Journal of
Functional
Biomaterials

A.

Article

In Vitro and In Vivo Evaluation of Epidermal Growth Factor
(EGF) Loaded Alginate-Hyaluronic Acid (AlgHA) Microbeads
System for Wound Healing

Magsood Ali 1@, Si Hyun Kwak 2, Je Yeon Byeon ? and Hwan Jun Choi 2*

check for
updates

Citation: Ali, M.; Kwak, S.H.; Byeon,
J.Y.; Choi, H.J. In Vitro and In Vivo
Evaluation of Epidermal Growth
Factor (EGF) Loaded Alginate-
Hyaluronic Acid (AlgHA)
Microbeads System for Wound
Healing. J. Funct. Biomater. 2023, 14,
403. https://doi.org/10.3390/
jfb14080403

Academic Editors: Lidy Fratila-
Apachitei and Daniel X.B. Chen

Received: 21 June 2023
Revised: 11 July 2023

Accepted: 25 July 2023
Published: 28 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Regenerative Medicine, College of Medicine, Soonchunhyang University,

Cheonan 31538, Republic of Korea

Department of Plastic and Reconstructive Surgery, College of Medicine, Soonchunhyang University,
Cheonan 31538, Republic of Korea

*  Correspondence: iprskorea@gmail.com; Tel.: +82-41-574-6133

Abstract: The management of skin injuries is one of the most common concerns in medical facili-
ties. Different types of biomaterials with effective wound-healing characteristics have been studied
previously. In this study, we used alginate (Alg) and hyaluronic acid (HA) composite (80:20) beads
for the sustained release of epidermal growth factor (EGF) delivery. Heparin crosslinked AlgHA
beads showed significant loading and entrapment of EGE. Encapsulated beads demonstrated biocom-
patibility with rat L929 cells and significant migration at the concentration of AIgHAEGF100 and
AlgHAEGF150 within 24 h. Both groups significantly improved the expression of Fetal Liver Kinase 1
(FLK-1) along with the Intercellular Adhesion Molecule-1 (ICAM-1) protein in rat bone Mesenchymal
stem cells (rbMSCs). In vivo assessment exhibited significant epithelialization and wound closure
gaps within 2 weeks. Immunohistochemistry shows markedly significant levels of ICAM-1, FLK-1,
and fibronectin (FN) in the AIgHAEGF100 and AIgHAEGF150 groups. Hence, we conclude that the
EGF-loaded alginate-hyaluronic acid (AlgHA) bead system can be used to promote wound healing.

Keywords: alginate; hyaluronic acid; heparin; epidermal growth factor

1. Introduction

Human skin works as a protective organ against infections and other external factors.
Skin also protects the internal organs from the external environment. Damaged skin
may obstruct normal functioning related to daily life [1]. Skin damage causes the loss
of important factors that facilitates the regeneration of the skin. Therefore, a moist and
warm environment is needed for skin regeneration. Damaged skin goes through different
dynamic processes to recover an injured area. During the process of recovery, different
factors are generated to enhance skin regeneration [2]. Skin tissue repair aims to restore
integrity and regulate biological functions by involving different types of cells. Different
types of growth factors and cytokines are released by different cells, which helps in skin
tissue repair [3,4]. In contrast, the scar is also considered an important part of the wound-
healing process as it prevents dehydration to avoid infections [3,4].

To promote wound healing, different approaches have been developed in the field of
regenerative medicine. Mostly, natural polymers are widely used as a primary material [5].
Alginate (Alg) is a naturally derived polymer [6] that is broadly used in tissue engineering
to treat acute and chronic injuries by maintaining wound integrity [7]. Alg is used as a
biomaterial because of its biocompatibility, degradation, and antibacterial activity [8-10].
Hyaluronic acid (Ha) is one of the important parts of the extracellular matrix (ECM), and HA
along with alginate is used for the preparation of hydrogels in biomaterials research. [11].
Ha has the efficiency to induce the wound-healing process [12,13]. Epidermal growth
factor (EGF) is one of the growth factors that help in wound healing by inducing cell
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proliferation [14-18]. As proteins are denatured or inactivated after injection for medical
treatments, the protection of EGF is crucial in wound healing [19-21]. The slow release
of the growth factor essentially depends on the nature of biomaterials and cross-linkers
used for the system [22]. The combination of the different polymers to optimize the final
system is also one of the factors that affect the release of the growth factor as degradation
is dependent on the concentration and components of polymers [23,24]. Prior research
demonstrated the effects of controlled release of the basic fibroblast growth factor (bFGF)
and vascular endothelial growth factor (VEGF) on wound healing [25,26]. Although, certain
growth factors are potential candidates for wound healing. As in our previous study, we
optimized the vascular epidermal growth factor for wound healing in a dual polymer bead
system. Our study has justified the controlled release of VEGF for wound healing [24].

We have studied the same system with significant results regarding VEGF in a punch-
induced wound rat model. Therefore, in this study, we aimed for the encapsulation of
EGF while using dual polymers Alg and HA crosslinked with heparin in Calcium chloride
(CaClp) similar to our previous bead system [24]. The bead system is designed to degrade
completely along with the total release of EGF in 5 days. As our previous AlgHA bead
system exhibited significant results related to wound healing, we aimed to test the effect of
the same system along with the EGF for wound-healing purposes.

Clinically, frequent dressing changes are one of the major barriers and inconveniences
in wound healing. Our novel bead system presented in this study is intended to sustain
therapeutic concentrations of EGF at the site of the wound, thus eliminating the necessity
for frequent or daily dressing changes. This intervention exhibits potential as a viable
option for facilitating wound healing, offering advantages in terms of convenience for both
patients and healthcare professionals.

2. Material and Methods
2.1. Fabrication of Crosslinked AIgHA Composite Beads

The bead system was prepared as previously described. Sodium alginate (2%),
hyaluronic acid (2%), EGF growth factor (E5036), and heparin sodium salt from porcine
intestinal mucosa were purchased from Daejung company (Busan, Republic of Korea) and
Sigma Aldrich (Burlington, MA, USA). Alg (2%) and HA (2%) were prepared in distilled
water. Beads were prepared in CaCl, at a ratio of 80:20 by mixing 2% Alg (80 mL) and 2%
HA (20 mL) to prepare a 100 mL solution, as mentioned in Table 1. Beads were prepared
with 5 IU/mL of Heparin (Hep) using 23-gauge needles. A syringe pump, operating at a
flow rate of 10 mL/hour, was employed to deliver the solution dropwise into a 5 M CaCl,
solution with continuous gentle stirring. The beads were washed three times with distilled
water by putting in a beaker over a magnetic stirrer for 5 min/wash and dried overnight at
37°C.

Table 1. Preparation of AlgHA beads.

Beads Type Alginate (2%) (w/v)  Hyaluronic Acid (2%) (w/v) Heparin
AlgHAHep 80 mL 20 ml 510/mL
AlgHA 80 ml 20 ml No heparin added

2.2. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)

Scanning electron microscopy was employed to examine the cross-section and outer
surface of the AlgHA-Hep beads. The selection of dry beads for energy-dispersive X-ray
spectroscopy (EDS) was conducted in a random manner. The beads were incised in order
to reveal their cross-sectional area. The specimens were affixed to the platform using
adhesive carbon tape, which was subsequently coated with gold particles. Subsequently,
the samples were examined using (SEM, JEOL, J[SM-6701F, Tokyo, Japan) to perform
energy-dispersive X-ray spectroscopy (EDS). The energy-dispersive spectrometer (EDS)
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detector was utilized in the scanning electron microscope (SEM) to obtain data regarding
the elemental composition.

2.3. Bead Size Distribution and Fourier Transform Infrared Spectroscopy (FT-IR)

Bead size distribution was determined by measuring 20 random beads, using the
software Image ] (Version 1.8.0) [27] from visual images. AlgHA-Hep beads were prepared
according to the method presented in our previous study. The 4500-500 cm ~! wavelength
was used to record FTIR data (Nicolet iS10—Smart iTR, Thermo Fisher Scientific, Waltham,
MA, USA) using OMNIC software.

2.4. Beads Weight Loss

The degradation behavior of the beads was studied in phosphate buffer saline pH 7.4
(PBS). Typically, 0.1 g of the 80:20 dry beads were kept in 15 mL PBS on a shaker in an
incubator at 37 °C. The sample degradation was checked for 5 consecutive days. The
beads of one-time point were allowed to dry for 37 °C and then weighing was carried
out to achieve the actual weight. The dynamic weight loss was calculated using the
following formula [28]:

(w1 —wp) x 100
Wi

Degradation (%) = 1

wj is the weight loss in PBS and wy, is the initial dry weight of the beads.

