.

Future work

Matrix metalloproteinases (MMPs) play an important role in
skin regeneration and modification by influencing cell behav-
ior, apoptosis, and proliferation [61]. MMPs have been shown
to activate cellular factors such as growth factors, cytokines,
and chemokines. Moreover, their involvement in all wound-
healing phases has been proven, increasing their importance
of research [62, 63]. Due to their importance, we suggest
that the effect of the proposed hydrogel on MMPs should be
investigated.

Conclusions

Based on this study, we found that a functionalized Gel
hydrogel with Tau is beneficial to wound healing, as it pro-
motes the proliferation, migration, and morphogenesis of
ECs and skin wound tissue regeneration. The conjugation
of Tau in a Gel backbone for a prepared HRP-mediated
hydrogel improved the gel’s physical properties by moder-
ating degradation and improving mechanical properties. The
Gel-Ph-Tau hydrogel promotes a significant increase in the
number of migrated ECs, as well as average migration dis-
tance. In addition to high cell motility, a robust cytoskeleton
extension, high expression of CD44 and CD31 cell receptors
and angiogenic proteins, and results of in vivo analyses sup-
port the positive effects of Gel-Ph-Tau hydrogel bioactivity
as an angiogenesis aid in tissue regeneration applications. In
summary, the results indicate promising prospects for func-
tionalized Gel-based hydrogels with taurine for skin tissue
repair.
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