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A B S T R A C T   

Skin wounds can lead to numerous complications with dangerous health consequences. In this work, magnetite 
nanoparticles were doped with different concentrations of antimicrobial silver (Ag) ions and incorporated into 
the electrospun nanofibrous ε-polycaprolactone (PCL) scaffolds. Nanoparticles and scaffolds with various Ag 
contents were characterized using a range of physicochemical techniques. Ag entered magnetite as cations and 
preferentially positioned at tetrahedral sites, introducing lattice distortions and topographic irregularities. 
Amorphization of the structure due to accommodation of Ag expanded the lattice in the bulk and contracted it on 
the surface, where broadened distribution of Fe–O coordinations was detected. Promoting spin canting and 
diminishing the double exchange interaction through altered distribution of ferric and ferrous ions, Ag softened 
the magnetism of magnetite. By making the nanoparticle structure more defective, Ag modified the interface 
with the polymer and promoted the protrusion of the nanoparticles from the surface of the polymeric nanofibers, 
thus increasing their roughness and hydrophilicity, with positive repercussions on cell adhesion and growth. 
Both the viability of human melanocytes and the antibacterial activity against E. coli and S. aureus increased with 
the concentration of Ag in the magnetite phase of the scaffolds. Skin wound healing rate in rats also increased in 
direct proportion with the concentration of Ag in the magnetite phase, and no abnormalities in the dermal and 
epidermal tissues were visible on day 10 in the treatment group. These results imply an excellent potential of 
these composite nanofibrous scaffolds for use as wound dressings and in other reconstructive skin therapies.   

1. Introduction 

Skin is the largest organ of the body, acting as an essential physical 
and biological barrier against pathogens, toxins, irritants, allergens and 
other forms of adverse environmental stimuli [1,2]. It also plays a vital 
role in sensory functions and the internal homeostasis, alongside pre-
venting the dehydration of internal tissues [3–5]. As a result, an injury to 

the skin, such as through burns and other forms of trauma could entail a 
series of immune complications. Rapid healing is, therefore, vital for 
preventing the long-term damage to the organism in the case of such 
events and skin wound dressings are often used to replace portions of the 
lost skin and speed up its regeneration and healing [6–8]. Some of the 
essential properties that materials acting as candidates for skin wound 
dressings should have include biocompatibility, bioactivity, good 
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integration with soft tissues, adequate mechanical properties and 
controllable biodegradation rate [9–11]. However, even when all of 
these requirements in a material are satisfied, reconstruction of the skin 
wound may be accompanied by bacterial infection, which could delay 
the healing process or even cause the regeneration failure [12–14]. 
Therefore, materials with intrinsic antibacterial properties are being 
intensely sought for wound dressing applications [15]. 

Biodegradable polymers have been the main materials of choice for 
applications in wound healing. Approved by the FDA, ε-poly-
caprolactone (PCL) presents one of the most commonly used biode-
gradable polymers [11,16,17]. It is particularly lauded for its good 
physical and biological properties, including biocompatibility, low 
degradation rate and good mechanical integrity. However, it displays a 
relatively high hydrophobicity, which limits its use as a pure phase. 

Nanoparticles have attracted much attention because of their unique 
and tunable properties. Their differing in terms of physical and chemical 
properties compared to the corresponding bulk materials is primarily 
owing to high surface-to-volume ratios and the reactivity that this en-
tails [18]. In some cases, nanoscale effects displayed by the nano-
particles are due to the high concentrations of crystallographic defects 
associated with the surface disorder; however, they can also be due to 
quantum resonance phenomena stemming from the similarity between 
the particle size and the critical lengths for particular physical effects 
[18]. Nanoparticles have been frequent additives in polymeric matrices, 
including PCL [19–21], with the goal of improving not only their me-
chanical strength, but also hydrophilicity, bioactivity and tissue bonding 
strength. 

Magnetite has been one of the most intensely investigated materials 
for biomedical applications thanks to its strong magnetic properties and 
biocompatibility [22]. In particular, magnetite nanoparticles (MNPs) 
have made an outstanding contribution to biomedicine, as in the treat-
ment of iron deficiencies, bio-imaging, biosensors, drug delivery, and 
magnetic hyperthermia [23]. Furthermore, like PCL, magnetite is also 
approved by the FDA [24], meaning that nanocomposites combining 
PCL and MNPs need no additional approvals before being tested in a 
clinical setting. Earlier, MNPs were used to deliver small molecules as 
facilitators of acute skin wound healing, such as thrombin [25] or cur-
cumin [26], but this is the first study attempting to use MNPs not only as 
augmenters of cutaneous would healing per se, but also as agents for the 
delivery of therapeutic ions to the skin wounds. 

Magnetite is also a very common mineral. It is found in a number of 
igneous rocks and is also a major mineral component of many types of 
ore deposits [27]. Magnetite crystallizes in the inverse cubic spinel 
structure and contains both Fe2+ and Fe3+ ions, with the former occu-
pying strictly the octahedral (B) sites and the latter occupying both the 
tetrahedral (A) and the octahedral (B) sites [28], resulting in the 
chemical formula of Fe3+[Fe3+Fe2+]O4

2− . Magnetite is ferromagnetic 
and its magnetic moment (~4μB/Fe3O4) is entirely due to the double 
exchange interaction and the larger 3 d6 Fe2+ ions, with the nil contri-
bution of the super-exchange interaction and smaller 3 d5 Fe3+ ions. 
Through ionic substitution, many foreign cations (e.g., Ni2+, Ti4+, Co2+, 
Al3+, Mg2+, Ga2+, Mn2+/Mn4+, Cr2+, Zn2+, V3+/V4+) can be integrated 
into the crystal lattice of magnetite [29,30]. Through such doping as the 
intentional addition of appropriate ions into the host structure, desirable 
properties could be imparted on the parent material and its physico-
chemical characteristics improved [31]. 

For centuries, silver ions (Ag+) released by silver compounds have 
been used for hygienic and healing purposes due to their antibacterial, 
antifungal and antiviral properties [32,33]. They have the capacity to 
strongly suppress the bacterial growth by inhibiting the respiratory 
enzyme pathways, restricting the electron transport chain components 
and directly interfering with DNA [34–37]. Compared to the delivery of 
Ag ions via Ag particles, their delivery as a dopant is anticipated to 
provide for slower release rates and thus avoid many of the adverse side 
effects associated with the use of particulate Ag as a biomaterial. 
Furthermore, silver nanoparticles exhibit a lower antibacterial activity 

compared to the ionic form of silver and are vulnerable to oxidation, 
which may adversely modify the composite structure and disable the 
tuning effects enabled by the use of Ag as a dopant. Therefore, we sur-
mise that the doping of MNPs with Ag ions may not diminish their 
biocompatibility while endowing them with an antibacterial activity, 
which they otherwise do not possess at considerable levels in the pure 
form [38,39]. 

Therefore, in this study, Ag-doped MNPs were incorporated inside 
the nanofibrous PCL scaffolds. Microstructural, crystallographic, spec-
troscopic and surface analyses were conducted to thoroughly under-
stand the composition, structure and physicochemical properties of the 
resulting nanocomposites. To test the potential of the material for use as 
an antibacterial wound dressing, the viability and the attachment of 
human cells were analyzed in addition to the antibacterial activity in 
vitro, after which the capacity of the material to induce the healing of 
wounds to the skin was investigated in vivo, in the rat model. To meet the 
requirement for wound dressings, the materials are meant to mimic the 
structure of the extracellular matrix of the skin, which contains a rela-
tively high porosity, particularly in the dermal area. This porous surface 
enables the transport of oxygen and nutrients, alongside promoting the 
vascularization and a proper blood supply to the healed tissue, through 
which the regeneration of the skin wound is accelerated. One of the most 
facile techniques for the production of such porous polymeric mem-
branes is electrospinning. Electrospinning can be used to fabricate 
nanofibrous scaffolds with a controllable porosity, fiber diameter, dis-
tribution and orientation, and, thus, the strength. Thanks to their 
nanostructure, such scaffolds possess a high surface-to-volume ratio, 
which increases their bioactivity and the bonding strength with the host 
tissue. Their flexibility and moderate adhesiveness also allow for a 
particularly good contact with the skin. This nanofibrous structure 
permeated with sizable pores also allows for the entrapment of nano-
particles, which may improve specific properties of the material. 