2.5. EGF Release Study

The release study for EGF was carried out in 30 mL PBS (pH 7.4). Typically, 200 mg of
dry beads were used for the assay. Two different types of beads, AlgHA and AlgHAHep,
were prepared in CaCl,. The release of heparin from beads was investigated through
the utilization of toluidine blue, with absorbance measurements taken at a wavelength
of 590 nm. The encapsulation of beads was carried out by putting beads into the 30 mL
EGF-PBS solution (100 ng/mL) for 48 h at 4 °C. The loading capacity and entrapment
efficiency were calculated using the following Equations (2) and (3):

Total amount of growth factor GF — Free amount of GF
Beads weight

Loading capacity = x 100 (2)

Growth factor added — free unentrapped growth factor

Entrapment Efficiency% = x 100 (©)]

Growth factor added

Additionally, EGF loading, entrapment, and release were analyzed using the EGF
ELISA kit (biotechne, Minneapolis, MI, USA). In addition, two distinct sets of beads,
specifically AlgHAHepEGF100 and AlgHAEGF100, were prepared for the purpose of
conducting the release study. Heparin was incorporated into the AlgHAHepEGF100 bead
formulation, whereas the AlgHAEGF100 beads were formulated without the addition of
heparin. The beads were incubated for two days at 4 °C in 30 mL of 100 and 150 ng/mL
EGF solutions [29] and kept on the 25 rpm rotator. After the assays, the EGF detection
ELISA kit was used to examine the quantity of EGF loaded, entrapped, and cumulatively
released after 5 consecutive days of sample collection.

2.6. Biocompatibility

The in vitro biocompatibility of AlgHA beads with different concentrations of EGF
was observed using rat L929 cells. 1929 cells, with a density of 1 x 104 cells per well,
were cultured in 24-well hanging plates (SPL Life Sciences, Pocheon, Republic of Korea)
using Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin. The cells were incubated at 37 °C with 5% CO, in an
incubator. EGF-loaded AlgHAEGF50 (50 ng/mL EGF), AIgHAEGF100 (100 ng/mL EGF),
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and AIgHAEGF150 (150 ng/mL EGF) beads were added to the hanging plate of the wells.
The optical density was recorded after 1, 3, and 5 days for (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) at 595 nm for MTT assay.

Furthermore, an equivalent quantity of L929 cells was subjected to fixation using a
4% solution of paraformaldehyde (PFA) obtained from Sigma Aldrich, located in St. Louis,
MO, USA. Permeabilization was achieved by utilizing a 0.5% solution of Triton x-100
(Bio-Rad Laboratories in Redmond, Redmond, WA, USA). A blocking solution consisting of
bovine serum albumin (2.5%) was employed. Alexa 488 antibody (Invitrogen, Thermofisher,
Carlsbad, CA, USA) was used for staining the cytoskeleton and 1 g ml~! Hoechst 33342
(Invitrogen, Thermofisher, Carlsbad, CA, USA) was used for staining the nuclei in L929
cells. The stained specimens were observed using a fluorescence microscope with a 40 x
magnification. (Olympus, FV10i-W, Tokyo, Japan).

2.7. In Vitro Wound-Healing Migration Assay

For in vitro cell migration, L929 cells (5 x 10°) were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with 10% horse serum and 1% penicillin and allowed to grow
in 35 mm plates labeled as control, AlgHAEGF50, AlgHAEGF100, and AlgHAEGF150 in
a COy incubator at 37 °C. After reaching confluency of up to 95%, a straight-line scratch
was made using a 10 pL sterile pipette tip. Culture media was treated with different EGF
groups and used for the migration studies of L.929 cells. Images were taken at 0 and 24 h by
an AXIO microscope (Zeiss, Baden-Wiirttemberg, Germany), and L929 cell migration was
analyzed by using Image J [27].

2.8. Immunoblotting

Rat bone-marrow-derived mesenchymal stem cells (rbMSCs) (2 x 10%) were cultured
along with AlgHAEGF50, AlgHAEGF100, and AlgHAEGF150 for 14 days. A lysis buffer
and protease inhibitor were used for protein extraction to check the expression of certain
markers. Following the isolation of a specific quantity of protein utilizing bovine albumin
serum (BSA), the protein samples, measuring 40 ug, were subjected to separation via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Subsequently, the gel was
transferred onto the hydrophilic polyvinylidene fluoride (PVDF) membrane. The protein
bands were visualized using ultraviolet light following the blocking and staining process
with primary and secondary antibodies. Antibodies such as Flk-1 and ICAM-1 were used
for optimizing the concentration of EGF for in vivo implantation. Relative quantification of
the protein blots was performed by Image J [30].

2.9. Animal Models and Surgical Procedures

This in vivo study was approved under the SCH22-0021 number by the ethical commit-
tee of Soonchunhyang University. Two weeks before the in vivo plan, 18 male rats (8 weeks
old) were ordered from Daehan Biolink Co., Ltd. (DBL, Eumseong-gun, Republic of Korea.
The rats were kept at a controlled temperature (22-23 °C). Rats were divided randomly,
considering 9 rats/week studies (3 in the control, 3 in the AIgHAEGF100 group, and 3 in
the AIgHAEGF150 group). Food and water were provided regularly until the sacrifice.

Rats were anesthetized by using isoflurane. The back side of the rat was trimmed,
and an 8 mm sterile punch was used to induce wounds by maintaining a distance of
4-5 cm between the two wounds to avoid each other’s effects. Three groups, namely defect
only (control), AlgHAEGF100, and AlgHAEGF150, were processed for in vivo transplan-
tation. AlgHAEGF100 and AlgHAEGF150 beads were loaded in sterilized syringes and
then implanted into the punch-induced wound. Wounds were covered with a Tegaderm
transparent film (3M, St. Paul, MN, USA) after the implantation of 10-12 beads. Rats were
sacrificed at 1 week and 2 weeks after the implantation. Postoperative photographs were
taken by a Canon EOS 90D (Canons®, Tokyo, Japan) Camera from a standard distance of
40 cm to capture defect sites. Skin tissues were fixed in 4% PFA after collection.
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2.10. Histology

For histological analysis, the PFA-fixed tissues were processed for dehydration by
using a graded ethanol solution. Xylene was used as a clearing solution. The final cleared
tissues were embedded in melted paraffin. The tissue blocks were then sectioned into 5 and
10 um sizes for staining. Hematoxylin and eosin (H&E) staining and immunohistochemistry
(IHC) were carried out for histological analysis.

3. Statistical Analysis

The experiments were conducted in triplicate. The experimental data are presented
in the form of means accompanied by their corresponding standard deviations. Statistical
significance among the different samples was assessed using GraphPad Prism 8, employing
a one-way analysis of variance (ANOVA) and an unpaired t-test. Statistical significance
was determined by p-values of <0.01 and <0.001.

4. Results
4.1. Characterization of AlgHA-Heparin Beads

AlgHA beads were prepared based on the previously described method [24]. ALG80:
HAZ20 beads were combined with 5 IU heparin. The homogenous beads were prepared as
shown in Figures 1a and S1 in the range of 200 to 350 um Figure 1b. Approximately 70% of
beads were 200 to 250 microns in size. The expected chemical composition of the beads was
similar to our previous study, as mentioned in Figure 1c. Equal-size beads were prepared
based on our previous findings. Figure 1d EDS shows peaks for calcium, chloride, oxygen,
etc. The EDS results exhibited similarity with the data of previous studies [31,32]. The
beads’ sizes were well distributed according to the difference in size presented in Figure 1b.
The selection of AlgHA beads was performed based on degradation. Figure 2a,b show 100%
degradation at day 5 and the pH value of AlgHA-HepEGF100, respectively. The beads
were kept in a shaking incubator at 37 °C, which might be the reason for the degradation
in PBS. Moreover, acidic polymers may undergo gradual neutralization in the PBS, which
might lead to a slightly basic pH in the PBS. The optimized beads were processed for EGF
release. The FTIR spectroscopy of the AlgHA-Hep composite demonstrated the availability
of all the relevant peaks related to Alg and HA in Figure 2c.

(a) (b) (c)
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Figure 1. (a) Visual photographs of AlgHAHep beads, (b) the percentages of bead size distribution,
(c) illustration of possible AlgHAHepEGF chemical composition, and (d) EDS spectrum indicating
the composition of the bead system.
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Figure 2. Characterization of prepared AlgHAHepEGF beads, (a) degradation of the bead system
(n-3), (b) pH change of PBS with the AlgHAHepEGF100, and (c) the FTIR analysis of the bead system
showing the peaks related to alginate, hyaluronic acid, and amide bonds.

