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ABSTRACT: Zinc (Zn) metal and its alloys have received a lot of
interest in biomedical applications due to their biodegradability,
biocompatibility, antimicrobial activity, and ability to stimulate
tissue regeneration. Bulk Zn has been successfully utilized in a
variety of implant applications, most notably as bioabsorbable
cardiac stents and orthopedic fixation devices, where it provides
adequate mechanical properties while also releasing helpful Zn ions
(Zn2+) during degradation. Such beneficial ions are dose-
dependent and, when released in excess, can induce cellular
toxicity. In this study, we hypothesize that embedding Zn metal
particles into a polymer nanofibrous scaffold will enable control of
the degradation and time release of the Zn2+. We designed and
fabricated two polymer scaffolds, polycaprolactone (PCL) and polycaprolactone-chitosan (PCL-CH). Each scaffold had an
increasing amount of Zn. Several physicochemical properties such as fiber morphology, crystallinity, mechanical strength,
hydrophilicity, degradation and release of Zn2+, thermal properties, chemical compositions, and so forth were characterized and
compared with the PCL fibrous scaffold. The biological properties of the scaffolds were evaluated in vitro utilizing direct and indirect
cytotoxicity assays and cell viability. All the data show that the addition of Zn changed various physical properties of the PCL and
PCL-CH scaffolds except their chemical structure. Further investigation reveals that the PCL-CH scaffolds degrade the Zn particles
relatively faster than the PCL because the presence of the hydrophilic CH influences the faster release of Zn2+ in cell culture
conditions as compared to the PCL fibrous scaffold. The combined advantages of CH and Zn in the PCL scaffold enriched 3T3
fibroblast cells' survival and proliferation except the ones with the higher concentration of Zn particles. These new composite
scaffolds are promising and can be further considered for tissue healing and regeneration applications.
KEYWORDS: nanofibrous scaffold, polycaprolactone, chitosan, zinc metal, in vitro degradation, tissue engineering

1. INTRODUCTION
In recent years, polymer scaffolds modified with metal and
metal compound particles such as silver, gold, iron (Fe),
titanium, magnesium (Mg), and Zn have witnessed out-
standing research progress in the field of biomedicine.1−3

Several unique properties of metals such as electrical and
thermal conductivity, chemical and mechanical properties, and
antibacterial properties can be incorporated into composite
scaffolds to enhance their applicability in the field. Mg metals
are considered for structural applications such as orthopedics
due to their low weight and rigidity. However, Mg degrades
quickly (1−4 months) with hydrogen gas release. Fe metals
have good mechanical property but degrade slowly (over 2−3
years) with degradation products stuck in tissues.4 Zn metal
and its composite materials gained prominence due to their
intrinsic physiological relevance, biodegradability, and adapt-
ability in tissue healing and regeneration.5,6 The Zn

degradation rate is between those of Mg and Fe, and its
degradation products are fully bioresorbable without hydrogen
gas evolution. Zn-based implants are becoming more popular
in orthopedic and vascular applications because they
disintegrate at a desired rate that corresponds to the rate at
which the surrounding tissues recover, hence facilitating tissue
remodeling and growth.7 In orthopedic applications, implants
coated with Zn and its compounds help in osteointegration
and prevent biofilm formation.8 In vascular applications, pure
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Zn implants regularly develop neointima around surfaces and
circumvent inflammatory infiltrates for up to 11 months.7,9

Zn ions, i.e., Zn2+, a product from the degradation of Zn, are
predominantly stored in the skeletal muscle (60%) and bone
(30%), with only a minute amount in the blood circulating at a
concentration of 10−20 μM. Just a little amount of the Zn2+
that exists in free labile form (0.1−2 μM) is absorbed by blood
cells, endothelial cells, and platelets.10 Zn concentrations
ranging from 7 to 20 nM increase alkaline phosphatase (ALP)
activity and the mineralization of bone11 and also improve
osteogenesis by stimulating collagen production. Zn has the
potential to bind with over 2000 transcriptional factors12 and
over 300 enzymes (a typical enzyme is superoxide dismutase
(SOD), which functions as a free radical scavenger).13 Zn2+ is a
well-known antibacterial agent that attacks viruses, fungi,
bacilli, and other bacteria14 and is directly involved in
activating additional reactive oxygen species (ROS) generation
and maintaining insulin structural integrity.15 In the wound
repair process, Zn2+ is very beneficial at all four stages of the
repair, i.e., hemostasis, inflammation, proliferation, and tissue
remodeling phases.16

Only a few studies have established the effects of the
implantation of biodegradable Zn-based metal in the body.
Nevertheless, experts suggest that more priority be given to the
Zn toxicity after degradation of the Zn implants.17,18 The
amount of Zn2+ released from a typical Zn-based implant over
time when it is implanted in the body varies depending on
several factors, such as the type of implant, the implantation
period, and the degradation rate of the implant.19 The
degradation rate of bone implants is between 0.2 and 0.5
mm y−1 for complete bone healing. Pure Zn does not meet the
requirements of biodegradable orthopedic implants because it
has a degradation rate of approximately 0.1 mm y−1.20

Although high amounts Zn2+ have been shown to kill cells in
their physiological environment, it is a required micronutrient
in the living system like several other metal cations, e.g., Mg,
Fe, and Cu, playing a direct role in cell metabolism, DNA
synthesis, and proliferation,.21−23 Additionally, the exploration
of elemental Zn in a particulate form has been a challenge
because it exhibits localized and rapid degradation in an
aqueous medium and tends to produce toxic levels of Zn2+ in a
short amount of time. The release of such beneficial Zn2+ in a
physiologically mimicking environment should therefore be
controlled.
A possible solution to overcome the above challenges of the

rapid and localized release of Zn2+ as well as several other
metal micronutrients is to incorporate the metal particle into
biodegradable polymer scaffolds for controlled release
studies.24−26 Unique metallic composite matrices may be
created integrating biodegradable metal particles into electro-
spun biopolymer scaffolds to give tissue healing effects.27

Biodegradable metals are expected to corrode gradually after
their utilization without eliciting an adverse response to
maintain mechanical integrity.28,29 Electrospun scaffolds are a
proven suitable material for wound dressing due to their high
porosity that increases the permeability for oxygen, water, and
cell nutrients while protecting the wound from bacteria and
dehydration.30 Metal particle-containing electrospun scaffolds
have been proven to improve the properties of the parent fibers
without interfering with biocompatibility during the wound
healing process.
Poly(ε-caprolactone) (PCL) is a synthetic semicrystalline

polymer with excellent mechanical and degradation properties

that has been widely utilized in the production of metal-based
scaffolds to stimulate wound healing and treat chronic
wounds.31 PCL, however, lacks bioactivity and degrades at a
much slower rate than other popular biodegradable polymers
such as poly(lactic acid) and poly(lactic-co-glycolic acid).26

These limitations can be controlled by altering the chemical
structure, molecular weight, and crystallinity of the PCL by
combining it with other hydrophilic and bioactive polymers
like chitosan, collagen, and gelatin, among others.32,33

The analysis of the Zn contents in a recent study showed
that the PCL/Zn scaffolds progressively stimulated osteoclas-
togenesis with increased Zn concentration, and the study also
showed that the activation of the Wnt/β-catenin and NF-κB
signaling pathways by Zn2+ resulted in osteogenesis and
osteoclastogenesis regulation.34 Another study showed that the
PCL-nano zinc oxide (nZnO) electrospun scaffolds enhanced
cell adhesion and osteogenic effects for bone tissue
regeneration.35 ZnO nanoparticle (NP) loaded scaffolds
reduced inflammation and accelerated wound healing on a
second-degree burn dressing in another study.36 Although
these recent efforts in fabricating Zn-based scaffolds are
encouraging, much more remains to be explored and
improved, particularly in the perspective of a controlled and
predictable rate of release of Zn2+ to make the scaffolds
efficient for broad applications.
In this work, we sought to fabricate PCL and PCL-chitosan

(PCL-CH) scaffolds embedded with elemental Zn particles
and investigate how Zn affects physical, chemical, and
biological properties in vitro. Experimental methodology to
incorporate elemental Zn particles into polymer scaffolds
under an inert environment and analysis of the composite
scaffolds will be selected based on our previously published
researched work with elemental Mg.26 We hypothesize that Zn
embedded in PCL and PCL-CH can aid in the controlled
release and degradation of Zn2+. PCL-Zn and PCL-CH/Zn
scaffolds would have improved physicochemical properties and
more beneficial biological properties that would be suitable for
wound healing and other tissue engineering applications.

2. MATERIALS AND METHODS
2.1. Materials. PCL (average Mn 80,000), zinc nanoparticles (Zn

NPs) (40−60 nm or 0.04−0.06 μm), and Zn standard for ICP (1000
mg/L Zn in nitric acid) were purchased from Millipore Sigma (St.
Louis, MO, USA). Chitosan oligomer (MW 7.5k) was purchased
from Creative PEG Works (Chapel Hill, NC, USA). 2,2,2-
Trifluoroethanol (TFE) and hexafluoro-2-propanol (HFIP) were
purchased from Alfa Aesar (Ward Hill, MA, USA). Dulbecco’s
phosphate-buffered saline (DPBS) and Dulbecco’s modified Eagle’s
medium (DMEM) were obtained from Life Technologies (Grand
Island, NY, USA). Alamar Blue and lactate dehydrogenase (LDH)
assay kits were purchased from Thermo Fisher Scientific (Waltham,
MA, USA).

