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ABSTRACT: Metal particles incorporated into polymer matrices in various forms and geometries are attractive material platforms
for promoting wound healing and preventing infections. However, the fate of these metal particles and their degraded products in
the tissue environment are still unknown, as both can produce cytotoxic e�ects and promote unwanted wound reactions. In this
study, we develop biodegradable fibrous biomaterials embedded with metal particles that have an immune activation functions.
Initially, biodegradable zinc (Zn) nanoparticles were modified with zein (G), a protein derived from corn. The zein-coated zinc
particles (Z−G) were then embedded in polycaprolactone (P) fibers at di�erent weight ratios to create fibrous biomaterials via
electrospinning, which were subsequently analyzed for potential wound healing applications. We performed multimodal evaluations
of the fibrous sca�olds, examining physicochemical properties such as fiber morphology, mechanical strength, hydrophilicity,
degradation, and release of zinc ions (Zn2+), as well as biological properties, including in vitro cell culture studies. We provide
evidence that the integration of 2.4 wt % of Z−G particles in polycaprolactone (PCL) nanofibrous sca�olds improved its
physicochemical and biological functions. The in vitro cellular response of the sca�olds was evaluated using a series of cytotoxicity
assays and immunocytochemistry analyses with three di�erent cell types: mouse-derived fibroblast cell lines (NIH/3T3), human
dermal fibroblasts (HDFn), and human umbilical vein endothelial cells (HUVECs). The composite fibrous sca�old exhibited robust
activation and proliferation of NIH/3T3 and HDFn cells, along with a significant angiogenic potential in HUVECs.
Immunocytochemistry confirmed elevated expression of vimentin and α-smooth muscle actin (α-SMA), suggesting that NIH/
3T3 and Haden cells were highly di�erentiated into myofibroblasts. Additionally, the increased expression of CD31 and VE-cadherin
in HUVECs suggests that the sca�old supports tube formation, thereby enhancing neovascularization and promoting an e�ective
immune response. Overall, our findings demonstrate the regenerative potential of the self-enhanced Zn hemostatic biosca�olds,
which deliver both Zn2+ ions and zein proteins to nourish cells. This capability not only modulates cellular activities but also
contributes to tissue repair and remodeling, making the sca�olds suitable for wound repair and various bioengineering applications.
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1. INTRODUCTION

Wound healing is a dynamic and coordinated biological
process that involves hemostasis, inflammation, cell prolifer-
ation, migration, and maturation to restore cellular architecture
and function.1 The sequential growth and metabolic regulation
of tissues in the wound sites promote wound healing. Usually,
traumatic injuries, disruption of surgeries, and infectious
diseases cause wounds. Chronic wounds are characterized by
perpetuated inflammation that impairs the subsequent
proliferative and remodeling phases of tissue and inhibits
wound healing. Many factors, including, but not limited to,

insu>cient oxygen supply, lack of su>cient proteins, minerals,

and vitamins influence the delaying of wound healing.2

Biomaterials-based approaches such as polymeric films, fibers,

and hydrogels incorporated with metallic particles, antibiotics,
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antimicrobial drugs, and adhesive proteins have received
extensive attention in repairing chronic wounds.3 These
biomaterials stimulate the deposition of the extracellular matrix
and the formation of new tissues in wounds. However, there
are still significant challenges in treating complicated wounds
such as diabetic wounds and burns. Therefore, there is an
unmet need for e>cient biomaterials that can substitute or
minimize the use of drugs and e�ectively promote tissue
regeneration and wound repair. We aim to design a
micronutrient-rich fibrous biomaterial highly compatible with
primary endothelial cells and human dermal fibroblasts that
could have promising applications in wound healing and
several other biomedical applications, including tissue engi-
neering and drug delivery.

Metallic micro- and nanoscale particles have been widely
applied in the biomedical field, demonstrating therapeutic
e>cacy and facilitating both in vitro and in vivo clinical
translation due to their ability to interact with proteins and
nucleic acids.4 In particular, the microparticles of Zn, Mg, Fe,
and other metallic elements have shown enormous potential in
the regulation of tissue repair and the prevention of infection.5

These metal particles behave as biocatalysts that regulate
complex biological processes related to the expression of genes,
protein synthesis, and signal transduction.6 Additionally,
biodegradable metals such as Mg, Zn, and their corresponding
alloys are an important class of materials for implant
applications such as bone fixation devices, cardiovascular
stents, and surgical pins.7 These biometals rapidly react with
water to release metal ions (i.e., Zn2+ and Mg2+) and hydrogen.
Both reaction products have clinically beneficial properties
such as antioxidant properties reduction of inflammation, and
the promotion of tissue repair.8

Zinc binding cofactors influence the cell type-specific gene
expression, metabolic regulation of immunological/hemostatic
transcription factors, and mRNA stability by enzymatic
saturation.9 The presence of zinc cofactor mediates human
umbilical vein endothelial cells (HUVECs) to express
kininogen, responsible for the activation of human plasma
and intrinsic clotting pathway, modulation of inflammation
severity, and regulation of cell proliferation.10 Noteworthy, Zn
particles promote the dermal cell types to neutralize the
excessive production of reactive oxygen species (ROS) in the
metabolic process and inhibit bacterial infection. Zn2+ and
Mg2+ released from a hydrogel enhance the deposition of
extracellular matrix (ECM) in cells and tissues.11 These ions
stimulate human skin fibroblasts (HFSs) to di�erentiate into
myofibroblasts and immortalized keratinocyte functions by the
activation of STAT3 signaling and promote wound repair. The
Mg2+ also activates the upregulation of Zn2+ ions in HSFs,
enabling their therapeutic e>ciency for wound remodeling and
healing processes. Note that, the concentration of zinc (≥50
μM) in the cell medium activates the ILC2 cells with increased
intracellular Zn level and elevates the expression of the type 2
cytokines (IL5, IL2RA, and IL1RL1).12 These cytokines are
responsible for the immune response, macrophage activation,
and protection against bacterial and parasitic invasions in the
body. Additionally, zinc at micromolar levels binds with
cysteine residues to protect the cytoskeleton network of
vimentin filaments, ensuring cellular architecture, signaling,
and epithelial-mesenchymal transitions in human fibroblasts.
The uptake of zinc through vimentin-zinc interactions induces
vimentin polymerization and enhances the wound healing
process.13 Prior studies showed that the controlled release of

Zn ions (0.035 mM after 3 days) from polycaprolactone
(PCL)-chitosan fibrous sca�old significantly increased NIH/
3T3 growth and proliferation, indicating that the zinc-chitosan
complex is prominent and biologically active.14 Aside from the
promising benefits of Zn particles in tissue engineering,
physical immobilization of these particles into cell-instructive
sca�olds presents multiple challenges. These challenges include
issues with dispersibility and solubility, as well as oxidation of
the particles during multistep postsynthetic procedures, which
increases their reactivity and charges. Consequently, excessive
free zinc eGux from sca�old materials might create zinc
accumulation around living cells leading to toxic e�ects.15

Therefore, we first developed coated Zn particles with zein to
prevent rapid oxidation of Zn and embedded those particles in
polymeric nanofibers via electrospinning. Numerous functional
groups of zein such as nitrogen-based through glutamine
residues are capable of forming zinc-zein linkages via a polar
loop of amino acids. This can form an adsorbed “corona”
around the bare Zn particles, forming Z−G particles.
Additionally, zein is known for its antioxidant and antibacterial
capacity and has been found to enhance the growth of human
dermal fibroblasts and skin-wound healing process.16 The
composite nanofibrous sca�olds can control the degradation of
Zn in complex biological environments.

Here, we report on Z−G particles incorporated into PCL
nanofiber sca�olds, which act as self-nourishing structures that
significantly promote fibroblast proliferation and di�erentiation
as well as induce endothelial cells for vascularization and tissue
regeneration. Our novel surface coating technique with zein is
cost-e�ective and eco-friendly. We characterized the coated Zn
particles and assessed their impact on the physical, chemical,
and mechanical properties of the sca�olds. Subsequently, we
studied cellular responses in vitro using fibroblast cells (both
mouse and human) and endothelial cells (HUVECs). We
hypothesized that the combined e�ects of Zn as a micro-
nutrient, zein as an antioxidant protein, and PCL nanofibers as
a physical support would collectively enhance biological
functionality to promote cell growth and development. This
promising biomaterial sca�old aims to overcome the
limitations of pristine nanoparticles and accelerate cellular
functions around the wound, advancing wound care and tissue
regeneration applications.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Polycaprolactone (PCL, MW =
80,000), zein (G), and zinc nanoparticles (Zn NPs) were purchased
from Sigma-Aldrich. Trifluoroethanol (TFE, purity ∼99+%),
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin/streptomycin (P/S), AlamarBlue, and 3-(4,5-
dimethyl-2-thazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,
methylthiazoyldiphenyl-tetrazolium bromide) assay kits were pur-
chased from Thermo Fisher Scientific (Waltham, MA). All chemicals
and reagents were of analytical grade and used as received without any
further purification.
2.2. Preparation of Zein-Coated Zinc Particles. Zein solution

was prepared by dispersing zein powder (2% w/w) in TFE, followed
by continuous stirring for 12 h at room temperature (RT). Then, 4.0
g of Zn NPs was added into the as-prepared zein solution in TFE to
make a total weight of 75.0 g of a colloidal solution (stock solution) of
Z−G particles. The mixture was probe sonicated (Model: FB 120, S/
N 60663T-11−10, Fischer Scientific) for 8 h with a 30:10 pulse rate
in an ice bath. Conjugation of zein with the Zn surface led to the
formation of Z−G particles through the solvation e�ect.17 The well-
dispersed Z−G colloidal solution was used to fabricate nanofibrous
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sca�olds after characterizing the microstructure, crystallinity, and
chemical compositions of the particles.
2.3. Fabrication of Nanofibrous Sca4olds. Electrospinning was

used for the fabrication of nanofibrous sca�olds. The sca�olds were
fabricated with di�erent weight percentages of Z−G particles
(prepared in Section 2.2) with PCL. Di�erent volumes of Z−G
colloidal (e.g., 0.5, 1, and 2 mL) from the stock solution were blended
with PCL/zein solution. The weight ratio of PCL/zein was
maintained as ∼83/17 (w/w %). The solution of PCL in TFE with
zein was first prepared under magnetic stirring for 8 h before the
addition of Z−G colloidal particles. Each homogeneous mixture of
PCL/zein/Z−G particles was further subjected to magnetic stirring
overnight and was loaded in a syringe for electrospinning. All of the
parameters for the electrospinning procedure were fixed according to
our previous publication.14 Table 1 shows the composition of
fabricated sca�olds. For a comparative study, PCL-zein fibrous
sca�olds without Zn particles were also fabricated. First, zein solution
was prepared in TFE at three di�erent percentages (i.e., 1, 2, and 3 wt
%). Then, 10 wt % PCL was blended with each zein solution in an
airtight vessel using a magnetic stirrer overnight and used for
electrospinning. All of the resulting fibrous meshes were dried at 40
°C overnight before further analysis and characterization. The amount
of PCL-P, Zein-G, and Zinc-Z were expressed in gram (g).
Proportions of each component in the dry samples were calculated
both empirically, by comparing the weights of material used initially,
and experimentally, by analyzing the sca�old materials with
inductively coupled plasma (ICP)-OES analysis.