Consequently, the study has been underlain by the hypothesis that 
the entrapment of Ag-doped MNPs inside the electrospun PCL scaffolds 
would lead to a novel biomaterial for wound dressing applications. To 
that end, variation in the physicochemical properties of MNPs due to the 
addition of Ag ions and subsequent incorporation inside the PCL scaffold 
was investigated in the first stages of the study, whereas in vitro and in 
vivo biological response to the composite material containing different 
amounts of Ag in the MNP phase was investigated in the second stage. 
Combined, these experiments have allowed us to derive conclusions 
about the prospect of the material for clinical application. 

2. Materials and methods 

2.1. Materials 

The analytical reagent grade of the materials used in the synthesis of 
MNPs was of the highest purity available. The chemicals used included 
ferrous chloride tetrahydrate, FeCl2⋅4H2O (99.9%) (Mw = 198.81 g 
mol− 1), ferric chloride hexahydrate, FeCl3⋅6H2O, (97.9%) (Mw =
270.30 g mol− 1), ammonium hydroxide, NH4OH (30%), silver nitrate, 
AgNO3 (99.0% purity), hydrochloric acid, HCl (Mw = 36.46 g mol− 1) 
with 98.0% purity, and ε-polycaprolactone (PCL, Mw = 80,000 g 
mol− 1). All chemicals were purchased from Sigma Aldrich. Argon gas 
had the purity of 99.5%. Deionized water was used as a solvent. 

2.2. Synthesis of magnetic nanoparticles (MNPs) 

Ultrafine magnetite nanoparticles (Fe3O4, MNPs) were synthesized 
using the co-precipitation technique. An aqueous solution containing 
FeCl3⋅6H2O and FeCl2⋅4H2O at the concentrations of 0.2 and 0.1 M, 
respectively, was prepared in 50 mL of deionized water and Ar gas was 
purged through it for 20 min. Then, ammonium hydroxide was added 
dropwise to the mixture at the rate of 2 mL/min. Meanwhile, the mixture 
was stirred using strong ultrasonic agitation (Ultrasonic probe 
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Sonicator, Thomas Scientific, 500 Watt) until the suspension became 
homogenous and the pH value of the solution reached 11.0 ± 0.1. The 
inert gas was continuously bubbled through so as to prevent the for-
mation of undesired oxides. The black precipitate was decanted from the 
solution with a permanent magnet and washed several times with 
deionized water and 10 times with ethanol to remove the excess 
ammonia and the residual ions from the precipitate. Then, the washed 
precipitate was dried at 50–60 ◦C for 12 h to obtain the black powder of 
magnetite. The Ag-doped samples were prepared by reducing the con-
tent of FeCl3⋅6H2O based on the following equation: 

(2 − x)FeCl3.6H2O+FeCl2.4H2O+ xAgNO3→ Fe2+AgxFe3+
2− x/3O4↓ (1)  

where x = 0.0, 0.1 and 0.2 yielded Ag-MNPs compositions named 0.0Ag- 
MNPs, 0.1Ag-MNPs and 0.2AgMNPs, respectively. The synthesis pro-
cedure is illustrated in Fig. 1. 

To synthesize Ag-MNP-containing polymeric scaffolds, 110 mg of 
each Ag-MNP powder was added to 10 mL of PCL (8 wt%) in a sealed 
bottle and then the mixture was introduced into a high power probe 
sonicator for 15 min to obtain a well-dispersed suspension. Right after, 
these Ag-MNP-containing PCL solutions were introduced to a syringe 
pump to produced nanofibers via electrospinning. The electrospinning 

system utilized the high voltage of 18 kV, the injection rate of 1 mL/h, 
and the distance between the needle and the collector wall of 16 cm. 

2.3. Physicochemical characterization 

2.3.1. XRD measurements 
X-ray diffraction (XRD) analysis was carried out using an X-ray 

diffractometer (analytical-x’ pertpro, Cu kα1 radiation, λ = 1.5404 Å, 45 
kV, 40 mA, Netherlands). The data were collected in the range of 4◦ ≤

2θ ≤ 60◦ with a step size of 0.02◦ and the irradiation time of 0.5 s per 
step. 

The crystallite size in the polymeric phase was calculated using 
Scherrer’s formula [40–42]: 

D=
kλ

βhkl cosθ
(2)  

where D refers to the crystallite size in nm, k represents the shape factor 
(0.9), λ is the wavelength of the X-rays (1.54056 Å for CuKα radiation), 
while βhkl is the corrected full width at half maximum expressed in ra-
dians, and θ is the Bragg diffraction angle. 

Fig. 1. Flow chart for the synthesis of MNPs doped with different concentrations of Ag ions, and their incorporation inside nanofibrous PCL scaffolds.  
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2.3.2. FTIR analyses 
Fourier transformer Infrared (FTIR) spectra were recorded on a 

Perkin – Elmer 1650 spectrophotometer in the 4000–200 cm− 1 wave-
number region. The spectra were recorded using KBr pellets for the 
powder phase, while the nanofiber compositions were measured 
without additional KBr. 

2.3.3. XPS measurements 
X-ray photoelectron spectroscopy (XPS) analyses were conducted on 

pure and Ag-doped MNPs using a PerkinElmer PHI 5600 XPS instru-
ment. Spherical sector was used as the analyzer type, while the multi-
channel resistive plate was used as the detector. Analysis was performed 
in the constant pass energy mode with zero throughput and Al Kα 
monochromatic radiation as the excitation source. Charge control was 
accomplished with an appropriately set emission current and electron 
energy. All samples were analyzed at room temperature. 

2.3.4. Density and porosity 
Porosity and real density were measured using a Quantachrome In-

struments analyzer (UltraPyc 1200e). The analyses were done by pro-
cessing a rectangular (2 × 3) cm area for each sample. Then the helium 
gas flowed through the cell and the averages of porosity and real density 
were derived from three independent measurements on each sample. 
The theoretical density (Dx) of Ag-MNPs could be estimated as [43]: 

Dx =
ZM
NV

(3)  

Where M is the molecular weight of the fibers, N is Avogadro’s number, 
Z is the number of molecules per unit cell, and V is the unit cell volume. 
However, the contribution of PCL must be taken into consideration and 
the total theoretical density can be represented as [44–47]: 

TDx =ADx1 + BDx2 (4)  

Where A and B represent the relative fractions of the two phases, Ag- 
MNPs and PCL, respectively, equaling A = 12.09% and B = 87.91%. 
With PCL density being 1.145 g/cm3, the measured density is expressed 
in mass/volume units, while the total calculated porosity is given as a 
ratio between the theoretical and measured density (ρ) [48]: 

P=

(

1 −
ρ

TDx

)

× 100 (5)  

2.3.5. Morphological investigation 
Field emission scanning electron microscope (FESEM) was used to 

scan the fibrous surfaces and assess the sample microstructures and 
morphologies under an operating voltage of 20–30 kV (model: 
QUANTA-FEG250, Netherlands). The powder phase was ground and 
carried on a piece of copper, before being sputtered with gold for 2 min. 
Further, a small piece of each nanofibrous scaffold was cut and sputtered 
with gold for 1 min to be ready for investigation. 

2.3.6. Roughness measurements 
Micrographs of nanofiber samples before being exposed to cells were 

obtained using FESEM and processed using the Gwyddion 2.45 software 
to investigate their roughness [44]. 3D micrographs were obtained for 
each sample and the resolution of the micrographs was fixed at 1450 ×
900 pixels. The graphed edges were eliminated to avoid the unwanted 
boundaries. Finally, the roughness parameters were computed using the 
same software in nm. Roughness was measured for both the Ag-doped 
MNP powders and composite scaffolds. Each sample group was 
measured in triplicates so as to obtain the standard deviation. 

2.3.7. Vibrating sample magnetometer (VSM) 
Vibrating sample magnetometer (VSM, Model DMS 4HF) was used to 

measure the magnetic behavior of as-prepared powder samples. 

2.3.8. Elemental analysis (ICP) 
The elemental analysis was conducted for the MNP powder phase 

using an inductively coupled plasma (ICP) apparatus (720 ICP-OES, 
Agilent Technologies, USA). The sample preparation involved dissolv-
ing 0.01 g of each powder in 1 mL of HCL (33%) and adding 9 mL of 
deionized water. 

2.3.9. Mechanical testing 
The samples were processed into rectangular strips with the di-

mensions of 100 × 20 × 0.1 mm. The stress/strain test was then carried 
out by pulling the nanofibers at the rate of 5 mm/min up to the fracture 
point, as in accordance with the standard code ASTM D882. Each sample 
group was measured in triplicates so as to obtain the standard deviation. 

2.3.10. Contact angle measurements 
Contact angles of the electrospun scaffolds were measured using the 

contact angle analyzer (OCA15EC, DataPhysics, Germany) at room 
temperature. Each sample group was measured in triplicates so as to 
obtain the standard deviation. 