2.2. Preparation of PCL/Zn and PCL-CH/Zn Solutions. PCL
and CH solutions were prepared at a concentration of 10% (w/w) in
TFE and HFIP, respectively. PCL/Zn solutions were prepared with
different concentrations of Zn particles. First, commercially available
Zn NPs were added to the TFE solution under inert conditions
followed by an ultrasonic bath (Ultrasonic Cleaner, PS-10A Jeken) at
ice freezing temperature for 10 min for homogeneous dispersion of
the particles. Dry PCL pellets were then added to the Zn solution.
Five different solutions with varied concentrations of Zn (i.e., PZ-0,
PZ-10, PZ-20, PZ-30, and PZ-50) were prepared with the numbers 0,
10, 20, 30, and 50 representing how much percent of Zn was mixed
with the PCL polymer. Also, five different solutions (PCL-CH/Zn
solutions) with varied concentrations of Zn identified as PCZ-0, PCZ-
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10, PCZ-20, PCZ-30, and PCZ-50 were prepared by keeping the same
weight ratio of Zn in terms of the total dry polymer weight. PCL-Zn
solutions were prepared first, and CH solutions were added in such a
measure so that the ratio of PCL and CH is 70:30 to reduce viscosity
and prevent clogging during electrospinning. A higher chitosan ratio
with PCL such as 40/60 and 50/50 from previous experiments
resulted in a more viscous solution that clogged the syringe during
electrospinning. An extremely low chitosan ratio such as 90/10 was
unable to significantly affect the PCL as wanted. The 70/30 ratio was
adopted as optimum from previous publications from our lab and
others.37,38 The mixed solutions were subjected to constant magnetic
stirring for 24 h at room temperature followed by the ultrasonication
to achieve homogeneity (Supporting Information, Figure S1). The
sample designation and compositions of the scaffolds are given in
Tables 1 and 2.

2.3. Fabrication of PCL/Zn and PCL-CH/Zn Scaffolds. The
electrospinning setup and process were adopted from our earlier
experiments to fabricate scaffolds.26,37 Briefly, a syringe pump (Model
78-01001, Fisher Scientific, Pittsburgh, PA, USA), a high-voltage
power supply (Model CZE100PN30, Spellman High Voltage
Electronics Corporation, Hauppauge, NY, USA), and a collector
drum were used to set up the experiment. Approximately 8 mL of Zn
particle-loaded polymeric solution was placed in a 10 mL syringe with
an attached 18 gauge-diameter hypodermic needle. The syringe tip
was placed approximately 12 cm from the collector, and a 20 kV
voltage supply was used to charge the solution. The flow rate was set
at 2.5 mL/h. The solution was spun toward the rotating grounded
drum wrapped with aluminum foil. After the electrospinning was
performed, the samples were allowed to dry overnight in a chemical
hood and were detached from the aluminum foil for physical,
chemical, and biological characterization. The scaffolds are presented
as PZ and PCZ corresponding to PCL-Zn and PCL/CH-Zn.

2.4. Dynamic Light Scattering (DLS) Analysis. The hydro-
dynamic size distribution of the Zn particles was measured using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) according to
our earlier publication.26 Prior to the measurement, 0.1 g of the as-
received industrial Zn metal powder was dispersed in 10 mL of
anhydrous ethanol and sonicated for 10 min to allow good dispersion
of metal particles. A 1 mL aliquot of the dispersed colloidal sample
was further diluted for DLS analysis. Intensity measurements were
converted into volume and number-average sizes of the particles.

2.5. Surface Morphology Analysis. The surface morphology of
Zn particles, PZ, and PCZ scaffolds was analyzed using a scanning
electron microscope (SEM, Zeiss Auriga series, Oberkochen,
Germany) equipped with energy-dispersive X-ray spectroscopy
(EDS) (Quantax 70, Bruker Corporation, Billerica, MA, USA) and

a transmission electron microscope (TEM, Zeiss Libra 120,
Oberkochen, Germany). To check the morphology of Zn NPs, 0.01
g of particles was initially dispersed in 15 mL of TFE, and a single
drop of solution was placed on an aluminum foil followed by
evaporation of the solvent. Next, the foil piece was attached to the
sample holder with double-sided carbon tape and observed under the
SEM. In the case of PZ and PCZ scaffolds, samples were cut into
small pieces, attached to copper tape, and sputter-coated with gold−
palladium using a coating system (Leica EM ACE200, IL, USA) for
30 s (coating depth = 5 nm) at 15 mA. SEM images were taken at an
accelerating voltage of 3 kV. The fiber size distribution was analyzed
through SEM images with the use of the ImageJ software (NIH,
Bethesda, MD, USA). The diameter length was converted to pixels
with the help of a scale bar. Fifty individual fibers of PZ and PCZ
samples from each group (n = 3) of SEM images were measured in
pixels. The average size and standard deviation were calculated based
on converted ImageJ data. EDS, a feature of SEM (Hitachi SU8000,
Tokyo, Japan), was used to collect elemental data on the PZ and PCZ
scaffold samples. The Aztec One software was used to semi-
quantitatively analyze the data. For TEM analysis, fiber samples
were collected and attached directly to the carbon grid before
imaging. The scaffold dimensions such as the length and width were
recorded using a meter rule tracing and maintained constantly at 40 ×
15 mm. The weight of the scaffolds was taken using the balance, and
the thickness of the scaffold was taken using the digital micrometer
screw gauge. The surface area and surface area per unit weight were
estimated using the respective dimensions measured. The apparent
density and porosity of each scaffold were estimated from previous
publications.26,39

2.6. X-ray Diffraction Analysis. PCL/Zn and PCL-CH/Zn
scaffold samples for XRD analysis were prepared by cutting each
scaffold into a rectangular shape (20 × 10 mm2) and attaching them
to a glass slide using double-sided tape. A Bruker AXS D8 Discover X-
ray diffractometer (Billerica, MA) with Cu Kα radiation was used to
investigate the scaffolds’ diffraction patterns or crystallography and
phases. The X-ray diffraction experiments were performed using a
locked-coupled scan with a scanning range (diffraction angle, 2θ) set
between 10 and 60° at room temperature in continuous mode and at
increments of 0.0146° at room temperature.

2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Anal-
ysis. To identify the functional groups and chemical interactions
among the different scaffolds, FTIR was used. The Varian 670 FTIR
Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) was used to
complete the FTIR spectra in the 4000 to 6000 cm−1 region. To
demonstrate the modifications that the polymer (PCL) underwent
during electrospinning with Zn particles with and without the
inclusion of chitosan, selected IR bands of carbonyl and ester groups,
as well as CH bending, were studied.

2.8. Differential Scanning Calorimetry (DSC) and Thermog-
ravimetric Analysis (TGA). To evaluate the temperature and heat
flow associated with the different scaffold compositions as a function
of time and temperature, DSC analysis was conducted on a DSC
Q2000 differential scanning calorimeter (TA Instruments Co., USA)
over the temperature range of 20 to 160 °C at a constant heating rate
of 10 °C/min, and the first thermal transition peaks were used to
establish the melting temperature (Tm). The degree of crystallinity of
the scaffolds will be determined by measuring the heat of enthalpy
under a DSC thermogram. See details in the Supporting Information.
TGA measurement was conducted on a TGA Q50 thermogravimetric
analyzer (TA Instruments Co., USA) in a platinum pan with
temperature controlled from (room temperature) 25 to 650 °C at a
heating rate of 10 °C/min under an argon environment.

2.9. Mechanical Property Analysis. Mechanical properties of
the scaffolds were determined using an Instron 5542 (Canton, MA,
USA) according to our previous publication.26,32 Briefly, a customized
paper template (50 × 35 mm) was constructed as a sample holder to
prevent sample damage from handling and to preserve uniformity in
loading circumstances. A 40 × 15 mm scaffold sample (n = 5) was
designed prior to sample testing. The sample was held at about 10
mm firmly at both ends of the customized paper template with

Table 1. PCL/Zn Sample Designation and Composition

scaffold
name

proportion of PCL/Zn
(w/w)

weight of Zn in dried composite
(w:w %)

PZ-0 100:0 0
PZ-10 100:10 9
PZ-20 100:20 16
PZ-30 100:30 23
PZ-50 100:50 33

Table 2. PCL-Chitosan/Zn Sample Designation and
Composition

scaffold
name

proportion of
PCL/CH (w/w)

proportion of
PCL-CH/Zn

weight of Zn in dried
composite (w:w %)

PCZ-0 70:30 100:0 0
PCZ-10 70:30 100:10 9
PCZ-20 70:30 100:20 16
PCZ-30 70:30 100:30 23
PCZ-50 70:30 100:50 33
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double-sided adhesive tape for the pneumatic jaw gripping during the
experiment. The thickness of the scaffolds was measured with a digital
micrometer at three locations of the scaffold, and an averaged value
was used as thickness. Prior to the start of the test, the template’s two
halves were cut at both sides. Samples were stretched until they broke
with a 500 N load cell and a set displacement rate of 3.5 mm/min. A
control resolution of 0.15 μm was recommended for the type of
equipment utilized. A force−displacement curve was generated after
each run. The load values (recorded in N) were divided by the
minimum cross-sectional area (mm2) to get stress values (MPa).
Strain values were attained by dividing displacements by the initial
gauge length. The stress−strain curve was generated by plotting the
stress−strain values using Origin Pro. Data were further estimated for
the Young’s modulus (YM) and ultimate tensile strength (UTS) of
the scaffolds.