3. CHARACTERIZATION OF SCAFFOLDS

3.1. Physicochemical Characterization. Scanning elec-
tron microscopy (SEM, Jeol-800) equipped with energy-
dispersive X-ray spectroscopy (EDS) (Quantax 70, Bruker
Corporation, Billerica, MA) was used to observe the
morphology of the Zn and Z−G particles and the surface
morphology of the fibrous sca�olds. For the SEM imaging, the
Zn and Z−G particles were well dispersed in pure ethanol
separately, and then 5 μL of each colloidal solution was
dropped on aluminum foil. The solvent was completely
evaporated. For the surface morphology of fibrous sca�olds,
the samples were prepared by cutting into small pieces,
attaching them to carbon tape, and sputter-coating with gold-
palladium using a coating device (Leica EM ACE200, IL) for
30 s (coating depth = 5 nm) at 15 mA. SEM images were taken
at an accelerating voltage of 3 kV. The morphologies of the
particles were further observed by high-resolution transmission
electron microscopy (HRTEM; JEM-2100Plus-JEM). X-ray
photoelectron spectroscopy (XPS) analysis was performed
using a TSCALAB XI+ X-ray Photoelectron Spectrometer
(Thermo Scientific Escalab Xi+ XPS). The hydrodynamic
diameter of nonspherical Zn and Z−G nanoparticles was
measured by Malvern Zetasizer (ZEN3600; Malvern Instru-
ments, Inc. Westborough, MA). The crystallinity of each
material was also examined using X-ray di�raction (XRD,
Rigaku Japan) with a Cu target at a wavelength (λ) of 0.154
nm with a 2θ range of (10−90)° at a scan rate of 5°/min. The
Fourier transmission infrared (FTIR) spectra of the samples

were recorded by an FTIR spectrometer (Agilent 670, Sant
Clara, CA). The melting and crystallinity of the electrospun
samples were evaluated using a Mettler Toledo DSC3+
equipped with a di�erential scanning calorimetry (DSC)
sensor with 56/120 thermocouples. Nanofibrous specimens of
approximately 5 mg were sealed in an aluminum pan with an
empty pan as a reference. Afterward, samples were subjected to
heating−cooling cycles from 25 to 120 °C at a rate of 10 °C
min−1. All DSC measurements were conducted under a high-
purity nitrogen atmosphere at a flow rate of 10 mL/min. The
crystallinity of the samples was calculated using the relation

= ×X 100%
H

Hc

m

0

, where Xc is the degree of crystallinity,

ΔHm is the enthalpy of melting for the samples, and ΔH0 is the
theoretical melting enthalpy of PCL (100% crystalline) which
was taken as 135 J/g. The mechanical property of the di�erent
fibrous sca�olds (card template, each of area; 60 × 40 mm2)
was examined by using a microsystems tensile testing machine
(TA. XT plus C texture Analyzer, Texture Technologies Corp,
South Hamilton, MA). The concentrations of zinc were
quantified utilizing the Optima 8300 inductively coupled
plasma-optical emission spectrometry (ICP-OES), PerkinElm-
er, Inc. For ICP analysis, samples underwent digestion
employing the MARS 6 microwave digester, produced by
CEM Technologies, Inc.
3.2. Wetting and Swelling Property. The wettability of

the fibrous sca�olds was determined through the static contact
angle measurement using the sessile drop method (KRUSS
drop shape analyzer, DSA25E, Germany) at RT. The optical
image of each electrospun sca�old absorbing water droplets
was taken at two di�erent time points (10 and 30 s) after the
deposition of droplets on the surface of the sca�olds (n = 5).
Further, the swelling behavior of sca�olds was evaluated as
previously reported in the literature.18 Briefly, each sca�old of
dimension (20 × 20 mm2) as a test specimen was measured for
the initial dry weight (Wd). Then, the sca�olds were carefully
placed in a 10 mL phosphate bu�er solution (PBS 1×) with
pH 7.4 at 37 °C in an incubator separately. After a specific time
interval, nanofibrous sca�olds were removed and washed
several times with water then held over tissue paper (absorbent
paper) amidst gentle tapping to remove adsorb PBS on the
surface. Each wet sample was identified as a swollen sca�old (n
= 3) and weight was represented as (Ws). The gravimetric
method was applied to calculate the swelling ratio expressed in

percent (%) using the relation =
×

S( ) (%)
W W

Ww 100

s d

d

.

3.3. Protein Adsorption Analysis. Adsorption of protein
on the fibrous sca�olds was evaluated using a bicinchoninic
acid assay kit (Pierce BCA Protein Assay Kit; Thermo
Scientific) according to the manufacturer’s instructions. The
BSA as a standard solution (pH 7.2) was used to calculate the
total protein absorbed on the sca�olds. Each sca�old (n = 3)
was immersed in a cell growth medium incubated at 37 °C for
24 h. Then, the medium was aspirated followed by washing

Table 1. Sample Designation and Composition

calculated composition composition obtained from ICP-OES analysis

materials PCL-P (g) zein-G (g) zinc-Z (g) P:Z:G (w/w) % zinc-Z (g) P:Z:G (w/w) %

PZ0G0 1.5 100:0:0 100:0:0

PZ0G2 1.5 0.3 83.4:0:16.6 83.4:0:16.6

PZ1G2 1.5 0.3 0.025 82.2:1.4:16.4 0.02 82.3:1.2:16.5

PZ2G2 1.5 0.3 0.050 81.1:2.7:16.2 0.04 81.3:2.4:16.3
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with PBS 3 times before adding the BCA reagent to the
sca�old and incubated for 30 min at 37 °C. A similar process
was employed for each of the sca�old (n = 3) cultured with
NIH/3T3 cells for 24 h for comparison. After the incubation
time was completed, the absorbance was recorded at 570 nm
using a microplate reader (CLARIOstar Plus, BMG Labtech,
Inc., Cary, NC).
3.4. In Vitro Release of Zn Ions and Degradation of

Fibrous Sca4olds. The release of Zn2+ ions from the
sca�olds was analyzed to confirm the cytotoxicity evaluation in
vitro. Each sca�old (n = 3) of diameter 12 mm was prepared
on glass coverslips and fixed at the bottom of 48-well plates.
The sca�olds were sterilized and washed with 1× PBS. Then,
NIH/3T3 cells were cultured onto the sca�olds (see details of
cell culture in Section 3.5). At each time interval (for example;
1, 3, 5, 7, 9, and 12 days) the cell media was collected and the
release of Zn2+ ion concentration was examined for each time
using an inductively coupled plasma emission spectroscope
(IPC-OES Optima 8300. PerkinElmer, Shelton, Connecticut)
according to our prior publication.14 Further, the degradation
of the sca�olds was analyzed under SEM. Briefly, the sca�olds
were immersed in the cell-cultured medium for 30 days with
refreshing the cultured media every 3 days. Finally, the
sca�olds were washed with deionized water several times and
dried before SEM observation.
3.5. Cell Culture Study. Mouse fibroblast cell line (NIH/

3T3) (ATCC Cell Line Bank 1658, Manassas, VA) were
cultured with DMEM supplemented with 10% FBS and 1% P/
S, in a 37 °C incubator with 5% carbon dioxide (CO2) and
95% humidified atmosphere. Primary Dermal Fibroblast
Normal; Human Neonatal (HDFn, ATCC cell bank) were
cultured in Fibroblast Basal Medium (ATCC PCS-201−030)
with Fibroblast Growth Kit-Serum Free (ATCC PCS-201−

040) containing each of the following growth supplements: L-
glutamine, hydrocortisone hemisuccinate, HLL supplement
(Human serum albumin, linoleic acid, lecithin), rh FGF β, rh
EGF/TGF β−1 supplement, rh insulin, and ascorbic acid long
with Streptomycin-Amphotericin B Solution (ATCC PCS-
999−002; dilution 1:1000) in a 37 °C incubator with 5% CO2

and 95% humidified atmosphere. Human Umbilical Vein
Endothelial Cells (HUVECs) (ATCC CRL-1730) were
cultured in F-12K Medium (ATCC 30−2004) and Heparin
solution (Sigma, H3393) supplemented with 10% FBS (ATCC
30−2020) and Endothelial cell growth supplement (ECGS;
Fisher Scientific, CB-40006) in a 37 °C incubator in 5% CO2

and 95% air atmosphere. The fresh cell culture medium was
replenished every second day of the culture period for all of the
cell types. After 80% confluency, the cells were passaged by
dissociation with trypsin-EDTA (Gibco, Thermo Fisher
Scientific).
3.6. Biocompatibility and Cell Proliferation Study.