4.2. EGF Loading, Entrapment, and Cumulative Release

To evaluate the sustained EGF release, loaded and entrapped EGF in the beads was
evaluated before the cumulative release of EGF. EGF was loaded into two groups: AlgHA
and AlgHAHep. AlgHA showed approximately 6.0 pg/gram of loaded EGF while the
groups with heparin (AlgHAHep) showed a significant amount (10.5 ng/gram) of EGF
loaded as shown in Figure 3a. AlgHAHep entrapped approximately 70% EGF compared
to AlgHA (Figure 3b), thereby demonstrating the significance of heparin as a cross-linker
for the controlled release of EGF. Figure 3¢ shows the cumulative release of EGF. Briefly,
two groups were preceded for EGF release: AlgHAEGF100 and AlgHAHepEGF100. In
Figure 3¢, AlgHAEGF100 shows the delayed cumulative release of EGF due to heparin.
The AlgHAEGF100 bead system showed a slow cumulative release of EGF while the bead
system without heparin showed a burst release of EGF of approximately 85% within 2 days.
AlgHAHepEGF100 showed a controlled release of EGF, releasing approximately 50% of the
loaded EGF within 48 h. The results show the efficiency of heparin bonding with a number
of different proteins [33] and cross-linking capabilities for the controlled release studies as
mentioned in previous studies [24,34].

4.3. MTT Assay and Proliferation

For biocompatibility with the 1929 fibroblasts, AlgHAEGF50-, AlgHAEGF100-, and
AlgHAEGF150-treated media were preceded for MTT assay. L929 fibroblasts were chosen
for biocompatibility because prior research demonstrated that EGF increases the production
of VEGF and hepatocyte growth factor (HGF) by fibroblasts, which promote cell prolif-
eration [35]. Alg and HA composites along with the control were used previously for
checking their biocompatibility (Figure S2) [24]. The L929 cells showed growth promotion
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EControl

BAIgHAHepEGF50
mAIgHAHepEGF100
BAIgHAHepEGF150

on days 3 and 5. Our results demonstrate the compatibility of AIgHAEGF groups with
L929 cells at different time points as shown in the bar graph in Figure 4a. Figure 4b shows
fluorescence microscopic images of cell proliferation on days 1, 3, and 5. Our results are in
line with previous studies on the proliferation of 1929 [36,37]. The L929 culture showed
an increase in the confluency of the plate with time. Almost the total area of the plate
showed confluency after a 5-day cell culture as also demonstrated in previous studies [6].
The AlgHA bead system along with EGF is considered a suitable system for in vivo studies
based on their non-toxic behavior towards L929 cells.
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Figure 3. (a) EGF loading on beads (AlgHA and AlgHAHep), (b) EGF entrapment efficiency (%) of the
beads (AlgHA and AlgHAHep), and (c) heparin and EGF release from the beads; AlgHA /Hep shows
the cumulative release of heparin from the beads and AlgHA100 (EGF loaded with no heparin) and
AlgHAHepEGF100 (heparin crosslinked EGF) show the cumulative release of EGF (n = 3, *** p < 0.001,
200 mg/group).

(b)

Control AlgHAHepEGF50 AlgHAHepEGF100 AlgHAHepEGF150

Day 1

Day 3

Day 5

3
Time (day)

Figure 4. Biocompatibility testing of 1929 with the AIgHA scaffold groups by MTT (a) after 1, 3,
and 5 days of treatment and (b) nucleus fluorescence microscopic analysis of the L929 cells for cell
proliferation by Hoechst staining (Scale bar 500 pm).
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4.4. Effect of EGF on the Migration of L929 Cells

1929 cells were employed to check the efficiency of EGF on cell migration. Different
concentrations of EGF were used to study the migration of L929 cells. Furthermore, different
concentrations of EGF were employed to check their effect on L929 cell migration. We
observed that all the groups showed cell migration as can be seen in Figure 5a. L929 cells
showed migration in the AIgHAEGF50, AlgHAEGF100, and AlgHAEGF bead systems in
the presence of 150 ng/mL of EGF (Figure 5b). AlgHAEGF100 and AlgHAEGF150 ng/mL
showed significant cell migration after 24 h. These findings positively attest to the previous
cell migration results [38—41].

(b)  control AlgHAHepEGF50  AlgHAHepEGF100 AlgHAHepEGF150

24 hour

Figure 5. Representation of cell migration (a) control group along with the EGF group’s effect on L929
after 24 h and (b) representative images of L929 cell migration (n = 3, ns: non-significant, ** p < 0.005,
*** p <0.001).

4.5. Western Blot Analysis

The bead system was tested for the expression of certain markers that can promote
epidermal growth. The groups AlgHAEGF50, AlgHAEGF100, and AlgHAEGF150 were
analyzed for the expression of epidermal markers in rbMSCs on days 7 and 14. EGF
plays a significant role in neo-epidermal formation by stimulating Flk-1 [42,43] while the
ICAM-1 signaling pathway has demonstrated regulatory behavior by EGF in previous stud-
ies [44,45]. Therefore, FLK1 and ICAM-1 antibodies were used for rbMSCs differentiation.
Day 7 showed slight non-significant relative expressions of Flk-1 and ICAM-1 as shown
in Figure S3. Figure 6a,b shows the relative expression of Flk-1 and ICAM-1 proteins on
day 14. Figure 6c shows the representative blots. All the EGF groups showed significant
expression of Flk-1 and ICAM-1. As AlgHAEGF100 and AlgHAEGF150 groups showed
markedly significant expressions of Flk-1 and ICAM-1, the two groups were considered for
in vivo implantation.

4.6. Wound Closure

After the implantation of the bead system for wound healing, all the rats were checked
for any kind of blood leakage and no bleeding was found. To investigate rat skin wound
closure by AlgHAEGF100 and AlgHAEGF150, wounds at days 0, 7, and 14 were analyzed.
Figure 7a shows all the wound closure percentages. On day 7, all the groups showed
approximately 40% closure of the wound. At day 14, significant wound closure was
observed compared to the control group. AlgHAEGF100 and AlgHAEGF150 showed
approximately 69% and 77% wound area closure, respectively. Figure 7b shows wound
images of the different groups at different time points along with the scale bars. Both EGF
treatment groups showed significant potency for wound closure.
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Figure 6. Representative Western blots graph and images. (a) Flk-1 protein expression obtained
by three independent experiments, (b) ICAM-1 expression, and (c) representative blot images of
Flk-1, ICAM-1, and beta-actin expressions in the control and different AlgHAHepEGF groups (n = 3,
ns: non-significant, * p < 0.005, ** p < 0.001, **** p < 0.0001).
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Figure 7. (a) Wound-healing behavior of the control and AlgHA groups is shown with relative
comparison and statistics of 1 week and 2 weeks after wound closure. (b) Representative photos of
the wound sites in the three groups at 1 and 2 weeks (1 = 3, ns: non-significant, *** p < 0.001).

4.7. Post-Implantation Histological Analysis

To further investigate the effect of the bead system on the internal repair of the skin
tissue and regeneration, the rat punch wound model was used after days 7 and 14 and
analyzed via H &E (Figure 8a,b) and Masson trichrome (MT) staining (Figure 8c) [46].
Figure 8a shows the efficiency of the beads system for wound healing. The gap between
the two edges of the wound was confirmed by H&E staining. The day 7 wound showed
mild closure in all the groups. Day 14 edges showed gap filling between them as quantified
in Figure 8f. Day 14’s results showed mild granulation, while in AIgHAEGF100 and
AlgHAEGF150, increased formation of new granulation tissue along with inflammatory
cells was observed as shown in Figure 8a,b. The EGF effect shows the thickness of the
epidermal line in day 14 groups. Figure 7b shows the epithelial thickness and epidermal
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layer formation. The defect areas showed the significant formation of the new epidermal
layer in AIgHAEGF100 and AlgHAEGF150 groups as shown in Figure 8d while Figure 8e
shows contraction between the two edges of the wound with certain epidermal layer
growth. AlgHAEGF100 and AlgHAEGF150 showed significant epidermal layer formation
as compared to the control group. M.T. staining showed collagen formation in all the
groups. The defect model exhibited mild new collagen formation while AlgHAEGF100
and AlgHAEGF150 treatment groups demonstrated an increase in the formation of new
collagen formation as shown in Figure 8c. The healed areas showed the formation of
endothelial cells forming vessels and certain gland-like structures. EGF groups in our
system facilitate the thickness and formation of the epidermal layer, vessels, and glandular
structures, and our results are in line with Jiasheng Xu et al. regarding EGF [47].
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Figure 8. Histological findings showing that AlgHAHepEGF150 promotes wound healing. (a) 1 week
and 2 weeks after inducing the wound, defect sites show contraction in 2-week images (scale bar
1 mm), (b) magnified images of the defect and AIgHA groups showing epithelial thickness and
formation of the epidermal layer across the wound area (scale bar 100 pm), magnified images of
the defect and treatment groups showing vascularization, (c) MT staining of all the groups at 1 and
2 weeks; images show collagen formation and granulation tissue formation in all the groups (scale
bar 1 mm), (d) epithelial score between the two ends of defect and treatment groups, (e) epidermal
layer formation graph of all the 2 weeks groups, and (f) wound closure gap of the two edges of the
defect in AlgHAHepEGF100 and AlgHAHepEGF150 groups. NE (neo-epithelization) n = 3, unpaired
t-test analysis, ** p < 0.01, *** p < 0.001) (Red squares shows wound sites while arrows pointing new
epidermal layer in the wound area).