2.10. In Vitro Release Study of Zn2+. To measure the
concentration of Zn2+ ions released from the scaffolds of PZ and
PCZ, 10 × 10 mm sample pieces were cut and attached in the wells of
a 24-well plate with a surgical silicone adhesive (Kwik-Sil). The
samples were sterilized by incubating in 90% ethanol for 30 min, after
which samples were washed with DI water two times and placed
under UV light in a sterile fume hood for about 3 h. One milliliter of
the complete medium that is DMEM supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (10,000 units per mL of
penicillin and 10,000 μg mL−1 of streptomycin) was then added to
each well and incubated in a cell culture incubator at 37 °C and 5%
CO2 atmosphere. At each time interval, media were collected and
replenished with new media. Free Zn2+ concentration was measured
for each time point after the dilution with inductively coupled plasma
optical emission spectroscopy (ICP-OES Optima 8300, PerkinElmer,
Shelton, Connecticut).

The collected solution was pretreated before measurement. Briefly,
the samples were pipetted precisely, with a volume of 1 mL, into
digestion tubes, and concentrated nitric acid (67−70%, Fisher
Scientific) and hydrofluoric acid (48−51%, VWR Chemicals) were
added to each tube. A predigestion process of 10 min was allowed
before transferring the digestion tubes to an automated sequential
microwave digester (MARS 6, CEM Microwave Technology Ltd.,
North Carolina, USA). The resulting product was a clear and
transparent aqueous solution, which was further diluted to 50 mL by
using double DI water. To establish a calibration curve, a set of
matrix-matched standards was prepared. All of the samples were then
analyzed using the Optima 8300 ICP-OES instrument. The detailed
parameters for microwave-assisted acid digestion of samples are
shown in Supporting Information Tables S3 and S4.

2.11. Cell Culture Study on Fibrous Scaffolds. 2.12.1. Cell
Preparation. NIH-3T3 mouse fibroblast cell lines (American Type
Culture Collection, ATCC Cell Line Bank 1658, Manassas, VA, USA)
were cultured with the complete medium at 37 °C with 5% CO2 and
95% humidified atmosphere. The medium was replaced every second
day of culture. Upon confluency, cells were passaged by trypsinization
before seeding.

2.12.2. Cell Seeding to PZ and PCZ Scaffolds. The different
scaffolds (n = 4 per sample) with dimensions of 12 × 12 mm2 were
fixed into the 48-well plates and sterilized under UV overnight. The
samples were then washed with 70% ethanol followed by washing
with phosphate-buffered saline (PBS, Gibco; Life technologies). The
samples were again pretreated overnight with the complete media.
Cells at a density of 5 × 104 were seeded on each scaffold by pipetting
onto the center and cultured in the incubator for 1 to 3 days. The cells
were nourished with fresh medium every second day. However, for
cell viability and toxicity studies, medium extracts were collected each
day and stored.

The cytocompatibility of the PZ and PCZ scaffolds was also
examined using an indirect method as adopted from Brown et al. and
other publications.40,41 Briefly, the PZ and PCZ scaffolds were
immersed in the complete medium for 14 days. Scaffold extracts were
collected and then seeded with 3T3 fibroblast cells that were
preprepared as described in Section 2.12.1. At each time period (e.g.,

1, 2, and 3 days), media from cell-laden scaffolds were collected and
stored for cytotoxicity evaluation.

2.12.3. Cell Viability and Toxicity Analysis. The cell viability of
3T3 cells was examined using the Alamar Blue (AB) colorimetric
assay as described in a previous work.42 Briefly, the cell-laden fibrous
scaffolds were treated with 10% AB reagent in cultured media and
incubated for 4 h. Assay solutions were transferred to 96-well plates to
measure fluorescence (530 nm excitation and 590 nm emission). The
cell toxicity of PZ and PCZ scaffolds was evaluated using a Pierce
LDH assay kit following the manufacturer’s instruction and also with
reference to our previous work.43,44 Briefly, 50 μL of collected sample
media (n = 3) was transferred to a 96-well plate and mixed with a 50
μL reaction mixture. The plate was covered with aluminum foil and
incubated at room temperature for 30 min. Fifty microliters of stop
solution was added to each well to stop the reaction, and the
absorbance of the samples was measured at 490 and 680 nm by a
microplate reader (CLARIOstar Plus, BMG LABTECH Inc., Cary,
NC, USA).

The adhesion, proliferation, and survivability of the cells on the
scaffolds were examined with a live/dead assay kit (PerkinElmer LLC
Via AOPI Staining Solution; Fisher Scientific, USA) in accordance
with the company’s protocol. The live and dead cells stained in green
and red color, respectively, were visualized and captured with an
Olympus IX83 microscope incorporated with the Olympus cellSens
Dimension software (Olympus Corporation, Shinjuku, Tokyo, Japan).
Live and dead cells were counted from the fluorescence images using
ImageJ 1.53c (NIH, Bethesda, MD, USA).

In addition, the morphology of the viable cells was visualized under
a fluorescence microscope in the cells cultured for 1 to 3 days. For
that, the cells were seeded at a density of 1.5 × 104 cells/well. After a
predetermined period, the cells were washed twice with PBS before
fixing with 4% paraformaldehyde (PFA, Thermo Fisher Scientific)
solution for 10 min and permeabilized in 0.2% Triton (X-100)
(Thermo Fisher Scientific) for 2 min at room temperature. The cells
were blocked with 1% bovine serum albumin (BSA) for 30 min after
washing with PBS. The cells attached on the scaffolds were
consequently stained by Actin Green 488 Readyprobes reagent
(Invitrogen, Thermo Fisher Scientific) for the cytoplasm (20 min)
and DAPI (4’6-diamidino-2-phenylindole dihydrochloride; Invitro-
gen, Thermo Fisher Scientific) for nuclei (5 min) at room
temperature in the dark condition. After washing three times with
PBS, fluorescence images were taken using an Olympus IX83
microscope (Olympus).

2.12.4. Cell-Fibrous Scaffold Preparation for SEM Imaging.
Furthermore, the cellular mass attachment, proliferation, and
morphology were analyzed using SEM following the procedure
from our previous publication.26 Briefly, the attached cells were rinsed
twice with PBS and fixed with 4% glutaraldehyde for 30 min. After
fixation, cells were rinsed with deionized water (2 times) and
dehydrated with successive incubations in 50, 75, and 100% ethanol,
leaving 10 min each time, at room temperature. The cell samples were
left to dry in a sterile fume hood for 24 h and then cut to fit on the
ring and sputter coated for about 3 min before images were taken.

2.12. Statistical Analysis. All data were presented as mean ±
standard deviation (S.D.) and were analyzed using one-way analysis of
variance (ANOVA) for significance with the OriginPro software
version 2023 (Origin Lab, Northampton, MA, USA). Post hoc
Tukey’s test and Holm−Sidak test were performed with ANOVA for
multiple comparisons. The α value was set to 0.05, 0.01, and 0.001,
and p values less than 0.05 and 0.001 were considered statistically
significant.

3. RESULTS
3.1. Characterization of Zn Particle and Electrospun

Scaffolds. 3.1.1. Size and Morphology of Zn NPs. Before the
Zn particles were dissolved in the solvent with PCL or PCL-
CH as shown in Figure S1, the size, morphology, and
crystalline properties of the as-received commercial Zn
particles were investigated before they were incorporated.
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The SEM image in Figure 1A and TEM image in Figure S2 C
reveal the morphology of the pure Zn powder. The metallic
particles were obtained as mixed powder of aggregated
particles and ultrasmall and large particles in the size range
of 70 to 10,000 nm. Figure 1B shows the X-ray diffraction
results for the particles, and the peaks correspond to the
known crystallographic planes of Zn.45 The XRD patterns of
the Zn particles show characteristic peaks at 36.34, 39.06,
43.28, 54.36, 70.1, and 70.68° corresponding to diffraction
planes of metallic Zn at (002), (100), (101), (102), (103), and
(110), respectively.46 In addition, new peaks were observed at
31.8355, 34.5207, 47.5808, 56.6487, and 62.8917° correspond-
ing to (100), (002), (102), (110), and (103) planes of ZnO,
respectively, suggesting that the Zn slightly oxidized.47

Most of the particles had a mean hydrodynamic diameter of
about 100 nm (Figure 1C), and the volume percentage was
distributed between 1000 and 10,000 nm.