The prepared sca�olds were fitted on circular glass coverslips
(12 mm diameter) and fixed at the bottom of 48-well plates
(Thermo Fisher). Prior to cell seeding, the prepared samples
were sterilized under ultraviolet (UV) light for 3 h and washed
with 70% ethanol, followed by PBS (1×). The cells were
seeded at a density of 1.5 × 104/well, pipetting at the center of
sca�olds after pretreating the samples soaking in the medium
for 1 h. The cells were nourished with a fresh culture medium
every 2 days. The biocompatibility of the sca�olds and
proliferation of the cells on the sca�olds were examined using
AlamarBlue (AB) colorimetric assay according to the
company’s protocol. The absorbance of the AB was measured

at 570 nm using 600 nm as a reference wavelength by a
microplate reader (Varioskan LUX, SN 3020−81747, Ther-
omoscientific spectrophotometer, Singapore). Furthermore,
the proliferation and survivability of the NIH/3T3 cells and
HDFn on each sca�old were evaluated using an MTT assay kit
under the company’s protocol. For the MTT test, the seeding
of cells was performed similar to that of cells cultured in AB
condition as described above and the optical density (OD) was
recorded at 540 nm.

In addition, the cytotoxicity of the sca�olds was determined
with a live/dead assay kit (PerkinElmer LLC Via AOPI
Staining Solution; Fisher Scientific). The NIH/3T3 cells and
HDFn were cultured on various sca�olds as described above
for 5 days. Live cells were stained with green and red for dead
cells. Cells were visualized under an Olympus I × 83
microscope incorporated with Olympus cell Sens Dimension
(Olympus Corporation, Shinjuku, Tokyo, Japan). Further, live
and dead cells were counted on each sca�old (n = 3) from the
fluorescence images using ImageJ software (J 1.53c, NIH,
Bethesda, MD).
3.7. Cell Attachment and Morphology Study. The

morphology, growth, and proliferation of viable NIH/3T3 and
HDFn cells on the sca�olds were observed under a
fluorescence microscope after 1 and 5 days of culture at 37
°C. The cells were seeded on di�erent sca�olds similar to the
prior method and cultured up to day in 48-well plates. The
cells were washed with PBS (1×) and fixed with 4%
paraformaldehyde (PFA, Thermo Scientific) solution for 10
min. The fixed cells were permeabilized in 0.3% Triton X-100
(Thermo Scientific) for 3 min at RT. Then, the cells were
blocked with 1% BSA for 30 min at RT. Subsequently, the cells
were stained with ActinGreen 488 Readyprobes reagent
(Invitrogen, Thermo Fisher Scientific) for cytoplasm about
20 min, and DAPI (4’6,-diamidino-2-phenylindole, Dihydro-
chloride; Invitrogen, Thermo Fisher Scientific), for nuclei until
5 min at RT in the dark condition. The fluorescence images
were taken using an Olympus I × 83 microscope (Olympus).
Further, the NIH/3T3 cells and HDFn attachment on di�erent
sca�olds were also observed using SEM. Cells on the sca�olds
were first rinsed with PBS and then fixed with 2.5%
glutaraldehyde solution and dehydrated with 30, 50, 70, and
90% ethanol serially. All sca�olds were dried in a hood for 1
day at RT before SEM observation.
3.8. Immunocytochemistry (ICC) Analysis. The hetero-

geneity of the NIH/3T3 fibroblast and di�erentiation study of
HDFn was identified using the immunocytochemistry
technique as per Abcam protocol. Briefly, the cultured NIH/
3T3 cells and HDFn were washed with PBS and fixed with 4%
paraformaldehyde (PFA). The fixed cell samples were
permeabilized with 0.2% Triton X-100 for 5 min at RT.
Using PBS-T, samples were rinsed and blocked the nonspecific
binding sites with 1% BSA for 30 min. Sequentially, the cells
were incubated with primary antibodies anti-vimentin (ab8978,
abcam) and anti-alpha smooth muscle actin (ab124964,
abcam) at 4 °C overnight. Subsequently, after washing with
PBS-T, the cells were labeled again with secondary antibodies,
including goat antirabbit IgG H&L (Alexa Fluor 488;
ab150077, abcam) and goat antimouse IgG H&L (Alexa
Fluor 594; ab150116, abcam) for 1 h at RT under dark
condition. The nuclei were counter-stained with DAPI for 10
min. Then, the Olympus I × 83 microscope (Olympus) was
used to visualize fluorescence images of stained cells. The
fluorescence intensity of the cytoplasmic protein markers
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(vimentin and α-SMA) were expressed after analyzed by the
ImageJ software.
3.9. In Vitro Study of Angiogenic Activity and Tube

Formation. The angiogenic properties of HUVECs were
conducted by cell migration and a tube formation assay. The
cell migration capability of HUVECs that represent a wound
healing scenario was assessed via an in vitro scratch assay.
Briefly, HUVECs were seeded at a density of 1.5 × 105/well in
24-well plates. At 80% confluency, the cells were wounded by
scraping with a 200 μL pipet tip, denuding a strip of the
monolayer. Then, the cells were washed with PBS and
incubated with cell culture media eluted (extracts) from
sca�olds (PZ0G0, PZ0G2, PZ1G2, and PZ2G2) for 24 h,
while the freshly prepared media was used as control. The
variation in the wound diameter was determined and
normalized in three di�erent experiments. The wound area
was observed and photographed using a phase contrast
inverted microscope at 0 and 24 h. Then, the percentage of

the cell-free area due to cell migration was measured and
quantified using a wound healing assay tool from ImageJ
Software.

To determine the e�ect of the sca�olds on the angiogenic
properties, a tube formation assay was conducted with the
HUVEC cells. Briefly, 24-well plates were coated with ice-cold
Matrigel Matrix Basement Membrane (ref- 354234, Corning)
and incubated at 37 °C for at least 1 h to allow solidification.
HUVECs were then harvested from the culture plate and
seeded at a density of 1.5 × 105 cells per well onto the Matrigel
layer, followed by incubation at 37 °C. After 3 and 6 h of
incubation, images of the tubular structures were captured
using an inverted microscope. Quantification of the data was
performed using the Angiogenesis Analyzer in ImageJ
Software.
3.10. Immunocytochemistry (ICC) Analysis of HU-

VECs. For immunostaining of vascular endothelial VE-
cadherin and the endothelial cell marker CD31, HUVECs

Figure 1. Characterization of Zn NPs and zein-coated Zn particles. (A, B) SEM images of received Zn metal particles and zein-coated Z−G
particles, respectively (scale bar = 10 μm). (C, D) Representative TEM images of pure Zn NPs and Z−G NPs, respectively (scale bar = 100 nm).
(E, F) Hydrodynamic size distribution of Zn NPs and Z−G NPs expressed in intensity percentage measured by DLS analysis. (G) Average particle
sizes measured by DLS analysis. (H) XRD patterns of the Zn NPs with and without zein coating.
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were seeded in 48-well plates and cultured for 7 days in
extracted culture media from di�erent samples, as well as in
freshly prepared media for the control cells. Subsequently, cells
were fixed with 4% PFA followed by washing with PBS. Then,
permeabilized with Triton X-100 and blocked the nonspecific
proteins with 2% BSA. Sequentially, the cells were incubated
with primary antibodies; anti-VE-cadherin Polyclonal Antibody
(PA5−19612, Thermo Fisher Scientific, Invitrogen) and anti-
CD31 antibody (ab24590, abcam) for 1h at RT, followed by a
further incubation at RT for 1h with secondary antibodies;
goat antirabbit IgG H&L (Alexa Fluor 488; ab150077, abcam)
and goat antimouse IgG H&L (Alexa Fluor 594; ab150116,
abcam). F-actin was labeled with ActinGreen 488 ReadyProbes

Reagents (Alexa Fluor 488 phalloidin) and ActinRed 555
ReadyProbes Reagent (Rhodamine phalloidin). DAPI was
used to label nuclear DNA in blue. Stained cells were imagined
using a fluorescence microscope (Olympus I × 83 micro-
scope).
3.11. Statistical Analysis. Data were plotted using

OriginPro software version 2023 (Origin Lab, Northampton,
MA). Microsoft Excel was used to analyze all quantitative data
and presented as the mean ± standard deviation (SD, n = 3). A
one-way analysis of variance (ANOVA) testing followed by
Tukey’s post hoc analysis was used to determine the
statistically significant di�erences between groups and

Figure 2. Surface morphology and diameter distributions of the electrospun fibrous sca�olds. SEM micrographs at the left column and insets show
the morphology of the fibers at di�erent compositions. Scale bars = 500 nm for all insets. The frequency distribution curves expressed in histograms
on the right column correspond to the diameters of the nanofibers (n = 100) obtained from SEM images on the left column. The diameter was
measured using ImageJ software.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c13458
ACS Appl. Mater. Interfaces 2024, 16, 49197−49217

49202

https://pubs.acs.org/doi/10.1021/acsami.4c13458?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13458?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13458?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13458?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c13458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significance was considered at p values of *p < 0.05, **p <
0.01, and ***p < 0.001.