2.4. Biological characterization 

2.4.1. In vitro cell viability tests 
The human melanocyte cell line, HFB4, was cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Gibpco) at 37 ◦C and 5% CO2 to 
investigate the viability of cells seeded onto the nanofibers. Cells seeded 
at the density of 5 × 103 cells/cm2 were cultured on the fibers in 12-well 
plates. After three days of incubation at 37 ◦C, the medium was removed 
and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) was injected into each well, after which the cell viability was 
measured via an optical analyzer. Cell viability was defined as the per-
centage of the viable cells compared to the total cell number and it was 
measured in triplicates for each sample group so as to obtain the stan-
dard deviation [12–14]: 

Viability ​ (%)=
Mean ​ optical ​ density ​ of ​ test ​ samples
Mean ​ optical ​ density ​ of ​ the ​ control ​

× 100 (6)  

2.4.2. Cell growth on the scaffold 
FESEM was used to observe the growth behavior of human mela-

nocyte HFB4 cells seeded on the nanofibers. For this purpose, each 
sample was cropped into two pieces of 0.5 × 0.5 cm, which was then 
exposed to a UV lamp in 12 well plates for 30 min for sterilization. Then 
1.5 mL of HFB4 cells (5 × 105 cells) were added into each well. Lastly, 
the plate was covered and incubated at 37 ◦C for three days. After this 
time, the fibers were washed with phosphate buffer saline (PBS). To 
keep the cells fixed on the nanofiber surface, the scaffolds were sub-
merged in a glutaraldehyde solution (2.5% concentration) for 1.0 h. 
They were then dehydrated in the air for 15 min. Finally, they were 
sputtered with gold for 2 min to be ready for FESEM imaging. 

2.4.3. Antibacterial activity 
The antibacterial activity was examined against both Gram-positive 

(Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria 
under the same conditions. The standard agar plate assay was used and 
the starting concentration of the powders was 50 mg/mL for each 
composition. The inhibition zone was measured in triplicates after 3 
days of incubation at 37 ◦C. 

2.4.4. Wound healing assessment 
A total of 8 albino rats were used for each sample group. The animals 

were classified to two sample groups: control and treated ones. The 
animals were almost 8 weeks old, weighed 250 g each, and were indi-
vidually kept in clean polyethylene cages under the standard experi-
mental conditions and the temperature of 25 ± 2 ◦C. Rats were prepared 
for experiments in different stages. First, they were anesthetized with 
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intra-peritoneal ketamine and xylazine injections with a dosage of 0.2 
mL/100 g body weight. After shaving and sterilization with 70% 
ethanol, full thickness wounds were made on the dorsal surface using a 
sterile cylindrical stainless-steel rod with 5 mm in diameter and biopsies 
were sent for a histological analysis. Size, morphology and the depth of 
the wounds were investigated. 

The wounds were covered with the nanofibrous scaffolds and then 
with the cotton gauze. After the dressing materials were applied, the rats 
were housed individually in cages under the normal room temperature. 
Observations were done daily for ten days. Rats were fed using the 
commercial pellets and water, ad libitum throughout the study stage. The 

assessed wound healing parameters were carried out via monitoring the 
measurement of the cut edge contraction, continuously observing for 
possible signs of bacterial infection and analyzing histopathological 
findings of the wound skin autopsy after ten days of treatment. Mea-
surements of the wound area and changes in the wound edge diameter 
were measured in mm using a digital caliper daily before and after the 
treatment. The wound edge contraction was expressed as a decrease of 
the original wound diameter. All measurements were recorded for 
further statistical analyses. Animal experiments were performed at the 
National Research Centre, Dokii, Giza, Egypt, with the compliance with 
all relevant ethical regulations. 

Fig. 2(a, b). XRD patterns for Ag-MNPs powders (a) and Ag-MNPs@PCL nanofibers (b) with different concentrations of Ag in the MN phase, along with the linear 
dependence of the average crystallite size of xAg-MNP on the stoichiometric parameter x. 
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2.4.5. Histological analysis 
The rats were euthanized at the end of the study period (10 days). 

The skins were fixed in 10% formalin for 24 h, dehydrated in a graded 
ethanol series, and then embedded in paraffin. Specimens were 
embedded in paraffin beeswax to form tissue blocks. The blocks were 
then cut into 5 μm sections with 4 μm thicknesses using a microtome, 
deparaffinized and stained with hematoxylin and eosin as well as Aliz-
arin Red. After the staining, the sections were examined under the op-
tical microscope. 

3. Result and discussion 

3.1. Structural analysis 

The crystal structure analysis of both Ag-MNPs and Ag-MNP- 
containing PCL nanofibers (Ag-MNPs@PCL) was carried out using 
XRD and the results are presented in Fig. 2 and Table 1. 

XRD patterns demonstrated that magnetite formed as a single phase 
with the cubic symmetry conforming to the ICDD card no. 01-088-0315. 
XRD reflections of MNPs displayed intense broadening as the concen-
tration of Ag in them increased. Along with the formation of the low- 
angle hump centered at 2θ ~20–25◦ and characteristic of amorphous 
magnetite [49], this signified intense lattice distortions and reduced 
crystallinity due to the accommodation of Ag ions (Fig. 2(a)). As a result, 
the average crystallite size estimated using the Scherrer’s equation 
decreased from 26.3 nm for 0.0Ag-MNPs to 18.3 ± 4.1 nm for 
0.1Ag-MNPs to 9.4 ± 2.4 nm for the highest concentration of Ag in 
Ag-MNPs, namely 0.2Ag-MNPs (Table 1). The trend of change in the 
crystallite size, d, with the content of Ag defined by the stoichiometric 
parameter x was linear, with the goodness of the fit of R2 = 0.99906, and 
could be predicted using the following formula: d = 26.45–84.5x (0 ≤ x 
≤ 0.2) (Fig. 2(c)). This constancy of the change in crystallinity is also an 
excellent predictor of the success of incorporation of Ag ions into 
magnetite crystals. During this process, the lattice parameter a increased 
from 8.355 ± 0.050 up to 8.364 ± 0.090 Å, while the unit cell volume 
rose from 583.258 ± 2.120 to 585.014 ± 3.870 Å3 for 0.0Ag-MNPs and 
0.2Ag-MNPs, respectively. This expansion of the unit cell length and 
volume accompanies the distortion of the crystal structure, conforming 
to the typical increase in the average bond lengths as a crystalline 
structure transforms to an amorphous one. This transformation is ex-
pected to lead to changes in the morphological characteristics and the 
reduction of magnetization. 

In contrast to the intense changes that the XRD patterns of MNPs 
underwent with changes in the Ag concentration, no such changes were 
detected in the XRD patterns of MNPs@PCL. All of these diffractograms, 
with or without Ag in the MNP phase, displayed the dominance of the 
two most prominent diffraction peaks originating from semi-crystalline 
PCL, namely (110) at 2θ ~ 22◦ and (200) at 2θ ~ 24◦. 

3.2. FT-IR analyses 

Fig. 3 shows the FT-IR spectra obtained on Ag-MNP powders (Fig. 3 
(a)) and Ag-MNPs@PCL nanofibers (Fig. 3(b)) containing different Ag 

concentrations in the MNP phase in the range of 4000–500 cm− 1. The 
most characteristic band for magnetite is detected at 443.3–578.7 cm− 1 

and is associated with the stretching vibrational mode of Fe–O bonds in 
iron oxides [50]. This band was consistently present in MNPs doped with 
different concentrations of Ag ions, confirming the presence of the same 
magnetite phase in all the samples, regardless of whether they were 
doped with Ag or not. 

The broad band covering the 3200–3700 cm− 1 range in the spectra of 
Ag-MNPs was due to the symmetric and antisymmetric stretching O–H 
vibrations of water absorbed on the surface of the NPs. Despite the more 
porous structure of the composite material, which can accommodate 
large amounts of adsorbed water, this signature water band was absent 
in the spectra of Ag-MNPs@PCL nanofibers, confirming the aforemen-
tioned less hydrophilic and less hygroscopic nature of PCL compared to 
MNPs. Another water band prominent in the spectra of Ag-MNPs and 
absent in the spectra of Ag-MNPs@PCL peaked at 1633 cm− 1, origi-
nating from the bending mode of H–O–H. These water modes are 
frequently detected in MNPs spectra [51,52], where they indicate both 
the hydroxyl groups forming in place of oxides on the NP surface and the 
adsorbed water. In spite of the multiple steps of washing with alcohol 
during the synthesis of Ag-MNPs, these O–H bands were over the 
detection limit of FT-IR, indicating the highly hydrophilic nature of the 
NPs. Still, the integrated intensity of both water bands, namely the 
stretch at 3200–3700 cm− 1 and the bend at 1620–1640 cm− 1, increased 
with the addition of Ag, which is due to the increase in the hygroscopic 
nature of magnetite with the addition of Ag ions to it. Further, it can be 
noticed that the Fe–O band detected at 443.3 cm− 1 in the case of 
0.2Ag-MNPs got upshifted to 454.4 cm− 1 for 0.2Ag-MNPs@PCL. This 
shift can be explained by the better dispersion of the MNPs when they 
are incorporated within the PCL scaffold than when they form a powder. 
Namely, in the powder form, particles aggregate and each Fe–O bond on 
average experiences a larger pull due to being surrounded by other 
bonds of the same type, which lowers the vibration mode frequency 
compared to that exhibited by particles dispersed better in a medium. 