4.8. Immunohistochemistry

In the current study, ICAM-1, Flk-1, and FN staining was observed after 2 weeks of im-
plantation (Figure 9a). The treatment groups (AlgHAEGF100 and AIgHAEGF150) showed
significant expression of all the mentioned expression proteins (Figure 9b) after 2 weeks of
implantation. The ICAM-1 protein is another important marker that is expressed in the
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process of wound healing, and the absence of ICAM-1 has been reported to delay wound
healing [48]. EGF stimulates Flk-1 neo-epidermal formation in previous studies. Figure 9b
shows the elevated expression of ICAM-1 in the AlgHAEGF100 and AIgHAEGF150 groups
as compared to the control group. It is hypothesized that ICAM-1 and Fibronectin (FN)
expressions in the treatment group may lead to wound healing internally and external
closure by promoting angiogenesis [49]. Figure 9b shows the significant expression of
ICAM-1 and FN in the AIgHAEGF100 and AIgHAEGF150 groups. The expression of all
the above-mentioned antibodies in the rat skin demonstrates the efficiency and importance
of the EGF-loaded AlgHA bead system in wound healing.
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Figure 9. Immunohistochemistry for ICAM-1, Flk-1, and fibronectin in rat skin. (a) Microscopic
images of ICAM-1, Flk-1, and FN for defect, AlgHAHepEGF100, and AlgHAHepEGF150 groups and
(b) % integral optical density (% IOD) of ICAM-1, Flk-1, and FN (n = 3, ** p < 0.005, *** p < 0.001,
*** p < 0.0001) (Blue arrows identifying stained areas in the image).

5. Discussion

Wound healing is a complicated step-by-step process of cellular and biochemical
reactions. These involve inflammation, cell migration, proliferation, and remodelling [50].
Alg and HA are used widely in regenerative medicine [5]. Both polymers are non-toxic
and have the capability of cell delivery and clinical applications [51-53]. Previously, we
optimized AlgHA beads by a combination of different ratios of alginate and hyaluronic acid
along with the vascular endothelial growth factor (VEGF) for wound-healing purposes [24].
In this study, we synthesized AlgHA beads with sizes ranging from 200 to 350 um with
the combination of specific alginate and hyaluronic acid ratios. The bead system shows
complete degradation after 5 days and slightly elevated pH values. We implanted almost
the same size of the beads in order to achieve the same degradation time for all the beads.
The complete degradation of the beads might be allowing the formation of new tissue [54].
The AlgHAEGF100 showed a slight increase in pH due to the degradation of beads and
release of the growth factor. The FTIR results demonstrated bonding between the elements
in the system, which is in line with our previously presented FTIR data [24]. Two groups,
AlgHA (without heparin) and AlgHAHep (cross-linked with heparin), were prepared for
evaluating the efficiency of heparin. Heparin loading does not affect AlgHAHep bead
size, although one study mentioned that nanoparticles might show swelling after cross-
linking with heparin [55]. Heparin is one of the macromolecules and possesses a negative
charge [56]. Heparin is a suitable cross-linker for different growth factors used in different
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biomaterials [57]. Heparin is a highly charged molecule with consistent units of negatively
charged sulfated glycosaminoglycan (GAG) chains that can interact with different growth
factors and biomaterials to facilitate the slow release of certain growth factors to facilitate
wound healing [58-60]. In addition, heparin plays a significant role in the immune defenses
of the human body. The substance exhibits antioxidant, anti-inflammatory, and vasodilator
characteristics [61]. Heparin exerts an influence on the hemostatic phase of wound healing
through its interaction with different molecules [62]. Additionally, heparin functions as a
powerful anti-inflammatory substance by suppressing the activity of enzymes and cytotoxic
mediators that are released by pro-inflammatory cells [62]. There are also some potential
negative effects of heparin observed in different studies on wound healing; these include
induced thrombocytopenia [63], bleeding complications [64], delayed wound closure [65],
and interactions with other medications [66].

EGF was significantly loaded and entrapped in the AlgHAHep beads as compared
to AlgHA. Heparin is an excellent cross-linker for certain growth factors that facilitates
the controlled release of heparin [67,68]. AlgHAHep100 shows the slow release of the EGF
in 5 days as compared to the AlgHA group. Our study shows more than 70% uniform
bead sizes as mentioned in Figure 1b, which might be due to the homogenous mixture
of heparin in the AIgHA solution as one study shows the possible effect of heparin on
nanoparticle sizes [55]. The EGF release pattern shows almost 100% of the loaded EGF in
5 days. Heparin cross-linked beads show the slow release of EGE. Days 1, 2, 3, 4, and 5 show
36%, 55%, 70%, 83%, and 92% cumulative release of EGF, respectively, while beads without
heparin show fast cumulative EGF release starting from 56% at day 1 and 88% at day 2. The
slow release of EGF facilitates wound healing in our rat models over time. Recombinant
heparin-binding-EGF showed wound healing in a previous study, and researchers showed
significant reepithelization in murine models [69].

In our study, the AlgHA group showed excellent biocompatibility with the [L929
cells. The cells showed elevated values at day 3 and 5 time points. AIgHAEGF100 and
AlgHAEGF150 shows slightly elevated optical density (O.D.) values at day 5, which confirm
the role of active EGF in cell growth and migration. EGF also facilitates cell migration, and
our results show significant L.929 cell migration after 24 h. Our results conform with the
findings of previous studies [70]. Two groups (AlgHAEGF100 and AlgHAEGF150) showed
highly significant expressions of Flk-1 and ICAM-1 in rbMSCs. EGF stimulates Flk-1, which
is one of the VEGF receptors that might stimulate neo-epidermal formation after inducing
angiogenesis [42,43]. The ICAM-1 signaling pathway has demonstrated regulatory behavior
in previous studies [44] and revealed enhancement in ICAM-1 expression [45]. Therefore,
we chose two groups for in vivo implantation in rat models.

Wound healing goes through proliferation and remodeling after the initial stages
of hemostasis and inflammation. Previously, EGF has shown efficiency in facilitating
wound closure phenomena in 14 days [71]. In our study, in vivo implantation of two
treatment groups shows significant wound closure within 2 weeks. AlgHAEGF100 and
AlgHAEGF150 groups showed non-significant wound closure at the 1-week time point.
Several molecular mechanisms are involved in wound healing. EGF binds to EGF receptors
on target cells that can initiate intracellular signaling REF. EGFR activation leads to the
mitogen-activated protein kinase (MAPK) pathway and phosphatidylinositol 3-kinase
(PI3K)/ Akt pathways [72]. These pathways play a role in regulating cell migration, differ-
entiation, survival, and proliferation [73]. The promotion of cell proliferation is facilitated
by the activation of the MAPK pathway through the action of EGF. The pathway that has
been activated induces the upregulation of genes that are associated with the progression
of the cell cycle, resulting in an enhanced rate of cell proliferation at the site of the wound.
This process facilitates cellular proliferation, thereby facilitating wound healing [74].

EGF has potency for epidermal layer formation [75], and in the current study, the
histological examinations showed the effect of EGF groups on wound healing. Our study
showed the formation of granulation and a new epidermal layer along with some un-
closed areas. Our results are in line with the study related to the effect of EGF on wound
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healing [76]. The study’s findings on wound closure confirm a reduction in the distance
between the borders of the wound in histological analysis. IHC staining was performed
to identify the progressive markers for the wound-healing process in the presence of the
epidermal growth factor. The receptor tyrosine kinase (Flk-1) marker is known as one of
the earliest genetic markers to be expressed during the process of wound healing. Flk-1 and
ICAM-1 are known to play a crucial role in the development of cardiac endothelial cells,
embryonic vasculature, and several pro-inflammatory cytokines, respectively [77-79]. An-
other factor, fibronectin (FN), enhances the wound-healing effect by utilizing stem cells [49]
and promoting angiogenesis [80]. Our significant IHC findings positively attest to the
previously mentioned studies regarding Flk-1, ICAM-1, and FN expressions.

Overall, continued exposure of the EGF in the wound area promotes tissue repair.
The cell receptors have a high affinity for binding with the EGF [81,82], but 10 to 12 h
of exposure is required for DNA synthesis. Previous data demonstrated that the EGF
receptors at the cell surface decreased until the amount of EGF become low. Increased and
constant occupancy of the receptors was observed after 6 h [83,84]. Therefore, our bead
system is focused on the controlled release of the EGF for prolonged availability to achieve
wound healing.