3.1.2. Morphology of PCL/Zn and PCL-CH/Zn Scaffolds.
The fibrous morphology and diameter distribution of as-
prepared PZ and PCZ scaffolds are shown in Figure 2. Fiber
morphology varied drastically with the change in particle
concentration. Compared to PCL, many beads can be
observed on both PZ and PCZ fibers, indicating the presence
of Zn particles. Notably, particles aggregated on the surface of
the fiber as the concentration of Zn increased. Smooth and
relatively uniform fibers were generally obtained with smaller
fractions of the particles. In contrast, a distinct surface
roughness or rugged surface was observed with the high
concentration of NPs within and on the fibers. The NPs of
smaller diameters were encapsulated within the fibers, whereas
the relatively larger ones were on the fiber. The diameters of
PZ fibers as shown in Figure 2A−E were measured and found
to range between 0.3 and 2.4 μm with the average diameter of
PZ-0, PZ-10, PZ-20, PZ-30, and PZ-50 estimated as 1.31 ±

0.5, 0.81 ± 0.3, 1.07 ± 0.5, 0.97 ± 0.4, and 1.02 ± 0.5 μm,
respectively, confirming that the Zn particle integrated fibers
showed smaller diameters than pure PCL fibers.
The SEM images of Figure 2F−J also confirm that chitosan

integrated PCZ scaffolds are also homogeneous and have a
bead-free fiber morphology. The fibers are regular and
continuous at a lower ratio of Zn, but the presence of a
higher percentage of Zn particles modified the surface
morphology of the fibers significantly. Agglomeration of the
Zn particles can be clearly observed in the images of PCZ
scaffolds with a higher percentage of Zn particles. The average
diameters of chitosan integrated scaffolds were measured and
found to be 1.34 ± 0.3, 0.69 ± 0.2, 0.57 ± 0.1, 0.53 ± 0.2, and
0.41 ± 0.1 μm for PCZ-0, PCZ-10, PCZ-20, PCZ-30, and
PCZ-50, respectively. Overall, the diameters of the PCZ fibers
are smaller than those of the PZ fibers without chitosan.
The distribution of Zn within the scaffold was confirmed by

SEM-EDS analysis, which also showed the elemental mapping
of Zn particles obtained from the SEM image (Figure S2A,B).
Transmission electron microscopy images further confirmed
Zn particles in their aggregated form and encapsulated within
the individual fiber (Figure S2 C). The surface area, apparent
density, surface area per unit weight, and porosity of the
scaffolds were estimated using a fixed rectangular dimension of
the PZ and PCZ scaffold samples (i.e., 40 × 15 mm) and other
prior measurement such as the weight of the sample (see
results in Supporting Information, Tables S1 and S2). The
thicknesses of the PZ-0, PZ-10, PZ-20, PZ-30, and PZ-50
scaffolds were estimated in millimeters (mm) as 0.148 ±
0.0034, 0.156 ± 0.0041, 0.169 ± 0.0052, 0.184 ± 0.0043, and
0.211 ± 0.0033, respectively. The thicknesses of the PCZ-0,
PCZ-10, PCZ-20, PCZ-30, and PCZ-50 were estimated also in
mm as 0.140 ± 0.0016, 0.149 ± 0.0041, 0.153 ± 0.0027, 0.175
± 0.0028, and 0.201 ± 0.0031, respectively. All the Zn-

Figure 1. Characterization of as-received Zn metal particles. (A) SEM images of Zn particles at low magnification with inset at high magnification
(scale bar = 100 μm). (B) X-ray diffraction pattern revealing crystallographic planes of Zn. The size distribution of as-received Zn particles was
measured using the DLS technique. (C, D) The average hydrodynamic diameter of the particles measured from number and volume-weighted
distributions obtained from DLS, respectively.
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containing scaffolds had slightly increased thickness compared
with the pure PCL scaffolds. The surface areas per unit weight
of each fibrous scaffold sample expressed in m2/g were 3.4 ±
0.61, 3.1 ± 0.09, 2.9 ± 0.62, 2.8 ± 0.32, and 1.4 ± 0.41 for PZ-
0, PZ-10, PZ-20, PZ-30, and PZ-50, respectively, and those of
the PCZ fibers were estimated as 2.5 ± 0.38, 1.8 ± 0.21, 1.5 ±
0.27, 1.4 ± 0.44, and 1.1 ± 0.62 for PCZ-0, PCZ-10, PCZ-20,
PCZ-30, and PCZ-50 in that order.
It was also found that the concentration of particles in fibers

affected the thickness of the sample, which reveals why the
increase in particle concentration increased the thickness of the
scaffolds. The average porosity percentage of PZ-0 and PZ-50
ranged between 51 ± 5.7 and 60 ± 5.6, and that of PCZ-0 and
PCZ-50 was between 62 ± 5.3 and 76 ± 6.1, respectively.
These values were obtained using eqs 1−3 in the Supporting
Information. All of the results suggested that the presence of
the particles increased the surface area per unit weight and
porosity of the scaffolds. As noted with the porosity numbers,
the lower fiber diameters for PCZ were attributed to the higher
porosities in higher Zn samples.
The impact of both Zn and CH on the hydrophilicity of PZ

and PCZ scaffolds was also investigated using contact angle
measurement. The details of measurements and outcome of
our investigation are given in the Supporting Information

document (Table S3). The average contact angles for PZ-0,
PZ-10, PZ-20, PZ-30, and PZ-50 were 127 ± 4.3, 97 ± 1.1, 71
± 2.6, 70 ± 3.3, and 74 ± 7.2, respectively. The average
contact angles for the PCZ scaffolds were 59 ± 1.2, 59 ± 3.5,
54 ± 4.2, and 52 ± 5.6 for PZ-10, PZ-20, PZ-30, and PZ-50,
which make the PCZ samples have high surface energy. There
was no contact angle measurement for the PCZ-0 samples
because there was difficulty capturing the images after the drop
because it drained so fast in the fiber.

3.1.3. FTIR and XRD Analysis of Electrospun Scaffolds.
FTIR spectra were measured to confirm any chemical changes
in the chemical composition of PCL and CH while
incorporating the Zn NPs (Figure 3A,B). The characteristic
absorption peak of PCL was located at 1727 cm−1 for the
stretch of CO in ester groups and 1240 and 1170 cm−1 for
asymmetric and symmetric stretching vibrations of C−O−C.
These characteristic peaks in the PCL are consistent with the
previously reported results and showed no new or significant
changes in peak position in PCL after encapsulation of Zn
NPs. This suggests that the addition of the Zn particles did not
significantly alter the chemical structure of the PCL. Additional
peaks in PCZ fibrous scaffolds were observed at 1533 and 1662
cm−1 corresponding to amine and amide groups of chitosan.
These results confirm the presence of CH in all PCZ.

Figure 2. Surface morphology and diameter distributions of PZ and PCZ samples. (A−E) SEM images of PZ-0 to PZ-50, respectively, and their
corresponding histogram showing the distribution of fiber diameters of the as-prepared PZ-0 to PZ-50 samples. (F−J) SEM images of PCZ-0 to
PCZ-50, respectively, and their corresponding histogram showing the distribution of fiber diameters of the as-prepared PCZ-0 to PCZ-50 samples.
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To analyze possible changes in the crystallinity of the PZ
and PCZ scaffolds after adding Zn particles, XRD patterns
were evaluated (Figure 3C,D). Characteristic peaks of PCL
were observed at 21.5 and 23.6° referring to the crystallo-
graphic planes of (110) and (200), respectively.48 The
scaffolds exhibited low-intensity peaks at the same positions
that are assigned to Zn NPs, suggesting the presence of Zn
NPs in the scaffolds. These peak positions are similar to the Zn
particles published in a previous research.47 The intensity of
the PCL peaks decreased for both PZ and PCZ scaffolds with
increased Zn amounts, revealing a decrease in the degree of
crystallinity of PCL. The intensity of the Zn peaks increased as
the concentrations increased in both PZ and PCZ groups. The
appearance of the same crystallographic peaks of Zn in all fiber
samples as illustrated in Figure 1B above and the lack of any
significant new peaks of Zn products strongly suggest that our
method of incorporating of Zn metal particles in the scaffolds
did not alter any crystalline properties of the Zn. PCZ scaffolds
did not exhibit any characteristic peaks of CH, indicating that
the effect of CH in the change in crystallinity of the scaffolds
was not very significant.