The FT-IR spectra of the composite nanofibers expectedly contained 
a higher density of bands compared to the spectra of Ag-MNPs. The 
characteristic bands of the polymeric phase in Ag-MNPs@PCL nano-
fibers are reported in Table 2. The most prominent of them was the C––O 
stretch at 1723.5 cm− 1 followed by the C–O–C stretch at 1163–1165 
cm− 1 and the C–H stretch at 2863–2865 cm− 1 (Fig. 3). 

3.3. XPS spectra 

To characterize the surface bond structure of as-synthesized MNPs 
and 0.2Ag-MNPs, the individual spin-orbital components of the Fe 2p, O 
1s and Ag 3d spectral lines in the raw XPS spectra were deconvoluted 
into subcomponents, as illustrated in Fig. 4(a–d) and in Table 3. 

The binding energies of 710.6 and 713.87 eV correspond to the core 
level Fe 2p3/2 lines in the XPS spectrum of pure magnetite [63–65], 
while the Fe 2p1/2 lines were upshifted by ~ 12 eV (Table 3). 

Here, while Fe 2p3/2 denotes Fe3+ in the octahedral (B) sites, Fe 2p1/2 
denotes Fe3+ at the tetrahedral (A) sites [73]. The difference in the 
upshift of the Fe 2p1/2 line compared to the Fe 2p3/2 line was 13.02 eV in 
the spectrum of 0.0Ag-MNPs and 13.67 eV in the spectrum of 
0.2Ag-MNPs. However, the Fe 2p3/2 vs. Fe 2p1/2 intensity ratio increased 
with the introduction of Ag into MNPs, suggesting that the Fe3+ ions 
were replaced from the tetrahedral sites to the octahedral sites by the 
incoming Ag ions, as in accordance with the stoichiometric formula 
AgxFe(1-x)/3

3+ [Fe3+Fe2+]O4
2− . Given that the radius of the Ag+ cation (115 

p.m.) lies closer to that of the ferrous, Fe2+ ion (78 p.m.) than to that of 
the ferric, Fe3+ ion (64 p.m.), the most probable reason for the prefer-
ential accommodation of Ag at the tetrahedral sites solely occupied by 
the Fe3+ ions lies in the lower oxygen coordination of cations at these 
sites compared to that at the octahedral sites. Moreover, the splitting of 
each of the two Fe 2p lines was more symmetric and in favor of the 
higher energy doublet component with the addition of Ag. Similarly, 

Table 1 
Crystallographic data for MNPs doped with different concentrations of the Ag 
ion, including crystallite size, the lattice parameter a, the unit cell volume (V), 
the theoretical density (Dx), the measured density (ρ), and the porosity ratio (P).  

Composition Crystallite 
size (nm) 

a (Å) V (Å3) Dx (g/ 
cm3) 

ρ (g/ 
cm3) 

P (%) 

0.0Ag-MNPs 26.3 ± 3.4 8.355 
± 0.05 

583.258 
± 2.12 

5.50 
± 0.8 

2.96 
± 0.2 

46.3 
± 4.5 

0.1Ag-MNPs 18.3 ± 4.1 8.363 
± 0.07 

585.196 
± 3.32 

5.37 
± 0.6 

2.65 
± 0.4 

50.7 
± 5.8 

0.2Ag-MNPs 9.4 ± 2.4 8.364 
± 0.09 

585.014 
± 3.87 

5.26 
± 0.7 

3.5 ±
0.3 

33.4 
± 4.5  
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most Fe 2p lines increased in energy with the addition of Ag. Amorph-
ization of the structure accompanying the addition of Ag is a process 
during which the bonds distort and extend on average, thus lowering the 
binding energy of core electrons; however, this effect cannot be 
explained by the results of the XPS analysis. Although it may still apply 
to the bulk of the structure, it does not apply to the surface as well. 
There, a different effect occurs, primarily related to the lattice 
compaction due to bond under-saturation. During this process, 
amorphization still occurs due to the presence of Ag ions and is 
accompanied by a broadened distribution of coordination numbers and 
types. This effect is confirmed by the increase in the fine structure of the 
O 1s line upon the addition of Ag ions to MNPs. Thus, while pure MNPs 
displayed a major Fe–O component and a minor Fe–OH component, the 
0.2Ag-MNPs sample displayed a significantly more intense Fe–OH 
component along with the FeO–OH one. And another unidentified one, 
the latter two of which were absent in the XPS spectrum of 0.0Ag-MNPs. 
A distinct shake-up satellite peak was detected in-between the two 
spin-orbital components of the Fe 2p line, at 718.62 eV in pure MNPs, 
which is indicative of Fe3+ ions in the configuration of maghemite 
(γ-Fe2O3). This has suggested a finite presence of maghemite on the MNP 
surface. Interestingly, the addition of Ag caused the splitting of this 
satellite peak to two equally intense components, possibly suggesting 
the presence of iron in two different Fe2O3 configurations on the surface. 
Finally, the typical splitting of the Ag 3d binding energy region to 
separate spin-orbital components [35] was estimated to be 5.85 eV, very 
near the typical 6.0 eV separation in the metal. However, together with 
the relatively broad nature of the peaks, no observed minor loss features 
at ~2 eV upshifts from both Ag 3d3/2 and 3d5/2 components and no low 
energy component at ~365 eV after the deconvolution indicated that no 

metallic clusters of Ag formed in the system and that all Ag species were 
cationic in nature and incorporated into the lattice of MNPs. It is 
conceivable that metallic clusters would form at higher concentrations 
of Ag than x = 0.2. However, within the concentration range utilized in 
this study, no such clusters were detected. This is in agreement with the 
intense effects Ag ions had on the crystallinity of the material, an effect 
that could be exhibited only due to the direct incorporation of Ag ions 
into the lattice of MNPs. 

3.4. ICP measurement 

To verify the presence of Ag in Ag-MNPs and compare its concen-
tration with the theoretical, chemical investigation was done using ICP. 
The results displayed in Table 4 show that the theoretical values increase 
from 0.0 to 4.55–8.10 ppm for 0.0Ag-MNPs, 0.1Ag-MNPs and 0.2Ag- 
MNPs, respectively, whereas somewhat higher values of 6.00 ± 0.12 
and 8.60 ± 0.32 ppm for 0.1Ag-MNPs and 0.2Ag-MNPs, respectively, 
were measured in the synthesized powders, suggesting that the precip-
itation of Ag ions proceeds more completely than that of Fe ions, an 
effect that is likely associated with the lesser hydration enthalpy of the 
former ions. The close values further suggest that Ag ions were entirely 
captured by the MNPs during their co-precipitation. Such good capture 
capacity allows for fabricating Ag-MNP compositions with high accu-
racy at relatively low Ag contents such as those used in this study. 

3.5. Magnetic properties 

The response of a magnetic material in the magnetic field depends 
strongly on its cation distribution, chemical composition, crystal 

Fig. 3. FTIR spectra of Ag-MNPs powders (a) and Ag-MNPs@PCL nanofibers (b) with different concentrations of Ag in the MN phase.  

Table 2 
Characteristic FT-IR bands for Ag-MNPs and Ag-MNPs@PCL nanofibers at different concentrations of Ag ions.  