Some of the limitations of the current study should be taken into consideration. Rats
are commonly utilized as an animal model in the field of wound-healing research. Neverthe-
less, it is important to recognize the potential differences in the wound-healing mechanisms
between rats and humans. Therefore, it is important to acknowledge that the direct applica-
bility of findings derived from studies conducted on rats to the human population may
not always be easy to understand. Rats have a significant capacity for wound contraction,
a characteristic that holds the potential to impact the interpretation of research outcomes.
The reliability of using wound contraction observed in rats as a representation of wound
healing mechanisms in humans is questionable, given that wound closure in humans is
primarily dependent on re-epithelialization and collagen deposition. Moreover, differences
in wound size and the healing rate between rats and humans may exist. The rate at which
rat skin wounds heal is comparatively faster than that of human wounds, which may have
implications for evaluating therapeutic interventions and enhancing the understanding of
wound repair mechanisms.

6. Conclusions

In this study, an AlgHA bead system was formulated to achieve the sustained release
of EGF and promote wound closure and healing. AIgHAEGF groups showed migration
and biocompatibility with L929 fibroblasts in in vitro studies. The treatment groups also
demonstrated enhanced wound closure and increased epidermal layer formation along
with endothelial vascularization in the wounds. Immunohistochemistry analysis of the
treatment groups showed significant expressions of ICAM-1, Flk-1, and FN. Our innovative
bead system is intended to keep therapeutic amounts of EGF at the wound site, eliminating
the need for daily or frequent dressing changes. It may be a promising candidate for wound
healing by providing convenience to both patients and healthcare providers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb14080403 /s1. Figure S1, Visual appearance of AlgHa-heparin
beads. Scale bar of 500 um. Figure S2, L929 fibroblasts (control) and AlgHA-heparin beads” MTT
results. Figure S3, Day 7 FLK-1 and ICAM-1 expression in RBMSCs (a and b).

Author Contributions: M.A. contributed mainly to conceptualization, formulation, in vitro and
in vivo analysis, data curation, methodology, investigation, writing of the original manuscript,
editing, and revisions. S.H.K. performed in vivo implantation and sacrifice of the animal models.
J.X.B. also performed in vivo implantation and sacrifice of the animal models. H.J.C. provided
supervision, research funding, animal model surgeries, editing and validation, and manuscript
revision. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/jfb14080403/s1
https://www.mdpi.com/article/10.3390/jfb14080403/s1

J. Funct. Biomater. 2023, 14, 403 14 of 17

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) 2020R1A2C1100891 and was also supported by the
Soonchunhyang University research fund.

Institutional Review Board Statement: The animal study protocol was reviewed and approved by
The Institute of Animal Care & Use Committee (IACUC) of SoonChunHyang University (protocol
code: SCH22-0021, approval date 2022-02-17) for studies involving animals.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Wilson, S.E.; Netto, M.; Ambrésio, R., Jr. Corneal cells: Chatty in development, homeostasis, wound healing, and disease. Am. J.
Ophthalmol. 2003, 136, 530-536. [CrossRef] [PubMed]

2. Eaglstein, W.H.; Mertz, PM. New method for assessing epidermal wound healing: The effects of triamcinolone acetonide and
polyethelene film occlusion. |. Investig. Dermatol. 1978, 71, 382-384. [CrossRef] [PubMed]

3.  Reinke, J.; Sorg, H. Wound repair and regeneration. Eur. Surg. Res. 2012, 49, 35-43. [CrossRef]

4. Riha, S.M.; Maarof, M.; Fauzi, M.B. Synergistic effect of biomaterial and stem cell for skin tissue engineering in cutaneous wound
healing: A concise review. Polymers 2021, 13, 1546. [CrossRef]

5. Ali, M.; Payne, S.L. Biomaterial-based cell delivery strategies to promote liver regeneration. Biomater. Res. 2021, 25, 1-21.
[CrossRef] [PubMed]

6. Bavaro, T.; Tengattini, S.; Rezwan, R.; Chiesa, E.; Temporini, C.; Dorati, R.; Massolini, G.; Conti, B.; Ubiali, D.; Terreni, M. Design
of epidermal growth factor immobilization on 3D biocompatible scaffolds to promote tissue repair and regeneration. Sci. Rep.
2021, 11, 2629. [CrossRef]

7. Balakrishnan, B.; Mohanty, M.; Umashankar, P.; Jayakrishnan, A. Evaluation of an in situ forming hydrogel wound dressing
based on oxidized alginate and gelatin. Biomaterials 2005, 26, 6335-6342. [CrossRef]

8. Mikotajczyk, T.; Wolowska-Czapnik, D. Multifunctional alginate fibres with anti-bacterial properties. Fibres Text. East. Eur. 2005,
13, 35-40.

9.  De Vos, P,; De Haan, B.; Van Schilfgaarde, R. Effect of the alginate composition on the biocompatibility of alginate-polylysine
microcapsules. Biomaterials 1997, 18, 273-278. [CrossRef]

10. Bouhadir, K.H.; Lee, K.Y.; Alsberg, E.; Damm, K.L.; Anderson, K.W.; Mooney, D.]. Degradation of partially oxidized alginate and
its potential application for tissue engineering. Biotechnol. Prog. 2001, 17, 945-950. [CrossRef]

11. Liu, S; Liu, X;; Ren, Y;; Wang, P; Pu, Y;; Yang, R.; Wang, X.; Tan, X.; Ye, Z.; Maurizot, V. Mussel-inspired dual-cross-linking
hyaluronic acid/e-polylysine hydrogel with self-healing and antibacterial properties for wound healing. ACS Appl. Mater.
Interfaces 2020, 12, 27876-27888. [CrossRef] [PubMed]

12. Zhao, X.; Wu, H.; Guo, B.; Dong, R; Qiu, Y.; Ma, P.X. Antibacterial anti-oxidant electroactive injectable hydrogel as self-healing
wound dressing with hemostasis and adhesiveness for cutaneous wound healing. Biomaterials 2017, 122, 34-47. [CrossRef]
[PubMed]

13. Sahiner, N.; Sagbas, S.; Sahiner, M,; Silan, C.; Aktas, N.; Turk, M. Biocompatible and biodegradable poly (Tannic Acid) hydrogel
with antimicrobial and antioxidant properties. Int. J. Biol. Macromol. 2016, 82, 150-159. [CrossRef] [PubMed]

14. Brown, L.F; Yeo, K; Berse, B.; Yeo, T.-K.; Senger, D.R.; Dvorak, H.F; Van De Water, L. Expression of vascular permeability
factor (vascular endothelial growth factor) by epidermal keratinocytes during wound healing. J. Exp. Med. 1992, 176, 1375-1379.
[CrossRef]

15. Imanishi, J.; Kamiyama, K.; Iguchi, I.; Kita, M.; Sotozono, C.; Kinoshita, S. Growth factors: Importance in wound healing and
maintenance of transparency of the cornea. Prog. Retin. Eye Res. 2000, 19, 113-129. [CrossRef]

16. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-p3 family signalling. Nature 2003, 425,
577-584. [CrossRef]

17. Meyer, M.; Matsuoka, I.; Wetmore, C.; Olson, L.; Thoenen, H. Enhanced synthesis of brain-derived neurotrophic factor in the
lesioned peripheral nerve: Different mechanisms are responsible for the regulation of BDNF and NGF mRNA. J. Cell Biol. 1992,
119, 45-54. [CrossRef]

18. Niswander, L.; Martin, G.R. Fgf-4 expression during gastrulation, myogenesis, limb and tooth development in the mouse.
Development 1992, 114, 755-768. [CrossRef]

19. Costantino, H.R.; Langer, R.; Klibanov, A.M. Solid-phase aggregation of proteins under pharmaceutically relevant conditions.
J. Pharm. Sci. 1994, 83, 1662-1669. [CrossRef]

20. Ogiwara, K.; Nagaoka, M.; Cho, C.-S.; Akaike, T. Construction of a novel extracellular matrix using a new genetically engineered
epidermal growth factor fused to IgG-Fc. Biotechnol. Lett. 2005, 27, 1633-1637. [CrossRef]

21. Hou, K.; Zaniewski, R.; Roy, S. Protein A immobilized affinity cartridge for immunoglobulin purification. Biotechnol. Appl.