3.1.4. DSC and TGA Analysis. Thermal behaviors of the PZ
and PCZ scaffolds were analyzed by the DSC and TGA
methods. The melting and crystalline temperatures of each
sample are shown in Figure 4. In line with PCL’s typical
melting point (Tm), the scaffold samples displayed a melting
endotherm at a temperature of 60 °C. All samples regardless of
the group (i.e., PZ or PCZ) showed a melting endotherm
ranging between 60 and about 63 °C. The percentages of
crystallinity of the PZ-0, PZ-10, PZ-20, PZ-30, and PZ-50
samples were 62.0, 54.1, 53.5, 47.9, and 43.8, respectively.
Those for PCZ-0, PCZ-10, PCZ-20, PCZ-30, and PCZ-50
were 57.9, 53.7, 52.7, 46.5, and 39.1 as shown in the
Supporting Information (Figure S3).
The TGA curves as shown in Figure 4C,D illustrate the

weight loss of the scaffolds at various onset temperatures. The

weight change curves in the TGA indicate that the control
scaffolds (i.e., PZ-0) all burned out without traces of the
material left, but the same trend was not observed with the Zn-
containing scaffolds. The presence of the metal did not allow
for the complete burning of the scaffold. The PZ-0 scaffold
completely decomposed at the onset temperature close to 500
°C. However, 70% of the PZ-50 was decomposed at around
that same temperature range, which can be explained by the
fact that the 70% that burned was the PCL polymer and the
remaining weight of about 30% representing the Zn particles
was present in the fibers. Further observation of the PZ plot
showed that at about 330 °C, the weight of PZ-10, PZ-20, and
PZ-30 remained approximately ∼9, ∼12, and ∼20%. The
weight loss of the scaffolds was found to be lowered after the
integration of CH and increased concentration of Zn NPs.
Unlike PZ-50, the PCZ-50 samples had only about 60%
burnout, and the remaining weight of about 40% representing
the Zn particles was present in the scaffold samples. It can
generally be concluded from the graph that the introduction of
chitosan impacted the slow or delayed burning rate of the
scaffold.

3.1.5. Mechanical Properties of Scaffolds. The mechanical
properties of the scaffolds expressed in stress−strain curves,
Young’s modulus (YM), and ultimate tensile strength (UTS)
are shown in Figure 5. The quantitative data are summarized in
Tables 3 and 4. Pure PCL scaffolds showed the highest strain
as compared to Zn particle containing composite scaffolds. Zn
particles remarkably lowered the strain of each scaffold,
suggesting that the increase in Zn NP concentration reduced
the strain of the electrospun scaffolds. As expected, the tensile
stress of the composite scaffold increased after particle
integration. However, the stress of PZ scaffolds gradually
decreased with an increment in the concentration of particles
in the fibers. The presence of CH lowered both strain and
stress as compared to those of PZ scaffolds. The YM and UTS
of both composite scaffolds were decreased with an increased
concentration of NPs.

Figure 3. Analysis of crystalline phases and chemical structure of the
scaffolds with different concentrations of Zn NPs. (A, B) ATR−FTIR
spectra of the PZ and PCZ samples, respectively. (C, D) XRD
patterns of PZ and PCZ samples, respectively.

Figure 4. Thermal property analysis of PZ and PCZ scaffolds. (A, B)
Representative DSC curves showing crystalline properties of the PZ
and PCZ nanofiber scaffold, respectively. (C, D) TGA analysis
showing the thermal stability of PZ and PCZ samples at different
temperatures, respectively.
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3.2. In Vitro Release of Zn Ions. The Zn release profiles
of all PZ and PCZ scaffolds for a 14 day (336 h) degradation
period are presented in Figure 6 and Figure S4. The detailed
parameters for the microwave-assisted acid digestion of
samples are shown in Tables S4 and S5.
The Zn release study was conducted in a culture medium at

standard cell culture conditions for mammalian cells. The
cumulative free release of the Zn2+ of the PZ and PCZ
nanofiber scaffolds was estimated using ICP-OES quantitative
analysis.
The presence of Zn2+ in the cumulative release profile as

shown in Figure 6A,B shows a release increase in both groups
(PZ and PCZ scaffolds) as the concentration of Zn particles
increased in the scaffold. At the end of the experiment (336 h),
cumulative releases of Zn2+ estimated for the PZ-0 to PZ-50
scaffolds were 0.004 ± 0.001, 0.139 ± 0.014, 0.172 ± 0.009,
0.183 ± 0.015, and 0.199 ± 0.013 mmol, respectively. At the
same time point, cumulative releases of Zn2+ estimated for the
PCZ scaffolds were 0.011 ± 0.001, 0.173 ± 0.018, 0.204 ±
0.018, 0.225 ± 0.023, and 0.264 ± 0.021 mmol corresponding
to the samples PCZ-0 to PCZ-50, respectively.

The release profile in Figure 6A shows that the PZ group
exhibited an initial burst effect at 24 h and plateaued after.
However, the PCZ profile (Figure 6B) exhibited its initial burst
at an earlier time point than 24 h. The cumulative release of
Zn2+ from the scaffolds of PZ-20, PZ-30, and PZ-50 after 72 h
did not show any significant differences (p < 0.05). However,
for the PCZ groups, all the scaffolds released different amounts
of Zn2+ after the same time point (72 h), which were
statistically significant (p < 0.05). Also, the cumulative graph
for both the PZ and PCZ groups of scaffolds indicated that the
PZ-50 and PCZ-50 released more Zn2+ as expected.
The rates of free Zn2+ release per period were determined

between medium replacements by dividing amounts of free
Zn2+ released by hours of exposure of scaffolds immersed in

Figure 5. Mechanical properties of PZ and PCZ scaffolds investigated by tensile testing. (A, D) Representative sets of typical tensile stress−strain
curves of PZ and PCZ, respectively. (B, E) Ultimate tensile strength at break for PZ and PCZ samples, respectively. (C, F) Comparisons of Young’s
modulus of PZ and PCZ, respectively. Bars indicate significant differences (ANOVA, p < 0.05 for each n = 5).

Table 3. Mechanical Properties of PZ Fibrous Scaffolds

fibrous
scaffold

Young’s modulus
(MPa)

ultimate tensile
strength (MPa)

breaking strain
(mm/mm)

PZ-0 16.15 ± 1.9 3.51 ± 0.4 4.21 ± 0.1
PZ-10 38.29 ± 2.8 8.21 ± 0.5 1.42 ± 0.1
PZ-20 35.41 ± 3.4 6.28 ± 0.3 1.15 ± 0.04
PZ-30 25.91 ± 2.5 4.46 ± 0.2 0.94 ± 0.03
PZ-50 19.15 ± 2.7 3.84 ± 0.4 0.65 ± 0.2

Table 4. Mechanical Properties of PCZ Fibrous Scaffolds

fibrous
scaffold

Young’s modulus
(MPa)

ultimate tensile
strength (MPa)

breaking strain
(mm/mm)

PCZ-0 13.71 ± 1.6 2.54 ± 0.3 4.03 ± 0.1
PCZ-10 34.73 ± 3.2 6.36 ± 0.6 0.91 ± 0.1
PCZ-20 29.58 ± 2.4 4.90 ± 0.3 0.75 ± 0.04
PCZ-30 21.14 ± 2.2 3.73 ± 0.2 0.61 ± 0.03
PCZ-50 16.95 ± 2.7 2.64 ± 0.4 0.47 ± 0.02

Figure 6. In vitro release study of Zn ions. (A, B) Cumulative Zn2+
release from scaffolds PZs and PCZs, respectively. Data are
representative of multiple experiments (n = 3). (C, D) Rates of
Zn2+ release from scaffolds immersed in the culture medium from
start to end points for PZ and PCZ. The amount of free Zn2+ released
was divided by the hours of exposure to give the rates of release for
each period between the media replacements.
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the culture medium. The rate of release graph in Figure 6C,D
indicates an increase in release for all samples from day 1 (i.e.,
24 h) to day 3 (i.e.,72 h). The rates of release over the first 2
and 72 h were much higher than subsequent days. All samples,
especially PZ-10 and PCZ-10, showed a slower release by the
end of 14 (i.e., 336 h) days. Samples with the highest Zn
particles, i.e., PZ-50 and PCZ-50, released more Zn2+ than the
others. There was a gradual decrease in the amount of release
after day 3 for both sample groups. However, samples never
stopped releasing even after the end of the experiment time
frame. The standard deviations derived by summing variances
each time point were used to conduct an ANOVA on the
cumulative release after 336 h for all samples. Results from all
scaffold types and two different batches are shown in
Supporting Information (Figure S4 A for PZ samples and
Figure S4 B for PCZ sample scaffolds). There was no batch
difference represented between batches of the same scaffolds
(p < 0.001, n = 4). However, there were significant differences
between some of the PZ (20 to 50) and PCZ (20 to 50)
samples (Supporting Information Figure S4 C).
The highest amount of Zn2+ released was obtained from the

groups containing the highest amount of Zn particles, i.e., PZ-
50 and PCZ-50. The amounts of Zn2+ released from PZ-50 and
PCZ-50 were 163.4 ± 2.83 and 152.34 ± 2.83 mmol/L,
respectively, which are close to the reported cytotoxic levels in
the ZnO-based wound dressings49