Ag-MNPs Ag-MNPs@PCL Assignment Ref 

x = 0.0 x = 0.1 x = 0.2 x = 0.0 x = 0.1 x = 0.2 Fe–O [50,53] 
– – 443.3 451.8 456.1 454.4 
569.4 567.7 578.7 583 583 583.1 
– – – 1164.8 1163.5 1163.1 C–O–C stretching vibrations [54] 
– – – 1242.3 1239.7 1236.3 
– – – 1297.7 1298.7 1300.2 C–O and C–C stretching [55] 
– – – 1365.2 1367.5 1361.8 stretching of CH2 and OH group [56] 
– – – 1471.7 1473.1 1472.1 
– – – 1723.5 1723.6 1723.5 C=O [21,57] 
1628.1 1635.1 1623.3 – – – H–O–H bending [21,57] 
2356.4 – – 2863.2 2865 2864.8 stretching mode of C–H [58,59] 
2916.1 2920.3 2929.7 2940.9 2940.8 2940.1 
3436.5 3440.8 3425.5 – – – H–O–H stretching [60–62]  
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Fig. 4. Comparative XPS spectra of MNPs (0.0Ag-MNPs) and MNPs doped with the highest concentration of the Ag ions (0.2Ag-MNPs): (a) survey scan, (b) Fe 2p 
region, (c) O 1s region, and (d) Ag 3d region. 
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arrangement and crystallinity beside preparation conditions. The mag-
netic properties of the prepared nanomaterials varied significantly with 
the incorporation of Ag ions, as it is illustrated in Fig. 5. 

Table 5 additionally reports the main magnetic parameters derived 
from the hysteresis loops (M − H). All materials evidently displayed the 
ferromagnetic response in the magnetic field, which is typified by the 
residual magnetization at H = 0, finite coercivity and considerable 
saturation magnetization [74,75]. Specific saturation magnetization 
(Ms), however, decreased drastically with the addition of Ag, from 103.1 
to 85.1 to 32.3 emu/g for 0.0Ag-MNPs, 0.1Ag-MNPs and 0.2Ag-MNPs, 
respectively, and the remnant magnetization (Mr) followed the same 

trend (Table 4). This reduction in magnetization can be explained partly 
by the substitution of Fe2+ ions by the Ag ions. Namely, with the 
reduction of the number of magnetic dipole carriers in the material, its 
effective magnetic moment naturally drops. However, this simple ionic 
substitution effect alone cannot explain for the exponential drop in 
magnetization with an increase in the amount of Ag ions in MNPs. 
Another major effect causing reduced magnetization is that of the spin 
canting becoming prevalent in the spinel crystal structure of MNPs 
disordered by the presence of Ag dopants. Finally, the third major effect 
comes from the aforementioned preferential accommodation of Ag ions 
at the tetrahedral sites of the spinel lattice, from which they expel Fe3+

ions and shift them to the octahedral sites. One effect of the accommo-
dation of Ag at the tetrahedral sites and the replacement of the Fe3+ ions 
to the octahedral sites is reduced concentration of Fe2+ ions at these 
octahedral positions. As mentioned earlier, Fe2+ ions are the sole car-
riers of magnetism in magnetite. Namely, there are two types of mag-
netic dipole coupling in the magnetite structure: super-exchange 
interaction and double-exchange interaction. The former involves an 
antiferromagnetic interaction between an octahedral Fe3+ ion (Fe3+(B)) 
and a tetrahedral Fe3+ ion (Fe3+(A)) mediated by the 2p orbitals of the 
O2− anion and representable as Fe3+(B)↑ ↓O2− ↑ Fe3+(B)↓. Here, the 
spins of the 5d electrons of the Fe3+ ions on the opposite ends of the 
super-exchange interaction compensate for each other’s spin dipole 
moments, resulting in zero net magnetization. The second type of 
interaction, the double-exchange interaction, involves the hopping of an 
electron with an unpaired spin from Fe2+(B) to Fe3+(A) and results in 
coupled spins that are aligned parallel, in which case only Fe2+ cations 
contribute to the effective magnetic moment of the material. However, 
with the diminishment of the Fe2+ centers caused by the addition of Ag 
ions, the double-exchange interaction gets weakened and the magneti-
zation reduced. This preferential accommodation of nonmagnetic Ag+

ions at the tetrahedral position and the resulting expulsion of Fe3+ ions 
to the octahedral site was previously reported to have caused a decrease 
in the magnetic moment of the material [76–78]. The same effect leads 
to an observable deterioration of magnetization upon the addition of 
Ag+ to MNPs. The magnetic moment (μ) can be represented as follows: 

μ=
[Mw × Ms]

[NA × μB]
(7)  

where Mw refers to the molecular weight, NA is the Avogadro number, 
and NA × μB = 5585. The magnetic moments calculated from this 
expression were 0.947μB, 0.967 μB and 0.828 μB for x = 0.0, 0.1 and 0.2, 
respectively. As for other magnetic properties measured, the exchange 
bias (HEB) of the applied field could be measured as [79]: 

HEB =
− [H( − ) + H( + )]

2
(8)  

where H( − ) and H(+) denote the magnetization intercepts with the –ve 
and +ve positions on the applied field axis. HEB decreased with the 
addition of Ag, but then got restored with the further addition of Ag. In 
contrast, coercivity (Hc) values were within the same range of values for 
all the compositions. However, with Hc more or less constant and Ms 
inversely proportional to the concentration of Ag, the hysteresis loop 
area exhibited a steady drop together with the Ms values indicating the 
softening of magnetism that proceeded in direct proportion with the 
addition of Ag. 

All in all, Ag ions are shown to preferentially position at the tetra-
hedral sites of the spinel lattice, thereby altering the distribution of ferric 
and ferrous ions and diminishing the double exchange interaction. 
Together with spin canting caused by the induced crystallographic de-
fects in the structure, the presence of Ag thus softens the magnetism and 
significantly reduces the magnetic moment of pure magnetite, which 
exceeded 100 emu/g. It is, however, uncertain how this reduction in the 
magnetic moment may affect the biological response of the material. It is 
likely that other properties, including hydrophilicity, crystallinity and 

Table 3 
Characteristic XPS peaks for Ag-MNPs at different concentrations of the Ag ion.  

x Bond Binding energy (eV) Atomic (%) Assignment Ref 

0.0 Fe2p 710.6 33.99 Fe 2p3/2 [66,67] 
713.87 15.58 Fe 2p3/2 [68] 
718.62 13.53 Fe3+ [69] 
723.62 20.33 Fe 2p1/2 [66,67] 
726.99 10.31 Fe 2p1/2 [68] 
732.09 6.25   

O1s 529.72 84.28 Fe–O [70,71] 
531.34 15.72 Fe–OH [66] 

0.2 Fe2p 710.76 24.62 Fe 2p3/2 [66,67] 
713.69 19.03 Fe 2p3/2 [68] 
717.31 10.76 Fe3+ [69] 
720.57 10.13 Fe3+ [69] 
724.43 17.98 Fe 2p1/2 [66,67] 
727.86 11.04 Fe 2p1/2 [68] 
732.46 6.44   

O1s 529.54 40.71 Fe–O [70,71] 
531.14 39.98 Fe–OH [70] 
532.9 7.01 FeO–OH [70] 
533.93 12.3   

Ag3d 367.73 61.41 Ag 3d5/2 [72] 
373.58 38.59 Ag 3d3/2 [72]  

Table 4 
A comparison between the measured (Wexp) and the theoretical (Wt) content of 
Ag in Ag-MNPs derived from the ICP analysis.  

Composition Wexp [ppm] Wt [ppm] 

0.0Ag-MNPs 0.0 ± 0.0 0.0 ± 0.0 
0.1Ag-MNPs 6.0 ± 0.12 4.55 ± 0.21 
0.2Ag-MNPs 8.6 ± 0.32 8.1 ± 0.32  

Fig. 5. Hysteresis loops (H–M) for MNPs doped with different concentrations of 
Ag ions. 
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topography, present more decisive determinants of this response. 

3.6. Morphological features of MNPs and Ag-MNPs 

Fig. 6(a–f) shows the morphological effects of the addition of sub-
stitutional Ag ions to MNPs. Pure MNPs took the form of agglomerated 
grains with the dimensions of around 2.5 μm. The grains of 0.1Ag-MNPs 
possessed a wide range of dimensions, starting from 1.8 μm and reaching 

4.0 μm. However, a closer look reveals that these grains were finer than 
those comprising the 0.0Ag-MNPs composition. Specifically, the large 
grains consisted of aggregates of spherical particles with dimensions 
ranging from 0.15 to 0.60 μm, exhibiting also a somewhat high inter-
granular porosity than 0.0Ag-MNPs. The composition with the highest 
concentration of Ag ions, 0.2Ag-MNPs, also formed agglomerated grains 
with sizes ranging from 1.0 to 1.7 μm. However, as with 0.1Ag-MNPs, a 
closer look revealed that these grains consisted of spheres with 

Table 5 
Magnetic properties of pure MNPs and MNPs doped with different amounts of Ag ions, including positive and negative saturation magnetization (Ms), remanence (Mr), 
coercive field (Hc), the ratio of remnant magnetization to saturation magnetization (Mr/Ms), the exchange bias field (HEB), and the hysteresis loop area.  