Biochem. 1991, 13, 257-268. [PubMed]


https://doi.org/10.1016/S0002-9394(03)00085-0
https://www.ncbi.nlm.nih.gov/pubmed/12967809
https://doi.org/10.1111/1523-1747.ep12556814
https://www.ncbi.nlm.nih.gov/pubmed/722115
https://doi.org/10.1159/000339613
https://doi.org/10.3390/polym13101546
https://doi.org/10.1186/s40824-021-00206-w
https://www.ncbi.nlm.nih.gov/pubmed/33632335
https://doi.org/10.1038/s41598-021-81905-1
https://doi.org/10.1016/j.biomaterials.2005.04.012
https://doi.org/10.1016/S0142-9612(96)00135-4
https://doi.org/10.1021/bp010070p
https://doi.org/10.1021/acsami.0c00782
https://www.ncbi.nlm.nih.gov/pubmed/32478498
https://doi.org/10.1016/j.biomaterials.2017.01.011
https://www.ncbi.nlm.nih.gov/pubmed/28107663
https://doi.org/10.1016/j.ijbiomac.2015.10.057
https://www.ncbi.nlm.nih.gov/pubmed/26526171
https://doi.org/10.1084/jem.176.5.1375
https://doi.org/10.1016/S1350-9462(99)00007-5
https://doi.org/10.1038/nature02006
https://doi.org/10.1083/jcb.119.1.45
https://doi.org/10.1242/dev.114.3.755
https://doi.org/10.1002/jps.2600831205
https://doi.org/10.1007/s10529-005-2605-0
https://www.ncbi.nlm.nih.gov/pubmed/2043281

J. Funct. Biomater. 2023, 14, 403 15 0f 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kim, J.K,; Kim, H.J.; Chung, ].-Y.; Lee, J.-H.; Young, S.-B.; Kim, Y.-H. Natural and synthetic biomaterials for controlled drug
delivery. Arch. Pharmacal Res. 2014, 37, 60-68. [CrossRef] [PubMed]

Singh, S.K.; Kumar, Y.; Ravindranath, S.S. Thermal degradation of SBS in bitumen during storage: Influence of temperature, SBS
concentration, polymer type and base bitumen. Polym. Degrad. Stab. 2018, 147, 64-75. [CrossRef]

Ali, M.; Kwak, S.H.; Lee, B.-T.; Choi, H.J. Controlled release of vascular endothelial growth factor (VEGF) in alginate and
hyaluronic acid (ALG-HA) bead system to promote wound healing in punch-induced wound rat model. J. Biomater. Sci. Polym.
Ed. 2022, 34, 612-631. [CrossRef] [PubMed]

Nuutila, K.; Samandari, M.; Endo, Y.; Zhang, Y.; Quint, J.; Schmidt, T.A.; Tamayol, A.; Sinha, L. In vivo printing of growth
factor-eluting adhesive scaffolds improves wound healing. Bioact. Mater. 2022, 8, 296-308. [CrossRef] [PubMed]

Chen, J.; Zhang, G.; Zhao, Y.; Zhou, M.; Zhong, A.; Sun, J. Promotion of skin regeneration through co-axial electrospun fibers
loaded with basic fibroblast growth factor. Adv. Compos. Hybrid Mater. 2022, 5, 1111-1125. [CrossRef]

Corstens, M.N.; Berton-Carabin, C.C.; Elichiry-Ortiz, P.T.; Hol, K.; Troost, FJ.; Masclee, A.A.; Schroén, K. Emulsion-alginate beads
designed to control in vitro intestinal lipolysis: Towards appetite control. J. Funct. Foods 2017, 34, 319-328. [CrossRef]
Kurowiak, J.; Kaczmarek-Pawelska, A.; Mackiewicz, A.G.; Bedzinski, R. Analysis of the degradation process of alginate-based
hydrogels in artificial urine for use as a bioresorbable material in the treatment of urethral injuries. Processes 2020, 8, 304.
[CrossRef]

Moya, M.L.; Cheng, M.-H.; Huang, J.-].; Francis-Sedlak, M.E.; Kao, S.-w.; Opara, E.C.; Brey, E.M. The effect of FGF-1 loaded alginate
microbeads on neovascularization and adipogenesis in a vascular pedicle model of adipose tissue engineering. Biomaterials 2010,
31, 2816-2826. [CrossRef]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]J: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Yang, C.-H.; Yen, C.-C.; Jheng, J.-].; Wang, C.-Y.; Chen, S.-S.; Huang, P-Y.; Huang, K.-S.; Shaw, ].-F. Immobilization of Brassica
oleracea chlorophyllase 1 (BoCLH1) and Candida rugosa lipase (CRL) in magnetic alginate beads: An enzymatic evaluation in
the corresponding proteins. Molecules 2014, 19, 11800-11815. [CrossRef] [PubMed]

Anmirian, J.; Makkar, P.; Lee, G.H.; Paul, K.; Lee, B.T. Incorporation of alginate-hyaluronic acid microbeads in injectable calcium
phosphate cement for improved bone regeneration. Mater. Lett. 2020, 272, 127830. [CrossRef]

Hettiaratchi, M.H.; Shoichet, M.S. Modulated protein delivery to engineer tissue repair. Tissue Eng. Part A 2019, 25, 925-930.
[CrossRef] [PubMed]

Tae, G.; Scatena, M.; Stayton, P.S.; Hoffman, A.S. PEG-cross-linked heparin is an affinity hydrogel for sustained release of vascular
endothelial growth factor. J. Biomater. Sci. Polym. Ed. 2006, 17, 187-197. [CrossRef] [PubMed]

Yu, A.; Matsuda, Y.; Takeda, A.; Uchinuma, E.; Kuroyanagi, Y. Effect of EGF and bFGF on fibroblast proliferation and angiogenic
cytokine production from cultured dermal substitutes. J. Biomater. Sci. Polym. Ed. 2012, 23, 1315-1324. [CrossRef]

Liu, Y.; Duan, L.J.; Kim, M.].; Kim, J.-H.; Chung, D.J. In situ sodium alginate-hyaluronic acid hydrogel coating method for clinical
applications. Macromol. Res. 2014, 22, 240-247. [CrossRef]

Kumar, A.; Wang, X.; Nune, K.C.; Misra, R. Biodegradable hydrogel-based biomaterials with high absorbent properties for
non-adherent wound dressing. Int. Wound J. 2017, 14, 1076-1087. [CrossRef]

Wei, S.; Wang, W.; Li, L.; Meng, H.-Y.; Feng, C.-Z.; Dong, Y.-Y.; Fang, X.-C.; Dong, Q.-Q.; Jiang, W.; Xin, H.-L. Recombinant human
epidermal growth factor combined with vacuum sealing drainage for wound healing in Bama pigs. Mil. Med. Res. 2021, 8, 18.
[CrossRef]

Lauand, C.; Rezende-Teixeira, P.; Cortez, B.A.; Niero, E.L.d.O.; Machado-Santelli, G.M. Independent of ErbB1 gene copy number,
EGF stimulates migration but is not associated with cell proliferation in non-small cell lung cancer. Cancer Cell Int. 2013, 13, 38.
[CrossRef]

Shamel, M.; Mansy, M.; Mubarak, R. The Effect of EGF on VEGF Expression on Submandibular Salivary Gland of Albino Rats
Receiving Doxorubicin. EQypt. J. Histol. 2020. [CrossRef]

Nicolas, S.; Abdellatef, S.; Haddad, M. A.; Fakhoury, I.; El-Sibai, M. Hypoxia and EGF stimulation regulate VEGF expression in
human glioblastoma multiforme (GBM) cells by differential regulation of the PI3K/Rho-GTPase and MAPK pathways. Cells 2019,
8,1397. [CrossRef] [PubMed]

RAVINDRANATH, N.; WION, D.; BRACHET, P.; DJAKIEW, D. Epidermal growth factor modulates the expression of vascular
endothelial growth factor in the human prostate. J. Androl. 2001, 22, 432-443.

van Cruijsen, H.; Giaccone, G.; Hoekman, K. Epidermal growth factor receptor and angiogenesis: Opportunities for combined
anticancer strategies. Int. J. Cancer 2005, 117, 883-888. [CrossRef] [PubMed]

Liu, K; Gualano, R.C.; Hibbs, M.L.; Anderson, G.P.; Bozinovski, S. Epidermal growth factor receptor signaling to Erk1/2 and
STATs control the intensity of the epithelial inflammatory responses to rhinovirus infection. J. Biol. Chem. 2008, 283, 9977-9985.
[CrossRef]

Zheng, Y.; Yang, W.; Aldape, K.; He, J.; Lu, Z. Epidermal growth factor (EGF)-enhanced vascular cell adhesion molecule-1
(VCAM-1) expression promotes macrophage and glioblastoma cell interaction and tumor cell invasion. J. Biol. Chem. 2014,
289, 18667. [CrossRef]