3.3. In Vitro Cytotoxicity. Cell viability and cytotoxicity
studies of the as-prepared electrospun scaffolds were assessed
in vitro with fibroblasts (3T3 cells) using Alamar Blue assay
and LDH assays. Cells were examined by plating the cells
directly onto scaffolds, with time periods of 1, 2, and 3 days.
The scaffold samples without Zn (i.e., PZ-0 and PCZ-0) were
selected as our positive control. As seen in Figure 7A,C, cell

viability data reveal that scaffolds with a lower concentration of
Zn (i.e., PZ-10 and PZ-20) showed more than 100% viability
by the end of day 3. In contrast, the scaffolds with a higher
concentration of Zn (i.e., PZ-30 and PZ-50) showed a decrease
of viability at the same period of culture time. Although the cell
viability slightly improved when cultured on PCZ scaffolds, the
overall viability was at the same trend as that seen with PZ
scaffolds. The optical density (OD) recorded for the LDH
assay (Figure 7B,D) also demonstrated that the scaffolds with a
lower concentration of Zn (i.e., PZ-10 and PZ-20) exhibited
no cellular toxicity, whereas the scaffolds with a higher
concentration of Zn (i.e., PZ-30 and PZ-50) showed an
increased trend of toxicity. Per the current ISO standards
(ISO-10993-5), cell viability higher than 75% is considered to
indicate no toxicity in evaluation of medical devices.50 Our
results indicate that PZ-30 and PZ-50 scaffolds might not be
suitable for further studies. Nevertheless, the concentration of
Zn2+ released from PCZ scaffolds up to day 3 was different
compared with the release profile of PZ scaffolds. However,
additional studies are needed to investigate the close
relationship between Zn2+ degradation and cell responses.
The indirect cell-fibrous scaffold testing had interesting

outcomes. From the graph, the PCZ created an atmosphere for
an easy release of the Zn2+ in the media; thus, the
concentration of the Zn2+ with the cells was direct without
the fiber, which exposed the cells to toxicity anytime. However,
the viability reading shows a drastic reduction in viability of the
PZ compared to PCZ. Some PCZ scaffolds such as PZ-10 and
PZ-20 regardless are viable to be considered for future works.
The cell viability and toxicity plot for the indirect method is
shown in the Supporting Information (Figure S5).
Figures 8 and 9 illustrate the cell attachment, survivability,

and spreading of NIH/3T3 cells with different PZ and PCZ
scaffolds at different time periods. The live/dead fluorescence
image indicates that the samples with Zn2+ concentration up to
20% (PZ-20 and PCZ-20) have excellent biocompatibility and
cytocompatibility to the NIH 3T3 cell line. The green and red
fluorescence images showed live and dead cells, respectively.
On PZ-30 and PZ-50 samples, more dead cells (red color
staining) were observed, and their number continuously
increased on both days 1 and 3.
The histogram plots on the right-hand side also indicate that

the cell viability was excellent for the samples (PZ-10 and PZ-
20; PCZ-10 and PCZ-20). More than 90% of the cells were
seen to be viable. However, as the Zn2+ concentration
increased (PZ-30 and PZ-50; PCZ-30 and PCZ-50) the
viability % decreased. The overall result indicates that the PZ
and PCZ showed excellent bioactivity to promote NIH/3T3
cell adhesion and proliferation up to a certain concentration of
Zn and showed the inhibiting effect at higher concentrations,
revealing a dose-dependent effect of Zn2+ concentration for cell
growth. The quantitative data reveal that the scaffolds with
higher % of Zn particles showed cytotoxicity. However,
chitosan integrated scaffolds exhibited improved cytocompat-
ibility.
The fluorescence images in Figure 10 show the cellular

attachment, migration, and distribution of NIH/3T3 cells on
the scaffolds. Basically, PZ-20 and PCZ-20 stimulate cells for
proliferation and attachments. After 3 days of cultivation, a
dense cellular mass with highly elongated and interconnected
morphology of the cells was observed. The relatively elongated
spindle shape resembles the morphology of NIH/3T3 cells in
vitro under physiological conditions. The cell proliferation on

Figure 7. Fibrous scaffold performance in vitro and effects on viability
and toxicity of 3T3 cells using direct test method. (A, B) Viability
(Alamar Blue assay) and toxicity (LDH absorbance assay) of the
cultured cells on PZ samples, respectively. (C, D) Viability (Alamar
Blue assay) and toxicity (LDH absorbance assay) of the cultured cells
on PCZ samples, respectively. Statistically significant values were
determined using the one-way ANOVA post hoc Tukey method, and
the data are expressed as the mean ± S.D., with n = 4 (where *p <
0.05 and ** p < 0.01).
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the scaffold with over 20% Zn particles showed an inhibitory
effect for cells, indicating that the beneficial effect of Zn2+ is at
a lower concentrations range. These results suggested that the
PCZ-20 exhibited synergetic effects in cell proliferation and
cell growth. The healthy growth of cells represents that the
scaffolds have strong bioactivity, providing a suitable micro-
environment for cell function, e.g., cell adhesion, spreading,
and cell-to-cell interaction and communication. Cell−substrate
adhesion and cell spreading are tightly related to cell
proliferation and often accompanied by changes in structure

and cell morphology. In PZ-50 image samples, the morphology
of the cells turned from spindle to round because it is at the
verge of losing its growth and development and likely to
experience apoptosis. Very few cells were barely observed with
both PZ-50 and PCZ-50 samples. Samples of PZ-50 and PCZ-
50 are shown in the Supporting Information (Figure S6).
Additionally, cell organization and attachments on PZ and
PCZ scaffolds were very different in comparison with the 2D
flat surface as seen in the tissue culture plate (TCP)
(Supporting Information, Figure S7). The cellular morphology

Figure 8. In vitro performance of the fibrous scaffold and effects on cell attachment and morphology. Fluorescence microscopy images represent
live (stained green) and dead (stained red) NIH/3T3 fibroblasts cultured on the PZ scaffolds for day 1 (left) and day 3 (middle) utilizing acridine
orange/propidium iodide (AOPI) dye (scale bar = 100 μm). Right: Histograms show the counted percentage of live and dead cells in the
corresponding fluorescence images using the ImageJ software (n = 5) of PZ-0 to PZ-50, respectively.
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on the surface of the tissue culture plate (TCP) was flattened
and polygonal shaped. The cytoskeleton outgrowth was
observed as a well-distributed dendrite architecture, whereas
the morphology was an elongated spindle-shaped cellular
structure on the PZ and PCZ samples. In all samples, the cells
are well-proliferated and well-spread. These results reveal that
the morphology and the attachment of cells depend upon the
orientation of the substrates used in culturing the cells.
Further evaluation of cellular compatibility, including cell

attachment and spreading as well as cell−substrate interactions
with PZ and PCZ fibers, was carried out by examining the cells

via SEM (Figure 11). Cells were attached strongly to the
substrate with a successive cell proliferation. Cellular mass
associated with elongated dendrites was observed. Notably, the
cells were infiltrated into the PCZ scaffolds compared with PZ
scaffolds. The cells were well-spread on the substrates, as
shown in the representative images.

4. DISCUSSION
4.1. Characterization of the Morphology of Fibrous

Scaffolds. To investigate the potential uses of PZ and PCZ
fibers for biomedical applications, we first fabricated fibrous

Figure 9. In vitro performance of the fibrous scaffold and effects on cell attachment and morphology. Fluorescence microscopy images represent
live (stained green) and dead (stained red) NIH/3T3 fibroblasts cultured on the PCZ scaffolds for day 1 (left) and day 3 (right) utilizing acridine
orange/propidium iodide dye (AOPI) (scale bar = 100 μm). Right: Histograms show the counted percentage of live and dead cells in the
corresponding fluorescent images using the ImageJ software (n = 5) of PCZ-0 to PCZ-50, respectively.
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scaffolds with varying amounts of Zn metal particles. Next, we
analyzed their properties. Prior to their incorporation into the
electrospinning solution, the as-received Zn particles under-
went characterization including analysis of their shape,
geometry, distribution, crystallinity, and hydrodynamic sizes.
The hydrodynamic size of the Zn particles was found to be
around 100 nm in number-weighted distribution and between
1000 and 10,000 nm in volume-weighted distribution. These
numbers indicate that Zn was made up of a wide range of
particle sizes with large aggregates of small particles, including
small oxidized particles. The diffraction characteristics of the
Zn particles matched those of Zn and ZnO.