Composition Ms (+) emu/g Ms (− ) emu/g Mr (+) emu/g Mr(− ) emu/g Hc (+) (Oe) Hc (− ) (Oe) HEB (Oe) Area erg/g × 103 

0.0Ag-MNPs 103.09 − 103.09 3.72 − 3.10 48.15 − 32.04 8.055 8.64 
0.1Ag-MNPs 85.12 − 85.12 2.83 − 2.54 43.85 − 34.21 4.82 7.31 
0.2Ag-MNPs 32.29 − 32.29 0.99 − 0.80 47.80 − 29.21 9.295 2.77  

Fig. 6(a–f). FESEM micrographs showing the morphology and surface roughness profiles for Ag-MNPs with different concentrations of Ag ions: (a, b) 0.0Ag-MNPs, 
(c, d) 0.1Ag-MNPs and (e, f) 0.2Ag-MNPs. 
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diameters of 0.16–0.30 μm. Moreover, a high intergranular porosity 
accompanied the very rough powder surface. 

The small size of the fine particles comprising the larger grains was 
the major contributor to the moderately high roughness of the surface 
detected in all the compositions. However, with the addition of Ag ions 
and an increase in their concentration in the material, surface roughness 
progressively increased. The very fine reduction of the grain size with 
the addition of Ag appears to be the major factor causing this increase in 
the surface roughness, with the intergranular porosity coming next. 
Specifically, the roughness average (Ra) started from 42.7 nm for pure 
MNPs, and then increased to 49.8 nm for 0.1Ag-MNPs and to 61.1 nm for 
0.2Ag-MNPs, as reported in Table 6. 

The root mean square roughness (Rq) and the maximum height of the 
roughness (Rt) followed the same trend as that applying to Ra. This in-
crease in the surface roughness with an increase in the Ag dopant con-
centration could be explained by its causing crystallographic distortions 
confirmed in the XRD analysis. These distortions create large amounts of 
defects in the crystals, including those located on the surface (steps, 
kinks, ad atoms, etc.). These surface defects do not only present a source 
of roughness per se, but they also cause the further misalignment in the 
packing of the neighboring grains, which increases the inter-granular 
porosity and thus, the surface roughness [80,81]. Because of the 
higher surface energy associated with rougher surfaces, such material 
structures tend to display a higher chemical activity, in part because 
these defects can act as ionic traps in the host environment. As a result, 
the chemical activity of the material could be adjusted to the ambient 
environment by controlling the composition and, in turn, a micro-
structural feature such as roughness. 

3.7. Morphological features of nanofibrous Ag-MNPs@PCL scaffolds 

The cell binding affinity and strength usually scale directly with the 
surface roughness of biomaterials, for which reason the inspection and 
the control of surface roughness are important aspects of the design of 
biomaterials for an optimal interface with living tissues. Fig. 7(a–f) il-
lustrates changes in the surface morphology of PCL nanofibers with the 
incorporation of MNPs with different Ag contents. Without any added 
Ag ions, MNPs@PCL adopted the form of non-oriented nanofibers with 
diameters starting from 0.38 μm at their lowest and reaching 1.2 μm at 
their highest. This wide range of size distribution is ascribed to the 
branching of the fibers, where the larger fibers split into smaller ones 
during the extrusion process. This phenomenon may provide more 
robust mechanical properties to the material as the result of the greater 
degree of entwinement of the dispersed nanofibers. The high porosity 
and the low roughness could also be observed, as well as the occasional 
presence of MNPs decorating the nano-fiber surface (Fig. 7(a and b)). 

With the addition of Ag ions at the lower of the two concentrations, 
no significant changes were observed in the morphology of Ag- 
MNPs@PCL nanofibers, as they continued to exist in the form of a net-
worked fibrous scaffold. Two ranges of the fiber diameters were detec-
ted: 0.4–0.8 μm and 2.1–2.7 μm. Here, the thinner fibers branched from 

the larger ones, as it was the case with MNPs@PCL fibers too. Porosity 
appeared slightly lower and surface roughness slightly higher compared 
to MNPs@PCL. However, the morphology of Ag-MNPs@PCL scaffolds 
underwent a more significant change at the highest concentration of Ag 
ions in the MNP phase, i.e., 0.2Ag-MNPs@PCL. The nanofibers became 
visibly thinner and more branched. The porosity was even lesser than 
that of the compositions with lower amounts of Ag, and Ag-MNPs were 
even more prominent on the surface of the nanofibers. Although the 
majority of MNPs continued to be predominantly encapsulated by the 
nanofibers, a significant portion of them protruded from the surface. 
This effect can be explained by changes to the viscosity and conductivity 
of the precursor solution entailing changes in the crystallinity due to the 
incorporation of Ag cations, but also by changes to the Ag-MNPs/PCL 
interface. With more MNPs ejected to the surface of the nanofibers 
when the NPs are less crystalline and contain more Ag, the interface 
between PCL and MNPs may be more energetically favorable when the 
latter are more crystalline. 

Changes to the surface roughness of the nanofibrous scaffolds with 
the addition of Ag to the MNP phase are illustrated in Fig. 8(a–c) and 
also shown in Table 7. 

The roughness average (Ra) exhibited a slight growth with the 
addition of Ag, from 31.6 ± 6.5 to 32.0 ± 3.4 to 34.0 ± 4.5 nm for 0.0Ag- 
MNPs@PCL, 0.1Ag-MNPs@PCL and 0.2Ag-MNPs@PCL, respectively. Rq 
followed the trend in Ra, while Rt displays a more fluctuant response, 
initially decreasing from 470.9 ± 9.5 to 388.0 ± 8.4 nm with the 
addition of Ag to MNPs@PCL, but then recovering at the higher con-
centration of Ag. Moreover, the maximum roughness peak height (Rp) 
plunged dramatically from 325.5 ± 13.5 to 225.0 ± 14.6 nm with the 
transition from 0.0Ag-MNPs@PCL to 0.1Ag-MNPs@PCL and did not 
fully recover with the further addition of Ag. This deviation from a 
singular trend for all the roughness parameters can be explained by the 
specifics of each. Namely, while Ra represents the averages of peaks and 
notches, Rv describes the depths of notches only and Rp concentrates on 
the peaks. Knowing this, it could be inferred that 0.2Ag-MNPs@PCL 
shows deep notches, but not as high peaks, and it is opposite for 
0.0Ag-MNPs@PCL. In any case, the roughness observed and largely 
promoted by the surface appearance of Ag-MNPs, particularly in the 
0.2Ag-MNPs@PCL composition, could facilitate the adhesion with the 
host tissues through mechanical and physicochemical processes. The 
former imply the interlocking of the polymeric chains with the topog-
raphy of the host surface, while the latter stem from bonding at the 
atomic scale. The higher chemical activity of the surface with a higher 
concentration of crystallographic defects and rougher grains, such as 
that of 0.2Ag-MNPs@PCL, could facilitate the integration of the dressing 
and enhance the effects of the therapy aimed toward the reconstruction 
of the skin tissue. Consequently, the healing rate could be traced to the 
physicochemical properties of the nano-fibrous scaffold surface, as 
demonstrated here, could be tailored by controlling the composition of 
its NP additive. 

3.8. Mechanical properties of nanofibrous scaffolds 

To be used in wound dressing applications, a scaffold must satisfy 
very specific mechanical requirements. One of them is a sufficiently high 
tensile strength, given that tension is the most frequent stress mode 
imparted on wound dressings and skin patches. The results of the ex-
amination of mechanical properties of nanofibers with different Ag 
contents in the MNP phase are presented in Fig. 9 and Table 8. 

The tensile strength started from 4.15 ± 0.21 MPa for 0.0Ag- 
MNPs@PCL, but then got reduced to 3.93 ± 0.32 for 0.1Ag-MNPs@PCL, 
before increasing to 4.42 ± 0.25 MPa for 0.2Ag-MNPs@PCL. The elas-
ticity of the nanofibers is another crucial parameter, and the strain at 
break continuously increased with the Ag addition, from 105.1 ± 3.5% 
for 0.0Ag-MNPs@PCL to 147.4 ± 3.4% for the composition with the 
highest concentration of Ag. An equally drastic improvement with the 
addition of Ag applied to toughness, a measure of the total required 

Table 6 
Surface roughness parameters as a function of the concentration of the Ag ion 
dopant in MNPs, including the roughness average (Ra), root mean square 
roughness (Rq), the maximum height of the roughness (Rt), maximum roughness 
valley depth (Rv), maximum roughness peak height (Rp), and the average 
maximum height of the roughness (Rtm).  