Tan, H; Jin, D.; Qu, X;; Liu, H.; Chen, X,; Yin, M.; Liu, C. A PEG-Lysozyme hydrogel harvests multiple functions as a fit-to-shape
tissue sealant for internal-use of body. Biomaterials 2019, 192, 392-404. [CrossRef] [PubMed]


https://doi.org/10.1007/s12272-013-0280-6
https://www.ncbi.nlm.nih.gov/pubmed/24197492
https://doi.org/10.1016/j.polymdegradstab.2017.11.008
https://doi.org/10.1080/09205063.2022.2135264
https://www.ncbi.nlm.nih.gov/pubmed/36218190
https://doi.org/10.1016/j.bioactmat.2021.06.030
https://www.ncbi.nlm.nih.gov/pubmed/34541402
https://doi.org/10.1007/s42114-022-00439-w
https://doi.org/10.1016/j.jff.2017.05.003
https://doi.org/10.3390/pr8030304
https://doi.org/10.1016/j.biomaterials.2009.12.053
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.3390/molecules190811800
https://www.ncbi.nlm.nih.gov/pubmed/25105918
https://doi.org/10.1016/j.matlet.2020.127830
https://doi.org/10.1089/ten.tea.2019.0066
https://www.ncbi.nlm.nih.gov/pubmed/30848169
https://doi.org/10.1163/156856206774879090
https://www.ncbi.nlm.nih.gov/pubmed/16411608
https://doi.org/10.1163/092050611X580463
https://doi.org/10.1007/s13233-014-2001-5
https://doi.org/10.1111/iwj.12762
https://doi.org/10.1186/s40779-021-00308-5
https://doi.org/10.1186/1475-2867-13-38
https://doi.org/10.21608/ejh.2020.31011.1299
https://doi.org/10.3390/cells8111397
https://www.ncbi.nlm.nih.gov/pubmed/31698752
https://doi.org/10.1002/ijc.21479
https://www.ncbi.nlm.nih.gov/pubmed/16152621
https://doi.org/10.1074/jbc.M710257200
https://doi.org/10.1074/jbc.A114.499020
https://doi.org/10.1016/j.biomaterials.2018.10.047
https://www.ncbi.nlm.nih.gov/pubmed/30497024

J. Funct. Biomater. 2023, 14, 403 16 of 17

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

Xu, J.; Min, D.; Guo, G.; Liao, X.; Fu, Z. Experimental study of epidermal growth factor and acidic fibroblast growth factor in the
treatment of diabetic foot wounds. Exp. Ther. Med. 2018, 15, 5365-5370. [CrossRef]

Nagaoka, T.; Kaburagi, Y.; Hamaguchi, Y.; Hasegawa, M.; Takehara, K.; Steeber, D.A.; Tedder, T.E; Sato, S. Delayed wound healing
in the absence of intercellular adhesion molecule-1 or L-selectin expression. Am. J. Pathol. 2000, 157, 237-247. [CrossRef]

Wang, P; Hu, Z; Cao, X.; Huang, S.; Dong, Y.; Cheng, P.; Xu, H.; Shu, B.; Xie, J.; Wu, ]. Fibronectin precoating wound bed enhances
the therapeutic effects of autologous epidermal basal cell suspension for full-thickness wounds by improving epidermal stem
cells’ utilization. Stem Cell Res. Ther. 2019, 10, 1-14. [CrossRef]

Beyranvand, F.; Gharzi, A.; Abbaszadeh, A.; Khorramabadi, R.M.; Gholami, M.; Gharravi, A.M. Encapsulation of Satureja
khuzistanica extract in alginate hydrogel accelerate wound healing in adult male rats. Inflamm. Regen. 2019, 39, 2. [CrossRef]
Wang, P.; Song, Y.; Weir, M.D.; Sun, J.; Zhao, L.; Simon, C.G.; Xu, H.H. A self-setting iPSMSC-alginate-calcium phosphate paste
for bone tissue engineering. Dent. Mater. 2016, 32, 252-263. [CrossRef]

Amirian, J.; Van, T.T.T.; Bae, S.-H.; Jung, H.-I.; Choi, H.-].; Cho, H.-D.; Lee, B.-T. Examination of in vitro and in vivo biocompatibil-
ity of alginate-hyaluronic acid microbeads as a promising method in cell delivery for kidney regeneration. Int. ]. Biol. Macromol.
2017, 105, 143-153. [CrossRef] [PubMed]

Taz, M.; Makkar, P; Imran, KM.; Jang, D.; Kim, Y.-S.; Lee, B.-T. Bone regeneration of multichannel biphasic calcium phosphate
granules supplemented with hyaluronic acid. Mater. Sci. Eng. C 2019, 99, 1058-1066. [CrossRef] [PubMed]

Davison, N.L.; Barrere-de Groot, F.; Grijpma, D.W. Degradation of biomaterials. Tissue Eng. 2014, 177-215. [CrossRef]

Yoshimi, Y.; Oino, D.; Ohira, H.; Muguruma, H.; Moczko, E.; Piletsky, S.A. Size of heparin-imprinted nanoparticles reflects the
matched interactions with the target molecule. Sensors 2019, 19, 2415. [CrossRef]

Afratis, N.; Gialeli, C.; Nikitovic, D.; Tsegenidis, T.; Karousou, E.; Theocharis, A.D.; Pavao, M.S.; Tzanakakis, G.N,;
Karamanos, N.K. Glycosaminoglycans: Key players in cancer cell biology and treatment. FEBS J. 2012, 279, 1177-1197. [CrossRef]
Skop, N.B.; Calderon, E; Levison, S.W.; Gandhi, C.D.; Cho, C.H. Heparin crosslinked chitosan microspheres for the delivery of
neural stem cells and growth factors for central nervous system repair. Acta Biomater. 2013, 9, 6834-6843. [CrossRef]

Tanihara, M.; Suzuki, Y.; Yamamoto, E.; Noguchi, A.; Mizushima, Y. Sustained release of basic fibroblast growth factor and
angiogenesis in a novel covalently crosslinked gel of heparin and alginate. J. Biomed. Mater. Res. 2001, 56, 216-221. [CrossRef]
Sun, B.; Chen, B.; Zhao, Y.; Sun, W.; Chen, K.; Zhang, J.; Wei, Z.; Xiao, Z.; Dai, J. Crosslinking heparin to collagen scaffolds for
the delivery of human platelet-derived growth factor. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009, 91, 366-372. [CrossRef]
[PubMed]

Nie, T.; Baldwin, A.; Yamaguchi, N.; Kiick, K.L. Production of heparin-functionalized hydrogels for the development of responsive
and controlled growth factor delivery systems. J. Control. Release 2007, 122, 287-296. [CrossRef]

Peplow, P.V. Glycosaminoglycan: A candidate to stimulate the repair of chronic wounds. Thromb. Haemost. 2005, 94, 4-16.
[CrossRef] [PubMed]

Nelson, S.M.; Greer, I.A. The potential role of heparin in assisted conception. Hum. Reprod. Update 2008, 14, 623—-645. [CrossRef]
[PubMed]

Greinacher, A. Heparin-induced thrombocytopenia. N. Engl. |. Med. 2015, 373, 252-261. [CrossRef] [PubMed]

Campbell, N.R.; Hull, R.D.; Brant, R.; Hogan, D.B.; Pineo, G.E,; Raskob, G.E. Aging and heparin-related bleeding. Arch. Intern.
Med. 1996, 156, 857-860. [CrossRef] [PubMed]

Yahata, Y.; Shirakata, Y.; Tokumaru, S.; Yang, L.; Dai, X.; Tohyama, M.; Tsuda, T.; Sayama, K.; Iwai, M.; Horiuchi, M. A novel
function of angiotensin II in skin wound healing: Induction of fibroblast and keratinocyte migration by angiotensin II via
heparin-binding epidermal growth factor (EGF)-like growth factor-mediated EGF receptor transactivation. J. Biol. Chem. 2006,
281, 13209-13216. [CrossRef] [PubMed]

Hirsh, J. Heparin. N. Engl. |. Med. 1991, 324, 1565-1574.