4. RESULTS AND DISCUSSION

4.1. Characterization of Zein-Coated Zn Particle.
Nanoscale-sized Zn particles with a wide range in diameter
were successfully obtained using an ultraprobe sonication
technique. SEM and TEM micrographs (Figure 1) confirm
that these particles are dispersed but susceptible to aggregate in
any media. However, most particles are relatively smaller in
size, similar to the commercial scale as received. High-
resolution Zn particles show a relatively hexagonal or spherical
structure assigned to the structure of zinc nanoplate.19 The
SEM images of Z−G NPs exhibited a well-dispersed colloidal
form. Notably, the TEM image shows a thin layer of zein
protein on the surface of the Zn NPs, suggesting that a
nanoscale protein layer is formed. The layer with variable
thickness was observed due to the ultrasonic treatment during
coating. The zein has the ability to cap Zn NPs strongly due to
the high electron density in zein and the oxidative property of
Zn. It is well known that certain amino groups in zein, such as
glutamine and alanine act as ligands (chelating agents) forming
molecular linkage to nanoparticles through coordinate bonds
named biofunctionalization that enhance particles’ physico-
chemical stability and increase bioactivity.20 The surface
modification of the particles by protein exhibits amphipathic
properties, which also improves biodistribution in any media
through polar functional groups. The sizes of the particles were
further evaluated by the dynamic light scattering (DLS)
analysis (Figure 1E,F). The Zn NPs show a wide range in sizes
(100−800 nm), which was found to be ∼60% by quantitative
measurement with respect to intensity. In contrast, the size of
Z−G colloidal was measured from 300 to 1100 nm, where
∼65% of the particles were in the range of 300−600 nm sizes.
Overall, the average size (425.7 ± 8.7 nm) of Zn NPs and
(585.4 ± 3.6 nm) of Z−G particles were measured (Figure
1G). The larger size may be the result of particle
agglomeration. However, these average values are not
consistent compared to the actual size (90−250 nm) of the
particles observed by TEM. The characteristic di�raction peaks
(Figure 1H) at 2θ = 31.7, 36.3, 39.01, 54.2, and 70.1° are
assigned to (002), (100), (101), (102), and (110) planes of
Zn, respectively, and are indexed to metallic Zn (ICCD File
no. 00−004−0831). Instead, some other low-intensity peaks
were observed due to the oxidation of zinc into ZnO. It may
have occurred during a short-time exposure to air. Notably, all
of the peaks corresponding to zinc oxide were absent in the Z−

G complex particles, suggesting that the Zn NPs were
completely protected from oxidation.

The zein-coated Zn particles were analyzed by FTIR and
XPS analysis, and the results were presented in Supporting
Information (Figure S1). The FTIR absorbance peak intensity
assigned to amine groups of zein were decreased in coated
particles compared to the peak intensity of pure zein. This
suggests that the zinc was covered with a thin layer of zein
protein via bonding with the −N/O-terminal of either glutamic
acid or proline components of the zein. The ratio of the peak
intensity of amide II to amide I is observed greater in the Z−G
particles compared to pure zein indicating that the Zn NPs
have an interference e�ect with amide I.21 The bonding
between zein and Zn was further confirmed by XPS by
analyzing the XPS survey spectra and binding energies of the −

N−C and −N−H bondings. The positions of peaks

corresponding to Zn 2p1/2 and Zn 2p3/2 are consistent with
the results published in the previous study.22 The binding
energies of N−C and N−H were slightly changed after coating.
Consequently, a slight decrease in binding energy was
measured in the Zn−zein complex, indicating a possible link
of Zn with nitrogen via Zn−N bodings. The spectrum of O 1s
of zein shows deconvoluted peaks at 532.17 and 530.33 eV,
which are assigned to C�O and C−O−, respectively. The
broad peak appeared at 534.16 eV confirming the bonding of
metallic particles with oxygen in C−O groups of zein.23 Thus,
FTIR and XPS analyses confirm that the protein was bonded
and coated on the surface of the particles through the
conjugation and solvation process.
4.2. Surface Morphology of Nanofibrous Meshes. The

surface morphology of the fibrous sca�olds and fiber diameter
distribution curves are shown in Figure 2. The SEM images of
the PZ0G0 nanofibrous sca�old show that the fibers are
nonuniform with an interwoven network. The majority of
fibers are in the range of 300−500 nm measured by the
frequency of diameter distribution. However, the PZ0G2
sca�old shows smooth surfaced fibers and more aligned
structures with fiber diameter distribution (400−600 nm). The
fibers are slightly larger in diameter than PZ0G0 because of the
increase in viscosity upon the addition of zein. In contrast, the
consecutive increment of zein percentage, from 1 to 3 wt %,
while blending with PCL interfered with the fabrication
process. The composite matrix with 3 wt % zein did not
produce regular fibers because of the high viscosity. Zein
exhibits a reinforcement e�ect via interfacial nonpolar/polar
covalent interactions with PCL increasing the viscosity of the
blend solution. Notably, no substantial di�erence in diameter
and morphologies of the fibers were observed with 1 wt %
(image has not shown) and 2 wt % zein in fibers. Thus, 2 wt %
zein was an optimized amount for preparing PZ0G2 fibers.

The addition of Z−G particles (1.2 wt %) in optimized
PZ0G2 solution produces relatively uniform and continuous
fibers of PZ1G2. The diameter distribution of most nanofibers
was measured in the range from 400 to 600 nm. However, the
diameter of fibers was measured relatively smaller while being
expressed in frequency distribution as compared to PZ0G2
fibers. The presence of metallic particles increases the
conductivity of the solution, as a result, the majority/higher
frequency of small diameters fibers was produced.24 PZ2G2
shows an aligned morphology and is smaller in diameter. In the
inset image of PZ2G2, small beads were observed due to the
presence of Z−G particles (2.4 wt %) encapsulated in fibers.
The diameters of most fibers are in the range of 200 to 300
nm. Importantly, the addition of Z−G particles did not alter
the morphology of the fibers remarkably suggesting that the
particles were uniformly embedded and distributed within the
fibers (Figure S2). However, the blending of 2 mL of Z−G
colloidal with PCL/zein solution frequently blocked, clotted,
and broke the fibers during electrospinning. The possible
reason for the interference of fiber production might be the
high viscosity, sti�ness, and surface tension of the solution.
The protein-rich fibrous matrix is highly advantageous in cell
activities such as tissue di�erentiation and regeneration.25 The
Z−G particles could be a source of protein-micronutrients that
can modulate cell metabolism, cell adhesion, cytoskeleton
organization, phenotype, and cell di�erentiation.
4.3. Chemical Compositions and Degree of Crystal-

linity. FTIR spectra of the nanofibrous mesh and zein are
shown in Figure 3A,B. Pure PCL shows major bands at 2872
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cm−1 (symmetric CH2 stretching), 2948 cm−1 (asymmetric
CH2 stretching), 1727 cm−1 (C�O stretching), 1239 cm−1

(asymmetric C−O−C stretching), and 1167 cm−1 (C−C
stretching vibration). With the addition of zein and zein-coated
Zn particles to PCL, the adjacent peak position corresponding
to zein relatively shifted its amide groups from 1631 to 1657
cm−1 (amide I) and from 1518 to 1542 cm−1 (amide II).
These shifts of frequencies toward higher wavenumber (blue

shift/increasing frequency) reveal that some of the chemical
moieties of zein were involved in chemical interactions
between Z−G and PCL−G. The amide and carboxylic groups
of zein can interact with PCL via some interactions such as
dipole−dipole interaction, hydrogen bonding, nonpolar
covalent bonding, etc. In addition, such blue shifts also
indicate the interaction of −COOH (carboxylic group) with
the CH2 linkage of PCL through anomalous H-bonding.25 In

Figure 3. Analysis of chemical structures and thermal behavior of the nanofibers. (A, B) Transmission-FTIR spectra of the electrospun sca�olds.
P0Z0G represents the FTIR spectrum of pure Zein. (C) DSC curves showing melting transitions of the samples with di�erent compositions and
(D) degree of crystallinity of each of the nanofibers.

Figure 4. Analysis of surface wetting behavior and mechanical properties of various nanofibrous meshes. (A) Average water contact angles (WCA)
(n = 5), (B) optical images of WCA after 5 s of contact time, (C) swelling behavior of the samples after immersed in water at various times, and
(D) representative tensile stress−strain curves of the fibrous materials.
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such interactions, zein can lose some of its OH and NH2

groups to form the zein−Zn and zein−PCL complexes. It also
confirms that the broad peaks at 2890 and 3280 cm−1 are
assigned to N−H (primary amide) and O−H (carboxylic
group of glutamic acid), respectively, in zein. Notably, zein
exhibits a promising electron donor that influences the metallic
Zn to form a transient coordination complex through the
glutamate (O-donor) or alanine (N-donor) groups of the
zein.26 It has been suggested that the di�erence in zeta
potential between zinc and zein also facilitates the formation of
strong bonds, where Zn is more susceptible to forming
coordination complexes.27

Figure 3C shows the DSC curves of PCL and its blends with
various Z−G contents. The semicrystallinity of PCL was
confirmed by the exotherm curves at 45 °C. In addition, the
endothermic peak at 61.7 °C reveals the melting temperature
(Tm) of PCL.28 Compared with pure PCL, a broad peak with
slightly increased Tm was observed for all of the composite
samples. This peak could be due to the possible transition
between solid and liquid crystal states where a high amount of
heat can only melt the polymer−protein complex. The change
in molecular weight of the materials via cross-links of Z−G and
PCL varies the viscoelastic properties that influence the Tm of
the materials.29 Meanwhile, the disappearance of the
exothermic peak of PCL confirms the formation of the
polymeric complex, which also indicates the loss of the
crystalline behavior of PCL. It can be illustrated further after
studying the decrease in crystallinity percentage of PCL as
depicted in Figure 3D using the DSC curve. The increment in
wt % of Z−G particles in composite tends to increase the
destruction of regular alignments of PCL polymeric chains.
This could be due to the crowding e�ect, the branch of Z−G
linkers, and intermolecular hydrogen bonding that tends to
collapse the polymer from its equilibrium state.30 Moreover,
the presence of zein-coated Zn particles embedded in the PCL
acts as a plasticizer that successfully disrupts the crystallinity.
Indeed, PZ0G0 with 64% of crystallinity gradually decreased to
38% in PZ2G2. It is well known that the decrease is
accompanied by a decrease in the crystalline percentage and
the impurities present in the fresh polymeric materials.
4.4. Wettability, Swelling Behavior, and Mechanical

Properties. To evaluate the water absorption behavior of the
nanofibers, we measured the static water contact angle (WCA)
of the fibrous meshes. The WCA of PZ0G0, PZ0G2, PZ1G2,
and PZ2G2 (n = 5) were found to be 131.7, 74.4, 68.8, and
54.4°, respectively (Figure 4A). The optical images referring to
the WCA of the sca�olds show the surface water contact angle
(WCA) and illustrate the change in surface chemistry of the
sca�olds (Figure 4B). As discussed above, the lowering of
WCA confirms the increase in the number of hydrogen bonds.
The ample H-bonding exhibits the driving force of water,
including both Laplace force and gravity that increase the
capillary action of the contact surface, as a result, the water
molecules are gradually percolated through the surface.31 In
addition, zein itself has amphiphilic properties with high charge
density that can produce polar/nonpolar interactions. Such
properties in the materials are beneficial for cell interaction, the
transport of micronutrients, and protein activities in the
cellular microenvironment.32 The intrinsic hydrophobic sur-
face is well defined in PZ0G0. In contrast, the integration of
zein and Z−G particles into the biomaterials showed
interesting hydrophilic properties. The presence of Z−G
with the source of polar moieties enhances the surface charge

density and porosity, which may ascertain the properties of
high-water adsorption ability.