Composition Ra 

(nm) 
Rq 

(nm) 
Rt (nm) Rv (nm) Rp (nm) Rtm 

(nm) 

0.0Ag-MNPs 42.7 
± 3.4 

54.4 
± 5.6 

376.4 ±
16.9 

205.5 
± 5.6 

170.9 
± 9.5 

300.7 ±
9.8 

0.1Ag-MNPs 49.8 
± 3.7 

62.5 
± 5.4 

438.1 ±
18.4 

197.2 
± 8.3 

240.9 
± 5.6 

330.5 ±
8.4 

0.2Ag-MNPs 61.1 
± 4.6 

78.4 
± 6.5 

520.4 ±
9.5 

243.7 
± 5.4 

276.7 
± 8.5 

445.9 ±
13.2  
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energy for scaffolds to break. It grew continuously, from 2.73 ± 0.31 to 
3.60 ± 0.42 to 4.25 ± 0.33 MJ/m3 for 0.0Ag-MNPs@PCL, 0.1Ag- 
MNPs@PCL and 0.2Ag-MNPs@PCL, respectively. The porosity under-
went a similarly constant, but far lesser increase with the addition of Ag, 
remaining in the 85–90% range for all the compositions, as it is reported 
in Table 8. These mechanical properties compare well with the similar 
properties of the human skin [82–84] which include the ultimate tensile 
strength of 15–25 MPa, the mean strain energy of 4–8 MJ/m3, and the 
strain at break of 130–150%. 

3.9. Contact angle measurements 

The hydrophobic nature of pristine PCL restricts its wide application. 
However, modified with the additive Ag-MNPs, the hydrophilicity of the 
polymer should increase, thus improving the applicability of the scaffold 

as a biomaterial. Thus, as obvious from Fig. 10, the contact angle 
exhibited a decreasing trend, from 105.4 ± 4.5◦ to 96.3 ± 5.2◦ to 88.5 ±
4.1◦ for 0.0Ag-MNPs@PCL, 0.1Ag-MNPs@PCL and 0.2Ag-MNPs@PCL, 
respectively. This variation in the contact angle with the Ag content 
agrees well with the increased surface roughness with Ag concentration 
in the MNP phase (Table 7), but also with the increased hydrophilicity at 
higher Ag contents deduced from the FTIR analysis (Fig. 3). 

3.10. HFB4 cell viability 

The biocompatible response of the material with respect to the bio-
logical host environment is a vital prerequisite for its application as a 
biomaterial. Therefore, cultivation of the nanofibrous scaffold in the 
HFB4 melanocyte culture for 3 days was carried out. As seen in Fig. 11, 
the cell viability of the undoped composition, 0.0Ag-MNPs@PCL, was 

Fig. 7(a–f). FESEM micrographs of nanofibrous Ag-MNPs@PCL scaffolds with different concentrations of Ag ions: (a, b) 0.0Ag-MNPs@PCL, (c, d) 0.1Ag-MNPs@PCL, 
and (e, f) 0.2Ag-MNPs@PCL. 
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94.1 ± 5.1% and it got enhanced to 98.4 ± 3.2% for 0.2Ag-MNPs@PCL. 
Exposure of mammalian cells to metallic Ag in the particulate form is 
known to elicit a toxic response [85], but doping materials with Ag ions 
mostly does not tend to cause adverse effects on similar cell lines [86, 
87], presumably because of the more sustained release of Ag at lower 

Fig. 8(a–c). Dependency of the surface roughness of Ag-MNPs@PCL scaffolds 
on the concentration of Ag ions: (a) 0.0Ag-MNPs@PCL, (b) 0.1Ag-MNPs@PCL 
and (c) 0.2Ag-MNPs@PCL. 

Table 7 
Surface roughness parameters as a function of the concentration of the Ag ion 
dopant in Ag-MNPs@PCL nanofibrous scaffolds, including (Ra), (Rq), (Rt), (Rv), 
(Rp), and (Rtm).  

Composition Ra 

(nm) 
Rq 

(nm) 
Rt (nm) Rv (nm) Rp (nm) Rtm 

(nm) 

0.0Ag- 
MNPs@PCL 

31.6 
± 6.5 

41.3 
± 3.4 

470.9 
± 9.5 

145.5 
± 4.5 

325.5 
± 13.5 

247.6 
± 9.7 

0.1Ag- 
MNPs@PCL 

32.0 
± 3.4 

44.0 
± 5.4 

388.0 
± 8.4 

163.0 
± 9.9 

225.0 
± 14.6 

282.0 
± 6.8 

0.2Ag- 
MNPs@PCL 

34.0 
± 4.5 

49.0 
± 3.5 

467.0 
± 8.9 

202.0 
± 10.5 

265.0 
± 11.4 

330.0 
± 11.5  

Fig. 9. Tensile stress-strain curve for nanofibrous Ag-MNPs@PCL scaffolds with 
different concentrations of Ag ions. 

Table 8 
Mechanical properties of nanofibrous Ag-MNPs@PCL scaffolds with different 
concentrations of Ag ions, including tensile strength, strain at break, toughness, 
and porosity.  

Composition Tensile 
strength (MPa) 

Strain at 
break (%) 

Toughness 
(MJ/m3) 

Porosity 
(%) 

0.0Ag- 
MNPs@PCL 

4.15 ± 0.21 105.1 ± 3.5 2.73 ± 0.31 84.75 ±
3.4 

0.1Ag- 
MNPs@PCL 

3.93 ± 0.32 142.5 ± 4.6 3.60 ± 0.42 85.78 ±
2.5 

0.2Ag- 
MNPs@PCL 

4.42 ± 0.25 147.4 ± 3.4 4.25 ± 0.33 87.93 ±
3.1  

Fig. 10. Variation of the contact angle as a function of the concentration of Ag 
in the MNP phase of nanofibrous MNPs@PCL scaffolds. 

M.K. Ahmed et al.                                                                                                                                                                                                                              



Bioactive Materials 6 (2021) 2070–2088

2083

doses than those resulting from the application of Ag in the metallic 
form. 

In this study, not only was the response of human skin melanocytes 
to the addition of Ag to the MNP phase of the scaffolds perfectly viable, 
but there was even a mild, albeit statistically insignificant (p > 0.05), 
increase in cell viability following an increase in the concentration of Ag 
in the MNPs component of the scaffolds. This indicates high biocom-
patibility of the nanofibrous scaffolds and no toxic effects of the release 
of constitutive ions, nanoparticles or organic oligomers into the bio-
logical media. 

3.11. HFB4 cell attachment 

The adhesion of HFB4 cells onto the nanofibrous scaffolds was 
examined after 3 days of cultivation in vitro. Fig. 12(a–f) illustrates the 
HFB4 growth on MNPs@PCL scaffolds with different concentrations of 
Ag ions. 

Aside from the more abundant presence of particles forming as 
precipitates from the cell culture medium and adhering onto the scaf-
fold; all compositions displayed prominent cell attachment. With the 
potential formation of bioactive calcium phosphate nanoparticles, the 
cell culture medium is supersaturated [88]. It cannot be excluded that 
their adherence onto the nanofibers presents one of the driving forces for 
the subsequent or simultaneous attachment of cells as well. Neverthe-
less, the cells adhered tightly onto the surface of all materials, with the 
cells forming atop the 0.1Ag-MNPs@PCL composition appearing more 
mature than the cells formed atop the 0.0Ag-MNPs@PCL composition. 
Moreover, the cells tended to be more elongated in the latter case and 
proliferated not only on the surface of the fibers, but also inside the 
deeper pores. This is a strong indicator of the vital importance of 
porosity not only for the facilitation of vascularization and the transport 
of oxygen and nutrients, but also for the basic cell growth. As far as the 
cell growth on 0.2Ag-MNPs@PCL composition is concerned, the cells 
apparently spread and proliferated across the large portions of the vol-
ume the nanofibrous scaffold, with their filopodia tending to follow the 
fiber curvature. 