The distribution of the Zn particles integrated into the
individual fibers of the scaffolds was confirmed by elemental
mapping via SEM-EDS and TEM analysis. TEM images further
confirmed that Zn particles with diameters less than fiber
diameters were well-encapsulated within the individual fiber
regardless of being aggregated. One objective of the study was
to determine the effect of Zn particles on the fiber diameter,
surface area, and porosity of the scaffolds. The fibrous scaffolds
without Zn (i.e., PZ-0 and PCZ-0) were used as a control. The
analysis of the fiber diameter indicates that the diameter of
both PZ and PCZ scaffolds ranged between 0.3 and 2.4 μm.
The average diameter of the PCZ fibers with increasing
abundance of Zn particles was lower than the average
diameters of the PZ fibers. Compared to the control fibers
(i.e., PCZ-0), the fiber diameters of PCZ fibers were reduced
significantly with increasing amount of Zn particles. This
reduction might be because Zn particles were well-distributed
in the PCL-CH solution and made the electrospinning solution
more electrically conductive and caused the formation of
thinner fibers. Because of the chelating nature of the CH, the
surface of the Zn particles was coated with CH polymers,
which helped them to distribute better in the PCL solution.
The same conclusion could not be drawn with PZ fibers based
on the discrepancies in the fiber diameter established. A higher
percentage of heterogeneously sized Zn particles in the
solution can result in fibers with a wide range of diameters.
Additionally, metallic Zn particles can make the solution more
conductive. Normally, the smaller metallic particles increase
the charge density of the ejected jet during electrospinning,
which increase the stretching of the jetted polymer solution,
resulting in smaller diameter fibers. Instead, it is more likely
that the greater numbers of larger-sized metal particles in the
polymer solution contributed to larger fiber diameters by
hindering this “jet stretching”.
Scaffold materials for biomedical applications must be

porous to promote cell adhesion and growth, as well as to
exchange metabolites and cell nutrients. The pores of the
scaffold also need to be interconnected to provide enough
surface area for uniform cell distribution and facilitate the
morphological patterning. The surface area and the porosity of
the scaffolds were determined, and results showed that the Zn
containing fibrous scaffolds produced larger surface areas
compared to their controls, the non-Zn fibrous scaffolds, and
also the more Zn containing scaffolds produced better surface
area values. The porosity for the PZ and PCZ scaffolds ranged
between 50 and 78%. This indicates that these scaffolds could
be used to create a porous tissue engineering construct that
mimics the fibrous ECM found in tissues51

4.2. Analysis of Chemical and Thermal Properties of
Scaffolds. To determine if the presence of Zn particles altered
the chemical and thermal properties of PZ and PCZ fibers, the
scaffolds were studied using XRD, FTIR, DSC, and TGA. Two
techniques, XRD and FTIR, were used to confirm the presence
of Zn in the fiber. The results showed that the presence of Zn
did not alter the chemistry of the PCL and PCL-CH fibers.
The XRD patterns suggest that with different compositions of
PZ and PCZ scaffolds, there was an increase in intensity
corresponding to crystalline peaks of Zn and a decrease in
intensity corresponding to crystalline peaks of the polymer.
The XRD analysis also confirmed that Zn present in the
scaffolds had the same crystalline phases as the Zn powder
before electrospinning. However, both the X-ray diffraction

Figure 10. In vitro performance of scaffolds and their effects on cell
morphology. Fluorescence microscopy images of NIH/3T3 cells
cultured on PZ and PCZ fibrous scaffolds for day 1 and day 3. The
cytoskeleton was stained with ActinGreen 488 (green), and the nuclei
were counterstained with DAPI (blue) (scale bar = 100 μm).

Figure 11. In vitro performance of scaffolds and effects on cell
attachment and morphology. SEM images (A−E) represent the
morphology and attachments of 3T3 fibroblasts cultured for 3 days on
the scaffolds (PZ-0, PZ-10, PZ-20, PG-30, and PZ-50). Images A’−E’
are high-resolution SEM images corresponding to A to E, respectively.
SEM images (F−J) represent the morphology and attachments of
3T3 fibroblasts cultured for 3 days on the scaffolds (PCZ-0, PCZ-10,
PCZ-20, PCZ-30, and PCZ-50). Images F’−J’ are high-resolution
SEM images corresponding to F−J, respectively.
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and FTIR spectra revealed that the presence of Zn did not alter
the chemical structure of the PCL.
The thermal behavior of the scaffolds was examined by using

TGA and DSC. The TGA results showed that all of the
polymers burned completely at around 350 °C, leaving the Zn
metal. The weight percent differences of each scaffold
indicated in the TGA analysis were roughly close to the
amount of Zn left in the scaffold after the polymer burned out.
Additionally, the DSC results indicated that the presence of Zn
did not significantly affect the melting characteristics of the
scaffolds, regardless of the presence of Zn. The degree of
crystallinity refers to the proportion of the polymer that exists
in the crystalline form, and the crystallinity of PCL can be
affected by various factors, including the presence of additives
such as Zn. When Zn was added to PCL, it was likely to act as
a nucleating agent, which means that it could promote the
formation of new crystalline regions in the polymer. However,
if the concentration of Zn is too high, then it can also interfere
with the growth of these crystalline regions and inhibit their
formation. Also, the increasing percentage of Zn particles can
disrupt the alignment of the polymer chains in the crystalline
regions, which can further reduce the crystallinity of the PCL.
Zn may interact with the polymer chains and create defects or
dislocations in the crystal structure, which can lead to a
reduction in the degree of crystallinity as observed in the
Supporting Information (Figure S2).

4.3. Mechanical Properties of PZ and PCZ Fibrous
Scaffolds. The mechanical properties of the scaffold materials
are essential to enhance decisions on needed materials because
these materials undergo physicochemical changes in the body.
Mechanical properties of a polymer composite are enhanced
by the extent to which the fillers such as Zn particles become
bonded to the polymer matrix and share in the load. This is
sometimes difficult to determine more especially when each of
these materials appears differently, that is, Zn being stiffer than
the polymer matrix in this study. Polymeric scaffolds often
become stiffer when hard particles such as metallic particles are
added because of the reinforcing action.52 It is a fact that fillers
that are stiffer than the polymer matrix and have lower
deformity and irregular shape can interfere with the alignment
of the original matrix and can significantly alter the mechanical
properties. Therefore, it is complex to predict the exact nature
of the change in the mechanical properties of the composite
scaffolds prepared by electrospinning. This is mostly due to the
irregular distribution of the particles in the fiber. These results
however were confirmed empirically53 and are summarized in
Tables 3 and 4 for this work.
Clearly, the addition of Zn regardless of the amount altered

the mechanical properties of both the PZ and the PCZ
scaffolds significantly. Overall, the presence of Zn made the
fibrous scaffold more brittle, and the scaffold with the highest
Zn (PZ-50 and PCZ-50) experienced the most brittleness. PZ-
10 and PCZ-10 show a drastic increase in the Young's modulus
and UTS as the Zn particles tend to reinforce the polymeric
matrix. However, as the Zn concentration increases beyond a
threshold, abrupt changes in the polymeric matrix occur,
presenting discontinuities and lowering UTS as seen in several
other composite fibers of PCL with metallic nanoparticles,
including Mg, Ca, Zn, Fe, and so forth.26−54

The ductility of the samples was measured from the breaking
strains and the highest strain needed for breakage, which was
determined from the stress−strain curves and was significantly
different across samples and scaffold types. Zn addition,

regardless of the amount, significantly altered the ductility of
the scaffold. The highest ductility was observed in the PZ-0
and PCZ-0 samples. Deformity of a polymer results in an
elastic response, but the availability of large irregular particles
can stimulate inelastic developments that tend to affect the
mechanical properties of the composites, including the Young’s
modulus, UTS, brittleness, and ductility. The possible way to
further understand and predict how particles such as Zn affect
mechanical properties of the scaffold will be when properties of
each single fiber are analyzed and/or when particles with
uniform size and shape are precisely distributed within the
fibers.

4.4. Study of Zn Ion Release In Vitro. Zn2+ release plays
a tremendous role in various cellular functions and is a key
feature in the osteogenic differentiation of mesenchymal stem
cells (MSCs)55 as well as tissue healing activity. Zn particles
are generally unstable in water and releases Zn2+ because of
corrosion, and their corrosion appears worse in an electrolyte
solution such as cell culture media.56,57 As the PZ and PCZ
scaffolds were incubated in cell media, Zn particles, loosely
attached on top of the fiber surfaces and those embedded in
the thin layers, had erosion started. After a short amount of
time, water permeation started through the fiber matrix and
allowed the Zn2+ to come out, which is a diffusion-controlled
release. Zn2+ was then released into the surrounding media. To
reduce the overexposure and overrelease of Zn2+, Zn particles
are mostly encapsulated in the polymer matrix. PCL polymer is
hydrophobic with a long linear aliphatic polyester structure
that prevents fast water entry into the PCL bulk; as such, it
slows down the rate of degradation.58 It is well-known that
having other additives, in our example, Zn particles and
hydrophilic CH polymer, in the PCL alters the degradation
rate of PCL scaffolds.59 With increasing surface hydrophilicity
and growing structural defects in PCL, the interaction of PCL
molecules with water molecules does actually increase, which
affects how quickly the scaffolds degrade.60 The specific rate
and the extent of release of Zn2+ from the PCL and Zn
scaffolds are influenced by several factors, including the
fabrication technique, Zn content, surface morphology, and
degradation behavior of the composite19