The swelling behavior of the nanofiber was studied based on
the weight-swelling ratio at di�erent time intervals in PBS
(Figure 4C). Despite the hydrophobic behavior of PCL, the
swelling results of PZ0G0 absorbed water and the degree of
swelling came around 45% after immersion for 8 h and
remained unchanged up to 25 h of immersion. It could be the
presence of an ionic concentration gradient at the interface of
PBS and PCL fibers, where the osmotic pressure was able to
di�use ions through the porous membranes, while the swelling
proportion was unchanged beyond 8 h indicating the existence
of dynamic equilibrium. Correspondingly, the swelling degree
linearly increased over 100% after 4 h in PZ2G2 sca�olds with
a higher percentage of Z−G particles, while PZ0G2 and
PZ1G2 showed around 60 to 80%. A significant level of
increase in the absorption ability of the materials is probably
due to a number of reasons such as the hydrophilicity, highly
interconnected porous structure, and large surface area. The
Z−G particles accelerate the solution-material interactions that
raise the intermolecular attraction force on polymeric net-
works. Indeed, the absorption of solution gradually stretches
the polymeric chain along with buckling, wrinkling, delamina-
tion, and bending of polymeric nanofibers to increase the
surface area further.33 Subsequently, the adsorption of the
ionic solution remained steady and a swelling ratio was
obtained above 90 to 120% at 24 h suggesting Zn−G particles
facilitate cross-linking properties to enhance swelling behavior
of the materials.

The tensile mechanical properties of various fibrous meshes
were performed with a load cell of 500 N and with a
displacement rate of 3.5 mm/min. Results are expressed in
stress vs strain curves (Figure 4D), and ultimate tensile
strength, Young’s modulus, and breaking strain (Table 2). The

mechanical property of the sca�olds has a pivotal role in
modulating the cell functions that are responsible for the
growth and regeneration of tissues. The PZ0G0 sca�olds
showed lower tensile strength and Young's modulus than the
PZ0G2, PZ1G2, and PZ2G2. The homogeneous distribution
of Z−G particles in the fibers increased tensile strength and
Young modulus which decreased the breaking strain.
Importantly, chemical groups in zein and Z−G particles easily
form a number of interatomic and intermolecular bonds
through H-bonds and polar or nonpolar bonds. Additionally,
such enhanced mechanical properties could also be due to the
formation of uniform and smaller fiber diameters with more
aligned fibers at higher concentrations of Z−G particles. In
contrast, the higher amount of Zn particles in the polymeric
blends also possesses a sti�ening e�ect (i.e., toughness and
rigidity) that causes a lowering in elongation at the breakpoint.
Such mechanical properties of the fibrous meshes ensure

Table 2. Mechanical Properties of the Electrospun
Composite Materials

sample
ultimate tensile strength

(MPa)
Young’s modulus

(MPa)
breaking strain

(%)

PZ0G0 9.41 ± 1.04 29.77 ± 3.39 84.71 ± 8.45

PZ0G2 13.89 ± 2.11 58.52 ± 2.61 42.02 ± 3.13

PZ1G2 11.85 ± 2.58 61.74 ± 2.17 29.19 ± 1.88

PZ2G2 12.97 ± 3.31 65.55 ± 4.37 24.22 ± 3.27
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suitable biomaterials to support cells while repairing wound
defect sites.
4.5. Protein Adsorption, In Vitro Release Profile of Zn

Ions, and Degradation Study. Figure 5A,B shows the
protein adsorption ability of the sca�olds. PZ0G2, PZ1G2, and
PZ2G2 showed significantly higher (P < 0.001) concentrations
of protein adsorption compared to PZ0G0. The adsorption of
protein on sca�olds makes the surface more bioactive which
influences the cell-materials interactions, transport of ECM
and fluids around the sca�olds, and additional cellular activity
including growth, proliferation, and di�erentiation. The
adsorption mainly occurs through noncovalent bonds that
arise from the side chain of protein at the interface.34 The
adsorption was found to be 3-fold higher in PZ2G2 than
PZ0G0, suggesting that the proteinaceous sca�olds further
encounter with active site of protein through protein−protein
interaction that enhances the adsorption rate. However, the
adsorption of the protein on PZ0G0 is suggested via
hydrophobic interaction. In addition, we further analyzed the
protein adsorption ability of the sca�olds under cell-sca�old
conditions. It was found that all of the sca�olds adsorbed the
protein but a significantly higher concentration (P < 0.001)
was measured with PZ2G2 sca�olds. A high concentration of
protein reveals the presence of protein molecules from cell
media and protein-based ECM that are released from cells
during proliferation and cell metabolism. In addition, nonpolar
groups and hydrophobic domains of zein increase the ability to
absorb/bind more proteins on the surface.35 The highest
adsorption capacity of PZ2G2 could be explained due to the
presence of higher active surface areas, surface charge density,

dipolar characteristics of PCL, and protonation of zein protein
as indicated by blue shift, −NH3+.36,37 Furthermore, the optical
micrographs confirm the higher binding a>nity of the protein
with PZ2G2, where Zn ions bind the protein more strongly
compared with other divalent metal ions. The gradual increases
in the deep violet color of the sca�olds from PZ0G0 to PZ2G2
after being treated with BCA indicates the strong interactions
of the protein with the sca�olds, where the protein-Cu2+

complex completely reduced to Cu1+. Such high protein
adsorption ability of PZ2G2 might enhance the biological
functions of the sca�olds such as enzymatic activity, electron
transport, oxygen transport, inflammatory response, etc.38

Furthermore, the biodegradability of the sca�olds was
examined by quantifying the amount of Zn2+ release and
changes in the surface morphology of the sca�olds in cell
culture conditions (Figure 5C,D). As expected, a high amount
of Zn in PZ2G2 was released, and more Zn2+ was accumulated
with prolonged treatment with cell media over the time of 12
days. The fibrous sca�olds soaked into cell media swelled
immediately and released zinc atomic state into an ionic state.
The amount of Zn ions was di�erent at di�erent times i.e., 7.71
± 2.1 ppm at day 1 and 0.23 ± 0.1 ppm at 12 days. The release
profile followed a linear pattern illustrating the controlled
release of the Zn2+ from the sca�olds, indicating the
degradation of sca�olds. Similar trends were observed in
other sca�olds. However, Zn ions from PZ1G2 were found to
be 4.2 ± 2 ppm at 1 day and followed a decrease in linear trend
but a peculiar amount was released at 9 days. This could be the
unexpected bursting/swelling of fibers.39 Meanwhile, the
release of Zn2+ from PZ0G2 was also observed in a negligible

Figure 5. Analysis of protein absorption and Zn ion release behavior of the fibrous mesh sca�old under in vitro cell culture conditions. (A)
Quantitative analysis of protein adsorption ability of the sca�olds in cell media with or without cell attachments for 24 h. Statistical analysis was
performed using the one-way ANOVA with Tukey’s post hoc method, and the data are expressed as the mean ± SD; n = 3 per group (where *p <
0.05 and ***p < 0.001). (B) Optical images of the eluted solution from di�erent sca�olds after being treated with BCA protein assay kits and (C,
D) representative release profiles of Zn ions from the sca�olds cultured with NIH/3T3 cells at di�erent periods (n = 3). SEM images (bottom row)
showing the morphology of the fibers after 30 days of incubation in cell culture media. Scale bar = 2 μm.
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amount. It can be possible that the source of a minute amount
of Zn is associated with the presence of Zn in serum that is
often supplemented with cell media. In tissue engineering or
wound healing, the cellular and extracellular interactions on the
sca�old surface can be tailored by controlled degradation that
regulates the release system of medication and drugs to
maintain the physiological functions of the cells. It has been
reported that zinc sulfate as source of zinc micronutrient (200
mg) for day one improves wound healing and tissue repair.
However, above 200 mg causes serious threats such as
impaired immune function, epigastric abdominal pain,

vomiting, and diarrhea.40 The cumulative value of Zn ions
released is in the range of the recommended dose, suggesting
that our material could be the source of Zn micronutrients to
enhance wound healing and tissue regeneration. Moreover, the
SEM images confirm the in vitro degradation (bottom row of
Figure 5) of the sca�olds. The morphology of fibers was
di�erent from its original phase. The fibers seem deformed,
discontinuous, and swollen in diameter. A notable change in
surface morphology was observed in PZ2G2 sca�olds.
Obviously, enzymatic activity in sca�old-cell media interaction

Figure 6. In vitro performance of the fibrous sca�olds for cell survivability and proliferation. In vitro study of NIH/3T3 cells and HDFn cultured
on di�erent sca�olds. (A, C) Evaluation of the metabolic activity of NIH/3T3 and HDFn cells via MTT assay. (B, D) Evaluation of cell viability of
the sca�olds at days 1, 3, and 5 via AlamarBlue assay. Cell seeded on the tissue culture plate (TCP) was used as the control. (E, G) Fluorescence
microscopy images of cells stained with live/dead staining dye at day 5 of the culture. Live cells (green color) and dead cells (red color) are stained
using PerkinElmer LLC via acridine orange/propidium iodide (AOPI) staining solution. Scale bar = 200 μm. (F, H) The percentage of live and
dead cells obtained from respective images of live and dead cells using ImageJ software. Statistical analysis was performed using the one-way
ANOVA with Tukey’s post hoc method, and the data are expressed as the mean ± SD; n = 3 per group for cell viability test (where *p < 0.05, **p
< 0.01, and ***p < 0.001).
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led to facilitating the degradation process which helps to
provide a suitable platform to regenerate cells.
4.6. In Vitro Cytocompatibility and Cell Proliferation