Choi, W.I; Sahu, A.; Vilos, C.; Kamaly, N.; Jo, S.-M.; Lee, ].H.; Tae, G. Bioinspired heparin nanosponge prepared by photo-
crosslinking for controlled release of growth factors. Sci. Rep. 2017, 7, 14351. [CrossRef]

Bajpai, A.; Bhanu, S. Dynamics of controlled release of heparin from swellable crosslinked starch microspheres. J. Mater. Sci.
Mater. Med. 2007, 18, 1613-1621. [CrossRef]

Cribbs, R.; Luquette, M.; Besner, G.E. Acceleration of partial-thickness burn wound healing with topical application of heparin-
binding EGF-like growth factor (HB-EGEF). ]. Burn. Care Rehabil. 1998, 19, 95-101. [CrossRef]

Ji, C.; Cao, C,; Lu, S,; Kivlin, R.; Amaral, A.; Kouttab, N.; Yang, H.; Chu, W,; Bi, Z.; Di, W. Curcumin attenuates EGF-induced
AQP3 up-regulation and cell migration in human ovarian cancer cells. Cancer Chemother. Pharmacol. 2008, 62, 857-865. [CrossRef]
Dogan, S.; Demirer, S.; Kepenekci, I.; Erkek, B.; Kiziltay, A.; Hasirci, N.; Miiftiioglu, S.; Nazikoglu, A.; Renda, N.; Dincer, U.
Epidermal growth factor-containing wound closure enhances wound healing in non-diabetic and diabetic rats. Int. Wound J. 2009,
6,107-115. [CrossRef] [PubMed]

Dasari, A.; Messersmith, W.A. New strategies in colorectal cancer: Biomarkers of response to epidermal growth factor receptor
monoclonal antibodies and potential therapeutic targets in phosphoinositide 3-kinase and mitogen-activated protein kinase
pathways. Clin. Cancer Res. 2010, 16, 3811-3818. [CrossRef]

Liu, Z.-J.; Xiao, M.; Balint, K.; Smalley, K.S.; Brafford, P.; Qiu, R.; Pinnix, C.C.; Li, X.; Herlyn, M. Notch1 signaling promotes
primary melanoma progression by activating mitogen-activated protein kinase/phosphatidylinositol 3-kinase-Akt pathways and
up-regulating N-cadherin expression. Cancer Res. 2006, 66, 4182-4190. [CrossRef] [PubMed]


https://doi.org/10.3892/etm.2018.6131
https://doi.org/10.1016/S0002-9440(10)64534-8
https://doi.org/10.1186/s13287-019-1236-7
https://doi.org/10.1186/s41232-019-0090-4
https://doi.org/10.1016/j.dental.2015.11.019
https://doi.org/10.1016/j.ijbiomac.2017.07.019
https://www.ncbi.nlm.nih.gov/pubmed/28698077
https://doi.org/10.1016/j.msec.2019.02.051
https://www.ncbi.nlm.nih.gov/pubmed/30889638
https://doi.org/10.1016/B978-0-12-420145-3.00006-7
https://doi.org/10.3390/s19102415
https://doi.org/10.1111/j.1742-4658.2012.08529.x
https://doi.org/10.1016/j.actbio.2013.02.043
https://doi.org/10.1002/1097-4636(200108)56:2&lt;216::AID-JBM1086&gt;3.0.CO;2-N
https://doi.org/10.1002/jbm.b.31411
https://www.ncbi.nlm.nih.gov/pubmed/19484776
https://doi.org/10.1016/j.jconrel.2007.04.019
https://doi.org/10.1160/TH04-12-0812
https://www.ncbi.nlm.nih.gov/pubmed/16113778
https://doi.org/10.1093/humupd/dmn031
https://www.ncbi.nlm.nih.gov/pubmed/18701511
https://doi.org/10.1056/NEJMcp1411910
https://www.ncbi.nlm.nih.gov/pubmed/26176382
https://doi.org/10.1001/archinte.1996.00440080047006
https://www.ncbi.nlm.nih.gov/pubmed/8774204
https://doi.org/10.1074/jbc.M509771200
https://www.ncbi.nlm.nih.gov/pubmed/16543233
https://doi.org/10.1038/s41598-017-14040-5
https://doi.org/10.1007/s10856-007-3020-y
https://doi.org/10.1097/00004630-199803000-00002
https://doi.org/10.1007/s00280-007-0674-6
https://doi.org/10.1111/j.1742-481X.2009.00584.x
https://www.ncbi.nlm.nih.gov/pubmed/19432660
https://doi.org/10.1158/1078-0432.CCR-09-2283
https://doi.org/10.1158/0008-5472.CAN-05-3589
https://www.ncbi.nlm.nih.gov/pubmed/16618740

J. Funct. Biomater. 2023, 14, 403 17 of 17

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Li, J.; Wang, Z.; Wang, J.; Guo, Q.; Fu, Y,; Dai, Z.; Wang, M.; Bai, Y.; Liu, X.; Cooper, PR. Amphiregulin regulates odontogenic
differentiation of dental pulp stem cells by activation of mitogen-activated protein kinase and the phosphatidylinositol 3-kinase
signaling pathways. Stem Cell Res. Ther. 2022, 13, 304. [CrossRef] [PubMed]

Brown, G.L.; Curtsinger, L., III; Brightwell, ].R.; Ackerman, D.M.; Tobin, G.R.; Polk Jr, H.C.; George-Nascimento, C.; Valenzuela, P;
Schultz, G.S. Enhancement of epidermal regeneration by biosynthetic epidermal growth factor. J. Exp. Med. 1986, 163, 1319-1324.
[CrossRef]

Goh, M.; Hwang, Y.; Tae, G. Epidermal growth factor loaded heparin-based hydrogel sheet for skin wound healing. Carbohydr.
Polym. 2016, 147, 251-260. [CrossRef]

Patel, M.; Velagapudi, C.; Burns, H.; Doss, R.; Lee, M.-].; Mariappan, M.M.; Wagner, B.; Arar, M.; Barnes, V.L.; Abboud, H.E.
Mouse Metanephric Mesenchymal Cell-Derived Angioblasts Undergo Vasculogenesis in Three-Dimensional Culture. Am. J.
Pathol. 2018, 188, 768-784. [CrossRef]

Dustin, M.L.; Rothlein, R.; Bhan, A.K,; Dinarello, C.A.; Springer, T.A. Induction by IL 1 and interferon-gamma: Tissue distribution,
biochemistry, and function of a natural adherence molecule (ICAM-1). J. Immunol. 1986, 137, 245-254. [CrossRef]

Middleton, M.H.; Norris, D.A. Cytokine-induced ICAM-1 expression in human keratinocytes is highly variable in keratinocyte
strains from different donors. J. Investig. Dermatol. 1995, 104, 489-496. [CrossRef]

Chen, L.; Qin, L.; Chen, C.; Hu, Q.; Wang, J.; Shen, ]J. Serum exosomes accelerate diabetic wound healing by promoting
angiogenesis and ECM formation. Cell Biol. Int. 2021, 45, 1976-1985. [CrossRef]

Carpenter, G.; Cohen, S. Human epidermal growth factor and the proliferation of human fibroblasts. J. Cell. Physiol. 1976, 88,
227-237. [CrossRef]

Pruss, R.M.; Herschman, H.R. Variants of 3T3 cells lacking mitogenic response to epidermal growth factor. Proc. Natl. Acad. Sci.
USA 1977, 74, 3918-3921. [CrossRef] [PubMed]

Carpenter, G.; Cohen, S. 125I-labeled human epidermal growth factor. Binding, internalization, and degradation in human
fibroblasts. J. Cell Biol. 1976, 71, 159-171. [CrossRef] [PubMed]

Wiley, H.S.; Cunningham, D.D. A steady state model for analyzing the cellular binding, internalization and degradation of
polypeptide ligands. Cell 1981, 25, 433—440. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13287-022-02971-4
https://www.ncbi.nlm.nih.gov/pubmed/35841013
https://doi.org/10.1084/jem.163.5.1319
https://doi.org/10.1016/j.carbpol.2016.03.072
https://doi.org/10.1016/j.ajpath.2017.10.022
https://doi.org/10.4049/jimmunol.137.1.245
https://doi.org/10.1111/1523-1747.ep12605923
https://doi.org/10.1002/cbin.11627
https://doi.org/10.1002/jcp.1040880212
https://doi.org/10.1073/pnas.74.9.3918
https://www.ncbi.nlm.nih.gov/pubmed/302945
https://doi.org/10.1083/jcb.71.1.159
https://www.ncbi.nlm.nih.gov/pubmed/977646
https://doi.org/10.1016/0092-8674(81)90061-1
https://www.ncbi.nlm.nih.gov/pubmed/6269748

	Introduction 
	Material and methods 
	Fabrication of Crosslinked AlgHA Composite Beads 
	Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) 
	Bead Size Distribution and Fourier Transform Infrared Spectroscopy (FT-IR) 
	Beads Weight Loss 
	EGF Release Study 
	Biocompatibility 
	In Vitro Wound-Healing Migration Assay 
	Immunoblotting 
	Animal Models and Surgical Procedures 
	Histology 

	Statistical Analysis 
	Results 
	Characterization of AlgHA-Heparin Beads 
	EGF Loading, Entrapment, and Cumulative Release 
	MTT Assay and Proliferation 
	Effect of EGF on the Migration of L929 Cells 
	Western Blot Analysis 
	Wound Closure 
	Post-Implantation Histological Analysis 
	Immunohistochemistry 

	Discussion 
	Conclusions 
	References