The concentration of Zn particles in the scaffold samples can
significantly influence the release profile, with the higher Zn
content generally leading to increased Zn2+ release.61 However,
the release rate may reach a saturation point beyond a certain
threshold concentration, where the release becomes more
dependent on the degradation behavior of the polymer matrix.
The scaffolds with a higher surface area-to-volume ratio
enhanced ion release due to increased contact between the
composite and the surrounding environment. A high surface-
to-volume ratio means high water penetration, which leads to
high degradation rates62

The degradation behavior of the polymer matrix can also
determine the Zn release profile. PCL being a biodegradable
polymer undergoes hydrolytic degradation, and its degradation
rate can be tailored by adjusting its molecular weight, which in
turn affects the Zn2+ release kinetics.33

Changes in environmental factors such as pH, temperature,
and the presence of other ions can affect the dissolution and
diffusion of Zn2+ from the composite. For example, acidic
conditions may accelerate the release of Zn2+, whereas the
presence of certain ions may enhance or inhibit the release
kinetics. Therefore, it is important to conduct comparative in
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vitro release studies under identical conditions to accurately
assess the relative release properties of the fibers.
Our results clearly indicated that a higher concentration of

Zn2+ was released from the sample group PCZ than PZs when
we compared the day-to-day release. The PCZ scaffolds
released Zn2+ relatively faster and quantity-wise more than the
PZ group. This can be explained by the presence of the
chitosan in the PCL-CH group scaffolds. The hydrophilicity of
chitosan is enhanced by the presence of NH2 and OH groups
along its chains, which speeds up the degradation of fiber by
stimulating the free ions.63 The composite of PCL and CH
exhibits higher hydrophilicity than the individual PCL fibers,
which means that there is predictable water diffusion faster
than the PZ fibers.
The standard deviations derived by summing variances each

time point were used to conduct an ANOVA on the
cumulative release after 336 h for two batches of both scaffold
types. There was no batch difference represented between
batches of the same scaffold (p < 0.001, n = 4). The highest
amount of Zn2+ released was from the highest contained Zn
particles for both groups. The amount of Zn2+ released by the
PZ and PCZ was beyond the reported cytotoxic level, i.e., 150
mmol/L.49 This release profile confirms that the Zn embedded
PCL and PCL-CH scaffold is safe to use for tissue engineering
and drug delivery application similar to the prior use of
erythromycin-loaded poly(vinyl alcohol)-carboxymethyl cellu-
lose/ZnO fibrous mat for drug delivery and wound dressing
applications.61 Our results also suggest, for future studies, that
it might be possible to tailor the release of Zn2+ over a period
of days to weeks by designing different thicknesses and
geometries of fibers. Given that Zn2+ has multiple beneficial
effects, it has a broad appeal for future biomedical applications.

4.5. Cytocompatibility In Vitro. 3T3 fibroblast cell
viability and toxicity were analyzed via direct and indirect
culturing on PZ and PCZ scaffolds utilizing the Alamar Blue
assay and LDH assay up to day 3. For the direct cell culture
study, more differences were observed on day 3 where viability
for the PZ-30 and PZ-50 scaffolds dropped significantly to
about half compared to their viability on day 1. For all the time
points, PZ-10 and PZ-20 showed viability above the ISO
standards (ISO-10993-5) that is 75%.50 The PCZ scaffolds
were not too different from the PZ because they also recorded
a viability drop in PCZ-30 and PCZ-50 after day 3. This is
because the cytotoxicity of Zn at low concentrations was
significantly less in the dose-dependent response. In scaffolds
with high concentrations of Zn, the particles could oxidize,
forming ZnO, which is susceptible to generating reactive
oxygen species (ROS). Consequently, the cells might be
affected by the reactive oxygen stress. The release of Zn2+ that
is 43.9 ppm from zinc chloride loaded on 3D spheroids for 24
h showed more than 50% cell viability with immortalized
human oral keratinocytes (IHOKs). In contrast, only 4.8 ppm
of Zn2+ was released from Zn chloride loaded on 2D scaffolds
but showed similar results, suggesting that the release of Zn
depends on the architecture and structural framework of the
scaffolds that could also affect the cellular viability.64

Furthermore, an vitro study reveals that the excess of Zn2+
(>100 μM) in serum-free media stimulates the function of
monocytes to secrete proinflammatory cytokines but reduces
the function of T cells by inhibition of the interleukin-1
receptor associated protein kinase.65 Similarly, Zn2+ has been
proven to improve cell viability of other types of cells such as
osteoblasts between 1 and 50 μM34

Optimized Zn2+ into the substrate plays a central role for
cellular Zn homeostasis in cell−substrate interaction, cellular
migration, and gene expression, and but excessive Zn induced
cellular toxicity including genetic disorder. Notably, there is
always an optimal range of Zn2+ that supports many DNA
binding proteins and allows chloride ions to cross the plasma
membrane to maintain membrane potential.
The cell viability results from indirect cell culturing showed

similar trends. For the indirect method, cells were directly
exposed to the Zn2+ extract solution for 14 days. However,
there was a massive viability recorded for both groups,
especially PCZ scaffolds. PCZ-20 recorded the highest viability
for days 1 and 3, possibly due to the presence of chitosan and a
relatively safe amount of Zn2+ released. The toxicity release was
much slower with the indirect method because the direct
method was accompanied by the cells positioned on the fiber.
The toxicity level of the indirect method could possibly be
seen later after day 3 if investigated.
The bioactivity evaluation on the TCP, PZ, and PCZ

samples seemed very interesting. Generally, cell adhesion and
morphology are influenced by the architecture of the
substrates, such as surface roughness, fiber orientation, and
so forth. We observed a flat and broad cytoskeleton on the
TCP, whereas on the PZ and PCZ samples, the cytoskeleton
morphology of the cells was enlarged, elongated, and spindle
shaped. The study explains that the structural behavior and
development of the cell depend upon a specific niche in situ.
These results demonstrate differences in cell behavior when
the cells were cultured on the three different substrates.
Further, the composite scaffolds containing chitosan appeared
to be substantially higher and had better improvement in
cellular growth and cell proliferation.
PCL has less cell recognition sites for being hydrophobic,

and this however was improved by mixing with CH, which has
a hydrophilicity effect and helps in good cell signaling
response. Thus, micronutrient-rich bioscaffolds can be
employed in tissue regenerative medicine and bioimplant
materials that should have the ability to induce cell growth,
proliferation, and spreading. Cellular activities are influenced
by either the accumulation of intracellular Zn through
exogenous administration or release from an intracellular Zn
source, but the higher level of intracellular Zn concentration
affects cellular apoptosis. The cell apoptosis by Zn is also
associated with the activation of nicotinamide adenine
dinucleotide phosphate (NADPH), a free-radical generating
coenzyme that mediates with Zn and plays a crucial role to
inhibit various antioxidant interventions.66 Thus, the nano-
fibrous scaffold with enough porosity, hydrophilicity, and
controlled mechanical property has excellent capability to
mimic the natural microenvironment for cells and can easily
promote the cellular activities in wound healing and tissue
regeneration.

5. CONCLUSIONS
This research aimed to synthesize a novel Zn particle-
composite biomaterial that has nanofibrous structural features
and material properties that are beneficial for biomedical
applications. Using an electrospinning technique, we designed
and synthesized biodegradable PCL/Zn (i.e., PZ) and PCL-
CH/Zn (i.e., PCZ) composite scaffolds with different
concentrations of Zn particles. Various properties of the
scaffolds were analyzed with the addition of Zn particles. The
fiber morphology, crystallinity, thermal stability, mechanical
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strengths, and biological properties of the scaffolds were very
dependent on the amount of Zn particles embedded in the
fibers. However, there was no change in the chemical structure
of the PCL and PCL-CH fibers. In the Zn release experiment,
the release of Zn2+ was proportional to the amount of Zn
contained in the scaffold, where the highest amount released
was from PZ-50 and PCZ-50 groups and the lowest amount
was from PZ-10 and PCZ-10. Overall, the Zn2+ released from
PCZ scaffolds was relatively higher and the release was faster
compared to PZ fibers. Our viability results showed that
scaffolds containing lower concentrations of Zn (i.e., PZ-10,
PZ-20, PCZ-10, and PCZ-20) had no negative effect on the
cells on days 1, 2, and 3. However, as the amount of Zn2+
increased in the release media, viability decreased with the
higher Zn content scaffolds (PZ-30, PZ-50, PCZ-30, and PCZ-
50). The cell viability, attachments, and cell morphology were
improved when cultured with PCZ scaffolds. This proves that
incorporation of chitosan changed the releasing kinetics of
Zn2+ and helped to improve the cell response of the PCZ
scaffolds. Hence, this newly developed biocompatible scaffold
can be developed for a broad range of biomedical applications
such as tissue engineering and wound healing applications as a
scaffold with tunable material properties. As a continuation of
our research, we hope to explore these scaffolds with more
controllable physical and chemical properties to control the
burst release of the particles upon immersion of the scaffolds in
the culture media. The toxicity of the Zn-loaded scaffolds
should be tested in animal models because in vivo systems are
dynamic and more complex than in vitro conditions.
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