Study. The in vitro cytocompatibility of the di�erent sca�olds
was studied with NIH/3T3 and HDFn using MTT, the
AlamarBlue assay, and live and dead cell staining assay (Figure
6). To accomplish this, the cytocompatibility was assessed by
analyzing the survivability, growth, and proliferation of the
cells. All of the sca�old samples promoted higher cell
proliferation of NIH/3T3 and HDFn cells with increased
incubation times indicating good biocompatibility of the
sca�olds. MTT assay evaluation of NIH/3T3 confirms that
the cell proliferation rate on PZ0G2, PZ1G2, and PZ2G2 was
boosted up to 2.5-fold at day 3 to 3.5-fold at day 5,
respectively, compared to day 1. Similarly, the proliferation
of HDFn was increased by 1.3- and 1.75-fold corresponding to
days 3 and 5, respectively. Importantly, cell proliferation was
significantly higher with PZ2G2 compared with PZ0G0,
PZ1G2, and tissue culture surface (TCP). The optical images
shown in Figure S3 illustrate the cell metabolic activity of
NIH/3T3 on di�erent sca�olds. The color change after the
reduction of MTT compounds initiated by oxidoreductase
enzyme secreted by cells reflects the viability and proliferation
of cells on di�erent sca�olds. The acceleration of cell growth
triggers enzymatic activities, which was confirmed by observing
the purple color. Our experiments proved that the dense
purple color corresponds to higher enzymatic activities that
occurred during cell metabolism, while a higher number of
cells influence the biocatalytic activity and vice versa. Indeed,
the cells on the PZ2G2 illuminated a darker purple color than
others, suggesting that the cells were more activated and
proliferated. As seen in AlamarBlue assay results, the PZ2G2

cell-laden sca�olds showed a high cell proliferation rate at all
times. The cell viability analyses confirmed that the cell
proliferation on the fibrous sca�old with a high composition of
Zn−G particles (i.e., PZ2G2) di�ered considerably compared
to the fibrous sca�old without Zn−G particles (i.e., PZ0G0)
and TCP at 5 days. These results are consistent with the MTT
analysis.

The incorporation of Z−G particles into the sca�olds may
increase the extracellular Zn-bound protein content in the
medium, enhancing the growth of NIH/3T3 and HDFn. Zn-
regulated cofactors in mouse (e.g., ZNG1) and human (e.g.,
ZNG1E) methionine aminopeptidase 1 (METAP1) proteome
contribute to protein stability, maturation, subcellular local-
ization, and enzymatic activity.41 Zinc-based chelating groups
are known for their strong a>nity to increase β-cells selectivity
with replication-promoting activity by ∼250% in rats and
∼130% in humans without toxicity, suggesting that zinc-
chelators are well tolerable with therapeutic relevance.42 The
Zn homeostasis in β-cells is maintained by the zinc transporter,
where almost 70% of zinc from the cell is located in insulin that
works for glucose metabolism.43 Importantly, the dysfunction
of β-cells triggers the destabilization of insulin, resulting in
diabetes, the chronic disease responsible for the impairment of
wound healing. Fibroblasts are active target cells that play
crucial roles in wound healing and tissue repair. The
proliferation and growth of the fibroblasts are clues that
confirm the deposition of ECM, a structural framework in the
vicinity of the wounds. The continued activation of fibroblasts
with the PZ2G2 sca�old indicates the regenerative potential of
these sca�olds, which can produce native ECM and could
impact the tissue remodeling at wound healing. Furthermore,
zinc-metalloproteins maintain the metal-induced oxidative

Figure 7. In vitro performance of the fibrous sca�olds and e�ects on the cell attachment and morphology. Fluorescence microscopy images (top
rows) and SEM images (bottom rows) of NIH/3T3 cells and HDFn cultured on di�erent fibrous sca�olds for day 5. The cytoskeleton was stained
with ActinGreenTM 488 (green), and the nuclei were counter-stained with DAPI (blue). Scale bar = 200 μm. SEM images showing attachment of
NIH/3T3 and HDFn fibroblasts at a magnification of 1.0k, scale bar = 20 μm (NIH/3T3), and at a magnification of 1.5k, scale bar = 10 μm
(HDFn).
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damage as a scavenging oxidant by balancing cell redox
activity.44 As a proof of concept, we combined Z−G, where
zein might work as a chelator moiety to extend the Zn dose up
to ∼2.4 wt % to promote fibroblast regeneration as compared
to the previous report.14 Meanwhile, the PLGA/β-TCP/Zn
sca�old with 2 wt % of Zn also has been reported cytotoxicity
to BMSCs despite its controlled release of not more than 2.055
± 0.223 μg/mL at 16 weeks.45 In contrast, the release of Zn2+

from PZ2G2 could keep the metallic ions at the required
concentration to induce regeneration of fibroblasts for
regeneration. It could be possible to increase the Zn content
in the sca�olds as the binding capacity of zein as Z−G
complex. The bioadhesive nature of zein protein exhibits the
protein−protein interaction, ECM regulation, and Zn hemo-
stasis. Notably, the high proliferation tendencies of the
fibroblasts on the PZ2G2 sca�old indicate their potential
bioactive platform for cell engraftment as wound-repairing
sca�olds. The controlled release of Zn eliminates the zinc
accumulation that could speed up or regulate the Zn uptake by
cells allowing anti-inflammatory and immune-responsive
properties. Our results reveal unique feature enriching Z−G

micronutrient pools in the sca�olds considerably accelerating
the cell fate of fibroblast for a prolonged time.

Live/dead cell fluorescence images (Figures 6(E,G) and S4)
confirm the spreading and proliferation of cells on the Z−G-
based sca�olds with increased cell numbers. Quantitative data
show that cells seeded on PZ1G2 and PZ2G2 exhibited a high
percentage of cellular viability (>97%) at day 5 (Figure 6F,H).
However, the viability percentage was <95% on sca�olds
without zinc during the same period. It has been known that
the presence of zinc as a supplement regulates calcium
homeostasis and reduces cell apoptosis.44 These results suggest
that the presence of zein in the sca�olds stabilizes the fast
reactivity of Zn, preventing cell apoptosis due to high-dose Zn
ions.
4.7. Cell Attachment and Morphology. The cellular

mass and cell proliferation on the sca�olds gradually increased
in the order of PZ0G0 < PZ0G2 < PZ1G2 < PZ2G2 as
evidenced by fluorescence microscopy images in Figure 7. At
day 5 of the culture, both the cytoskeleton and nuclei are
highly stained and expressed in PZ2G2 samples compared to
those in other sample groups, as shown in Figure 7 (top rows

Figure 8. Immunocytochemistry of the fibroblasts showing their di�erentiation and heterogeneity on di�erent sca�olds. Immunofluorescence
microscopy images showing the expression of vimentins (stained red), an endogenous cytoskeleton filamentous protein, and α (α)-smooth muscle
actin (green), a marker of activated myofibroblasts at day 14. (A) NIH/3T3 cells and (B) HDFn. Nuclei were counter-stained with DAPI (blue).
Scale bar = 100 μm. (C, D) Quantification of the expression of DAPI, Vimentin, and α-SMA of images (A). (E, F) Quantification of the expression
of DAPI, Vimentin, and α-SMA of images (B). The intensities were measured from the expression of the proteins in immunofluorescence images
by the ImageJ software. Statistical analysis was performed using the one-way ANOVA with Tukey’s post hoc method, and the data are expressed as
the mean ± SD; n = 3 per group (where *p < 0.05, **p < 0.01, and ***p < 0.001).
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for both cell types). The detailed morphology of the cells is
presented in Figures S5(A,B) and S6(A,B). Fibroblast cells
exhibited stellate morphologies and elongated narrow den-
dritic-like projections. The cells were observed to migrate
directionally, aligning with the microstructure of the sca�olds.
Interestingly, within just one day, the cells rapidly transformed
their morphologies, suggesting that the sca�olds provide a
strong biomimetic surface to coordinate cell growth,
proliferation, and regeneration. Notably, normal and healthy
polygonal-shaped cells were extensively spread throughout the
sca�old surfaces, exhibiting extensive outgrowth of pseudopo-
dia. The Z−G incorporated sca�old surface activated the
fluorescent protein in the cells, enabling the expression of
ActinGreen 488, which functions as cytoskeleton staining. This
indicates that the Z−G particles enhance the biocompatibility
of the materials. However, the massive intra- and extracellular
Zn ions could trigger mitochondrial dysfunction and damage
lysosomal membranes, leading to cell apoptosis.46 In contrast,
zinc binding proteins, such as ZnMet, inhibit the generation of
reactive oxygen species (ROS) and protect cells from the
accumulation of ROS, thereby maintaining cellular homeo-
stasis.47

Further, the adherent nature of the cells and their spindle-
like morphology on the fibrous sca�olds were observed in SEM
images (Figure 7). Both NIH/3T3 and HDFn fibroblasts
exhibited wide cellular membranes bridging the fibers with
flattened morphological structures. These cells uniformly
extended their filopodia and adhered tightly to the surface,
revealing that the nanoscale surface features support cell
growth. The morphology of the cells seeded on PZ0G0 was
observed to be spindle-shaped with a lower cell density,
di�ering from the cells on PZ1G2 and PZ2G2 surfaces. This
di�erence might be due to the hydrophobic nature of PCL,
which provides fewer cell recognition sites. As expected, a
greater number of cellular masses with polarized morphology
connected by elongated dendrites were observed in the PZ1G2
and PZ2G2 sca�olds compared to those in the PZ0G0 and
PZ0G2 sca�olds on day 5. The cells on these sca�olds were
polygonal, well grown, and large, extending in all directions
and covering almost 90% of the sca�old areas. The highly
widespread cells were interconnected, suggesting the strong
cytocompatibility of the sca�olds. The micronutrient-rich
sca�olds might be involved in transmitting signals via ECM
receptors to boost the cellular metabolism. Notably, the
combination of Z−G maintains a controlled release of zinc,
where an excess of Zn could participate in a hydrolytic reaction
to maintain physiological conditions and activate fibroblasts
and immune cells.48 Notably, the immune cells have a high
concentration of Zn level (i.e. 10−29 mM) in insulin, which
encourages cells for proliferation, matrix deposition, and
immune response.49 The Zn wt % in the PZ2G2 sca�old
may limit the therapeutic range that insists on the inherent
immunogenicity of the cells developed on the sca�old for its
validation in wound healing treatment. The release of Zn2+

from the sca�olds could maintain a dynamic equilibrium
between intracellular and extracellular Zn ions homeostasis
through transmembrane Zn transporter proteins.50 The large
and healthy fibroblast cells with increased cell proliferation,
infiltration, and attachments provide evidence of sca�olds
providing ECM-mimicking structures to induce tissue
functions. These results indicate that Z−G particles in the
fibers regulate the NIH/3T3 cell function and could be
beneficial for in vivo studies. Additionally, HDFn studies serve

as a powerful complement to preclinical research and may play
a crucial role in wound healing studies.
4.8. Di4erentiation of NIH/3T3 Fibroblasts and HDFn.

To identify the heterogeneity of the fibroblasts, we performed
immunocytochemistry on NIH/3T3 and HDFn cells cultured
with various sca�olds. As shown in Figures 8A,B and S7, the
immunofluorescence microscopy images reveal the expression
of cytoplasmic proteins, including vimentin, an endogenous
cytoskeletal filamentous protein, and α-SMA, a marker of
activated myofibroblasts. The expression of these proteins
indicates the transformation of fibroblasts into myofibroblasts
as well as the di�erentiation of NIH/3T3 and HDFn cells.
Importantly, cytoplasmic intermediates such as vimentin,
microfilaments, and microtubules play key roles in cell
migration, morphogenesis, and stress-bearing ability in cells
interacting with surrounding tissues and substrates.51 Espe-
cially, the expression of vimentin notifies the growth of a
mature cell type and cell di�erentiated stages. On both days 6
(Figure S8A) and 14, the immunofluorescence images of the
fibroblasts on di�erent sca�olds illustrate a dynamic network of
filamentous proteins with an increased level of expression.
Indeed, the expression of both proteins was high in PZ2G2
compared with other sca�old groups in both types of
fibroblasts on 14 days. Particularly, vimentin exhibits a robust
filamentous framework that extends uninterrupted from the
nuclear periphery to the membrane boundary. This extensive
filamentous assembly in the cytoskeleton protects structural
deformations and facilitates cytoskeleton cross-talk throughout
the cytoplasm. Additionally, the protein is organized in an
extended fibrillar structure enveloped by actin filaments,
suggesting that the cells undergo di�erentiation and structural
transformation. The expression of vimentin also highlights the
confined microenvironment of the sca�old, o�ering both
structural support and functional integration for the cells.52

The interaction of vimentin protein with phosphorylated
extracellular signal-regulated kinase 1 (ERK1) and other
signaling proteins (phosphatase-2A and 14−3−3 proteins)
specifies the cell-surface receptors and signaling pathway.53

Large and intensified perinuclear cytoplasmic bundles of
vimentin networks formed by the growth of NIH/3T3 and
HDFn cells confirm that Z−G micronutrients enhance cellular
development and regeneration. It has been reported that Zn, at
micromolar concentrations, interacts with the vimentin C328
protein, triggering vimentin reorganization and providing a
protective role against oxidative stress in cells.13 The
supplement of Z−G micronutrients showed evidence of the
acceleration of vimentin expression. It could be the key factor
for the regulation of TGF-β1 and Slug signaling that activates
fibroblast for ECM synthesis, and cell−cell contacts to facilitate
wound healing.54 Zinc deficiency impairs vimentin function.
The presence of extracellular zinc can interact with vimentin-
cystine to form a metalloprotein complex, inducing fluo-
rescence in the intermediate filaments. Notably, the combina-
tion of zinc and vimentin is increasingly prevalent in
stimulating immune, endothelial, epithelial, and undi�erenti-
ated muscle cells for wound repair and cell growth. Therefore,
the higher expression of vimentin observed in NIH/3T3 and
HDFn cells suggests that PZ2G2 is e�ective for wound healing
and tissue regeneration.

Furthermore, the expression of α-SMA in NIH/3T3 and
HDFn cells demonstrates the intrinsic biochemical and robust
mechanical properties of the fibrous sca�olds. Notably, α-SMA
expression indicates fibroblast contractility, which is crucial for
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the wound healing process.55 During the time-course
evaluation of the immunofluorescence images, the α-SMA
expression was also higher on day 14 than on day 6 (Figure
S8A). A trend in protein expression was observed with PZ0G0
< PZ0G2 < PZ1G2 < PZ2G2 at day 14, indicating that the
cells were highly proliferated and either activated or modulated
into myofibroblasts. It has been suggested that the expression
of α-SMA reflects the phenotypic transition of fibroblasts to
myofibroblasts, which contributes to the increased contractile
force generated by the cells.56 Importantly, myofibroblasts
secrete fibronectin (FN) and collagen, which provide them
with a contractile ability and contribute to the regeneration of
granulation tissue. This process protects the wound surface
from microbial invasion, helps suppress the escalation of injury,
and facilitates the remodeling of the wound with new tissue
and vasculature.15 The strong expression of α-SMA crossing
the cell cytoplasm within vimentin indicates cell di�erentiation,
transformation, and phase changes in both cell types to
stimulated myofibroblasts. Zn hemostasis in ECM stimulates
the fibroblasts in wound healing ability through upregulation of
cell cycle proteins, p38-MAPK (mitogen-activated protein
kinase), and ERK1/2 signaling pathways, reaching their
maximum proliferation rate in 2−4 days.57 The expression of
α-SMA is inhibited significantly in the presence of Zn more
than 100 μM along the TGF-β singling pathway.58 However,
the presence of zein in the Z−G combination controlled the

degradation and aggregation of zinc, reducing its concentration
to avoid an overdose. Thus, the synergistic e�ect of the natural
protein and micronutrients in the PZ2G2 sca�olds enhanced
protein expression in NIH/3T3 fibroblasts and HDFn,
reflecting cellular hypertrophy and hyperplasia. This suggests
long-term implications for wound repair and tissue regener-
ation. Moreover, we quantified the expression of DAPI,
vimentin, and α-SMA proteins corresponding to immuno-
fluorescence images as shown in Figure 8((B,C for NIH/3T3)
and (E,F for HDFn)). The immunofluorescence intensity of
DAPI was found to be relatively consistent on the sca�old
samples, indicating the more viable cells. The evaluation of in
vitro cellular activities reveals that there was no reduced
cellular mass, cell density, and apoptosis at increased cultured
time, insisting that the cells grown on the sca�olds were
without notable toxicity. Further, the intensity of α-SMA
expressed by cells on PZ0G0 and PZ0G2 at day 6 (Figure 8B)
showed higher levels than with PZ1G2 and PZ2G2 sca�olds
but no significant di�erence was observed. This indicates the
cells might be in transition phases on day 6. Notably, both
fluorescent microscopy images and immunofluorescence
images confirm the widespread extension of cell mass and
well-expressed cytoplasmic proteins on Z−G-based sca�olds.
As expected, the intensity of α-SMA on PZ2G2 sca�olds
significantly increased on day 14 compared to PZ1G2 sca�olds
(p < 0.05) in NIH/3T3 and (p < 0.001) in HDFn. In addition,

Figure 9. Representative optical images and the corresponding quantitative analysis of the in vitro scratch wound healing assay for HUVECs
cultured on extracts of di�erent sca�olds. The migratory ability of HUVECs (left and middle columns) was measured using a wound healing assay
tool from the ImageJ software. The images of the cells migrated and spread over the wound area were observed and photographed using a phase
contrast inverted microscope at 0 and 24 h. Scale bar = 500 μm. Corresponding bar graphs in the right column represent the quantitative analysis
illustrating the percentage of cell-free area at a given time interval during the scratch wound assay.
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NIH/3T3 cells and HDFn on PZ2G2 sca�olds had an all-time
higher intensity of vimentin expression than all other sca�olds.
The higher wt % of Z−G particles in PZ2G2 significantly
enhanced (p < 0.05) the vimentin expression compared to
PZ1G2 suggesting that the PZ2G2 sca�olds maintain the
threshold concentration of Zn micronutrients. In addition, the
expression of vimentin promotes cell motility, maintaining cell
shape and integrity of the cytoplasm in the cytoskeleton.59

Increased vimentin expression indicates an epithelial-mesen-
chymal transition and fibroblast activation, influencing
mechanical adaptation and sti�ness. The high levels of α-
SMA and vimentin on the PZ2G2 sca�olds likely result from
enhanced interactions with Z−G micronutrients. Extracellular
zinc ions or Z−G complexes may regulate ECM interactions
and protein expression, suggesting a role in fibroblast
phenotype regulation and myofibroblast di�erentiation.60

4.9. In Vitro Angiogenic Potential of HUVECs.
4.9.1. Cell Migration. We performed an in vitro wound
healing assay to assess the closure of an artificially induced
wound on a cellular monolayer on a cell culture plate. The
optical images in Figure 9 illustrate the scratch wound healing
process. The migration of HUVECs cultured with extracts

from the di�erent sca�olds was enhanced compared to that of
the control media (figure not included). HUVECs cultured
with the extracts demonstrated significantly denser cell
proliferation and migrated more e�ectively toward the
scratched area. The Zn ions have been known to modulate
cellular signal recognition that activates cells for spreading,
proliferation, and migration.61 The migration rates of HUVEC
increased significantly with the extracts from zinc-based
sca�olds compared with those without Zn. The corresponding
bar graphs of Figure 9 show that after 24 h of incubation of
cells with the extract of di�erent sca�olds, the cell-free area was
found to be 54.04, 41.96, 17.50, and 7.37%, respectively.
Almost 93 and 82% of the wound area were occupied by
migrated cells in the PZ2G2 and PZ1G2, respectively. While
the samples without Zn covered about 52%, which means
almost 33% less than the Zn-based sca�olds. These results
indicate that the recovery rate of HUVECs cultured on PZ2G2
extracts significantly improved and promoted wound healing.

4.9.2. Tube Formation/Neovascularization. Angiogenesis
is a crucial part of wound healing, involving the formation of
new blood vessels to supply nutrients and regulate fibroblast
activity. This process, along with fibroblast survival, prolifer-

Figure 10. In vitro angiogenic potential of the fibrous sca�olds and e�ects on tube formation. The formation of a capillary-like network by
HUVECs, in response to stimulation from the extracted media, was observed and photographed using an inverted microscope at 3 and 6 h. Scale
bar = 500 μm. Right bar graphs: Respective images of 6 h were used to perform analysis of tube formation by using the Angiogenesis plugin from
ImageJ software. Di�erent parameters were reported to measure tube forming ability, number of nodes, junctions, meshes, and tube length (n = 3,
in triplicate). Statistical analysis was performed using the one-way ANOVA with Tukey’s post hoc method, and the data are expressed as the mean
± SD; n = 3 per group (where **p < 0.01 and ***p < 0.001).
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ation, and di�erentiation, supports the formation of new
connective tissue and aids in overall wound healing and tissue
remodeling.62 To evaluate the angiogenic activity on di�erent
fibrous sca�olds, HUVEC cell migration and vascular tube
formation experiments were conducted. Endothelial cell
migration is a crucial step in blood vessel development and
vascular remodeling. These findings support the idea that Zn-
stimulated wound healing is associated with angiogenic
activation in defect areas. Endothelial tubular network
formation involves key angiogenesis processes such as cell
proliferation and migration, and these cells align when seeded
on a basement membrane matrigel matrix.63 The endothelial
cells spontaneously di�erentiate and reorganize to form tubular
structures, forming junctions, mesh-like networks, nodes, and
branches across the matrix. The tube formation assay provides
an additional qualitative and quantitative evaluation of cell
behavior. After seeding HUVECs onto the Matrigel matrix
with extract of di�erent sca�olds, the cells self-assembled and
elongated, and tube-like aggregation was observed as early as 3
h (Figure 10). The optical images (left column) show a
profound vessel-like networking formation and branch
numbers at early time points (3−6 h). To quantitatively
evaluate angiogenesis, crucial parameters of tubular network-
ing�such as the number of nodes, junctions, meshes, and tube
length�were measured using the Angiogenesis Plugin for
ImageJ software (right column). The Zn-containing sca�olds
enhanced the HUVECs to display the greatest ability with

significant value (p < 0.01 and p < 0.001) to form the tube
length (from 15,542.67 ± 2758.26 to 18,466.33 ± 1403.19,
pixels), node numbers (from 558 ± 11.532 to 639 ± 27.184),
junctions (from 197 ± 12.124 to 209 ± 10.149), and branch
numbers (from 53.33 ± 5.507 to 61.333 ± 4.933) compared to
these on PZ0G0 and PZ0G2. The arrangement of cell−cell
junctions and tube alignment indicates endothelial di�er-
entiation in new blood vessel formation. The robust network
formation requires cell mobility, so the enhanced migration
capabilities observed with Zn ions may contribute to the
organization of cells into tube structures. A smaller cluster of
cells rather than the tube extensions is seen in PZ0G0 and
PZ0G2 aa compared to the PZ1G2 and PZ2G2 samples, which
may be due to the lack of mobility noted with cell migration.
The tubes persisted longer in the Zn composite sample groups.
The results indicate that extracts from the fibrous sca�old
containing Zn ions significantly stimulate endothelial functions
in vitro, such as cellular migration and tubular network
formation. The migrated endothelial cells form capillary-like
networks and mature into vascular systems, as observed in
prior publications.64

4.9.3. Vascular Di$erentiation of HUVECs. The promotion
of angiogenesis and formation of vasculature morphology of
HUVECs were assessed through immunocytochemistry
(Figure 11). To observe morphological changes and blood-
vessel-like organization, CD31 and VE-cadherin, key markers
for vascular di�erentiation, were used. These markers are

Figure 11. In vitro angiogenic potential of the fibrous sca�olds and their e�ects on the formation of vasculature. Immunofluorescence images
displaying the endothelial-junction-associated protein markers, CD31 (red) (A), and VE-cadherin (green) (B) by the HUVECs cultured under-
extracted medium from di�erent nanofibrous sca�olds for seven days. F-actin in (A, B) was labeled with ActinGreen 488 ReadyProbes Reagents
(Alexa Fluor 488 phalloidin) and ActinRed 555 ReadyProbes Reagents (Rhodamine phalloidin), respectively. Scale bar = 50 μm. (C, D)
Quantification of the expression of CD31 and VE-cadherin of respective immunofluorescence images. The intensities were measured from the
expression of the proteins in immunofluorescence images by the ImageJ software. Statistical analysis was performed using the one-way ANOVA
with Tukey’s post hoc method, and the data are expressed as the mean ± SD; n = 3 per group (where *p < 0.05, **p < 0.01, and ***p < 0.001).
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essential for evaluating neovascularization. CD31 is crucial for
elongation, migration, and cell−cell association in forming
network structures, while VE-cadherin is important for cell−
cell association and also contributes to vacuole fusion and
intercellular lumen formation.65 The immunofluorescence
images (Figure 11A) showed the expression of the vascular
endothelial tight junction molecule, CD31. As shown in Figure
11A, HUVECs cultured with the extracts of di�erent
composite sca�olds proliferated and formed a monolayer
with increased tight junctions at day 7. A significant increase in
the density and degree of neovascularization with PZ2G2
extract media is seen compared to other sample groups. The
majority of the cells expressed CD31 protein markers, with a
red circle around the entire periphery of the nuclei
interconnected between the cells indicating the vascular
di�erentiation of HUVECs. More neovascular and larger
vessel diameters were found in the PZ1G2 and PZ2G2 groups.
The quantitative analysis of the respective fluorescence images
(Figure 11C) shows that the Zn induced the highest
expression level of the bold vessel phenotype markers,
CD31, which is significantly higher (p < 0.001) than other
sample groups. In addition, the level of expression of CD31
steadily increased with cell proliferation, and many tight
junction proteins were observed throughout the cell mem-
brane.

Furthermore, vascular endothelial cell-to-cell adherent
junctions were visualized through the immunofluorescence
staining of VE-cadherin, which is crucial for maintaining
vascular permeability and integrity.66 The proliferation and
attachment of cells depend upon cell−cell linkages, such as
tight junctions and cadherins. In Figure 11B, the expression of
VE-cadherin was significantly higher and distributed across the
cell membrane, highlighting the formation of cohesive and
organized intercellular junctions with the PZ1G2 and PZ2G2
sca�olds. In the PZ0G0 and PZ0G2 sca�olds, VE-cadherin
expression was weak, intermittent, and punctated along the
cell−cell borders of endothelial cells. In contrast, VE-cadherin
staining and expression were intense and continuously
distributed around the entire periphery of cells in the PZ2G2
extract. The result of fewer expression and altered distribution
of VE-cadherin suggests that the endothelial barrier is
disrupted and vascular permeability is increased.67 The
immunofluorescence intensity data (Figure 11D) show that
the VE-cadherin expression was significantly higher in the Zn-
containing sample groups. These results indicate that extracts
from the PZ1G2 and PZ2G2 sca�olds e�ectively induced
HUVECs to form tubes and undergo neovascularization. The
Zn ions from the PZ1G2 and PZ2G2 sca�olds enhanced cell
proliferation, as indicated by greater and stronger expression of
VE-cadherin. This reflects cellular hypertrophy and hyper-
plasia, suggesting potential long-term benefits for wound repair
and tissue regeneration.

5. CONCLUSIONS

In summary, we report the fabrication of zein-coated zinc-
particle-embedded fibrous sca�olds with enhanced physical
and biochemical functionalities, providing invaluable cues for
fibroblast regeneration and di�erentiation. Our approach
establishes a simple and easily accessible surface coating
strategy, enabling the binding a>nity of zinc to zein protein
and ensuring the bioavailability of zinc nanoparticles as Z−G
micronutrients. The biological performance of zinc nano-
particles was enhanced through linkage with the zein protein.

This protein supports zinc homeostasis through controlled
release, closely mimicking ECM deposition that is suitable for
cell-sca�old interactions. A variety of sca�olds with nanofiber
structures at di�erent ratios of Z−G particles were exemplified
via physicochemical and biological properties. The fibrous
sca�olds incorporated with Z−G particles at 2.4 wt %
significantly enhanced structural integrity, robust mechanical
strength, and hydrophilicity. Importantly, through the use of
NIH/3T3 cells and HDFn, in vitro cell-laden sca�olds
demonstrated improved cell viability, proliferation, and
di�erentiation. The expression of cytoskeleton proteins
including vimentins and α-SMA confirmed the di�erentiation
of NIH/3T3 cells and HDFn toward myofibroblasts. Addi-
tionally, our in vitro wound healing assay, migration and tube
formation experiments, and immunocytochemistry evaluation
demonstrated that the engineered sca�olds e�ectively
encouraged HUVECs to exhibit angiogenic activity, including
the formation of new blood. vessels and neovascularization.
These results suggest that protein-coated zinc nanoparticles
can enhance cell-to-cell interaction and communication while
maintaining protein-rich micronutrients as a supplement to the
extracellular matrix (ECM) for cell growth and activity. We
believe that this self-enhanced micronutrient sca�old can
provide a cellular microenvironment that promotes wound
repair and tissue regeneration.
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