Here, it could be mentioned that the cell growth throughout the 
scaffold volume depends strongly on its hydrophilicity. One reason for 
this is that wetting precedes the protein binding and the subsequent 
attachment of the cells. Based on earlier reports and FT-IR results of this 
study, pure PCL is comparatively hydrophobic. However, the addition of 

MNPs, both alone and doped with Ag ions, mitigates this extreme hy-
drophobic behavior of PCL and renders it more prone to cell attachment. 
With an increase in the concentration of the Ag dopant inside Ag-MNPs, 
the crystallinity of the NPs decreases, which change the interface with 
PCL and increases their surface presence, consequently lowering the 
hydrophobicity. The same effect presumably leads to an increased sur-
face roughness, which is a topological factor favoring hydrophilicity of 
the surface. The adherence of proteins, for example, is said to proceed 
better on surfaces activated with sufficient roughness [89]. Further-
more, MNPs could provide the reservoir of ions releasable through the 
biological environment to provide essential elements for the fast healing 
process. Consequently, the modification of biomaterials with composi-
tionally controlled nano-particulate additives proves as a viable 
approach in designing scaffolds for wound healing and tissue 
regeneration. 

3.12. Antibacterial examination 

Bacterial infection is one of the most common causes of delayed or 
failed healing of the tissue after the injury. Therefore, it is essential to 
endow scaffold biomaterials with antibacterial properties that prevent 
the bacterial infection and support the integration process. Ideally, the 
antibacterial species should be released gradually through the extra-
cellular space and into the wound so as to prevent the burst release and 
any toxic effects associated with it. The primary reason for choosing Ag+

ions as dopants in MNPs was their displaying the ability to inhibit the 
bacterial growth and thereby prevent inflammation and facilitate 
wound healing. The antibacterial examination was performed against 
Gram-negative E. coli and Gram-positive S. aureus, and the results are 
shown in Fig. 13. 

No inhibition zone was detected for the untreated agar plates inoc-
ulated with the bacteria (control). Adding 0.0Ag-MNPs@PCL onto the 
agar plate did not result in any inhibition zone either against E. coli or 
S. aureus. However, 0.1Ag-MNPs@PCL showed a significant antibacte-
rial effect, with the inhibition activity of 79.2 ± 4.5 and 80.1 ± 4.9% 
against E. coli and S. aureus, respectively. Increasing the concentration of 
Ag in the material to 0.2Ag-MNPs@PCL resulted in a further increase in 
the inhibition activity to 87.5 ± 5.7 (p = 0.12 vs. 0.1Ag-MNPs@PCL) 
and 84.3 ± 7.5% (p = 0.46 vs. 0.1Ag-MNPs@PCL) for E. coli and 
S. aureus, respectively. This has proven that the antibacterial activity of 
Ag-MNPs@PCL is high and that it is solely due to the presence of Ag, 
with neither the elongated morphologies of PCL nanofibers nor MNPs 
per se playing any significant role in promoting this activity. The 
mechanism by which Ag ions inhibit the bacterial growth is not fully 
elucidated, but has been assigned to their ability to interact with the 
bacterial cell walls and generate reactive oxygen species (ROS) [90]. In 
addition, Ag ions have been noted for their ability to interact with the 
intracellular enzyme of bacteria and cause DNA damage and impair 
metabolism, which leads to the collapse of bacterial cells. Overall, 
combining both healing promotion and the antibacterial effect by a 
biomaterial is a positive indicator of its potential for a prospective 
clinical utilization. 

3.13. In vivo wound healing assessment 

To further assess this clinical potential of the developed Ag- 
MNPs@PCL films for wound healing applications, in vivo tests on rats 
were conducted. Fig. 14 shows the progress in wound healing via optical 
images starting from the day zero and then continuing to days 3, 7 and 
10 following the treatment with nanofibrous Ag-MNPs@PCL scaffolds. 

The control animals were allowed to heal without any dressing, 
while the wound area was measured at different times and compared 
with the initial wound size to determine the healing rate. Obviously, the 
size of the wound tended to decrease after the treatment. After ten days 
of treatment, the 0.2Ag-MNPs@PCL scaffolds showed the average 
wound healing rate of 92 ± 3%, which was the highest healing rate 

Fig. 11. Cell viability after the cultivation of the HFB4 cell line in vitro on 
nanofibrous Ag-MNPs@PCL with different concentrations of Ag ions for 3 days. 
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among all the sample groups. The lower concentration of Ag, 0.1Ag- 
MNPs@PCL, achieved the healing rate of 65 ± 7%, which was higher 
than the healing rate of 51 ± 4% in the 0.0Ag-MNPs@PCL group. The 
difference in the healing rate between all the treatment groups was 
statistically significant (p < 0.05). The images of treated wounds also 
revealed an overall improvement in the wound appearance, with no 
scarring or inflamed wound edges. In contrast, the untreated wounds 
demonstrated miniscule healing progress during the ten days of 
treatment. 

Fig. 15 shows photomicrographs of the healed tissues following 10 
days of exposure to 0.0Ag-MNPs@PCL and 0.2Ag-MNPs@PCL scaffolds 
in comparison with the control group. Examination of the skin healed 
without any treatment showed high levels of necrosis in the hair follicles 
at the dermis and the atrophy in sebaceous glands. On the other hand, no 
histopathological alterations were detected in the epidermal and dermal 
layers containing the hair follicles and the sebaceous glands in animals 

treated with the nanofibrous scaffolds. 
This excellent wound healing achieved with the application of the 

scaffolds could be partly attributed to the biocompatibility of the elec-
trospun nanofibrous PCL scaffolds per se, but also to the antibacterial 
activity of Ag ions. Obviously, they provide the material with a 
considerable antibacterial activity, but they do not cause any toxicity to 
the mammalian cells or tissues. The presence of MNPs may be a crucial 
wound healing factor not only in terms of their providing the reservoir 
for the Ag ions, but also through increasing the hydrophilicity and the 
surface roughness and accelerating the coagulation. Rapid coagulation 
prevents excessive bleeding and promotes quick closure of the wound, 
thus minimizing the chances of its contracting bacterial contaminants. 

4. Summary 

Magnetite nanoparticles doped with different concentrations of Ag 

Fig. 12(a–f. FESEM micrographs showing the HBF4 cell attachment on nanofibrous Ag-MNPs@PCL scaffolds after in vitro cultivation for 3 days: (a, b) 0.0Ag- 
MNPs@PCL, (c, d) 0.1Ag-MNPs@PCL and (e, f) 0.2Ag-MNPs@PCL. 
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ions were synthesized using co-precipitation and embedded inside 
nanofibrous PCL scaffolds produced using electrospinning. This com-
posite material and its magnetite component were characterized in 
detail for their microstructure, crystal structure, phonon spectra, surface 
composition and magnetic properties. Combined photoelectron spec-
troscopic and diffractometric studies demonstrated that Ag was incor-
porated in the magnetite lattice in form of cations, without forming any 
metallic clusters. The accommodation of Ag ions expanded the unit cell 
and lowered the crystallinity of the magnetite phase, which increased 
the concentration of topological irregularities and inhibited agglomer-
ation. Specifically, the Rietveld analysis of Ag-doped magnetite indi-
cated that crystallinity decreased from 26.3 to 9.4 nm and the lattice 
parameter a expanded from 8.355 to 8.364 Å with the transition from 
pure magnetite (0.0Ag-MNPs) to magnetite with the highest concen-
tration of Ag ions (0.2Ag-MNPs). Morphological investigations showed 
that the average size of nanoparticle agglomerates decreased with the 
addition of Ag due to induced crystallographic disorder, while Ra and Rp 
as the measures of the surface roughness increased from 42.7 to 170.9 
nm for 0.0Ag-MNPs to 61.1 and 276.7 nm for 0.2Ag-MNPs. The XPS 
analysis confirmed the amorphization of the surface due to the addition 
of Ag ions, which was accompanied by a broadened distribution of Fe–O 
coordination numbers and types. The magnetic characterization 
demonstrated a significant decrease in saturation magnetization, from 
over 100 emu/g for 0.0Ag-MNPs to 32.3 emu/g for 0.2Ag-MNPs. With 
the help of the XPS analysis, this effect was shown to be due to the 
preferential accommodation of Ag ions at the tetrahedral sites of the 

spinel lattice and the resulting reduction of the concentration of Fe2+

ions at the octahedral sites, leading to diminished double exchange 
interaction. 

The nanofibrous scaffolds exhibited a greater surface protrusion of 
the nanoparticles at higher Ag concentrations, as the result of which 
their surface roughness and porosity all tended to increase with the 
addition of the highest concentration of Ag to the magnetite phase. The 
composite materials were also assessed for their potential as wound 
dressings in vitro and in vivo. Cell viability examination against a human 
skin melanocytes showed that all the compositions were highly 
biocompatible, with viabilities increasing with the concentration of Ag 
ions in their magnetite phase. The antibacterial activity against Gram- 
negative E. coli and Gram-positive S. aureus was none for the Ag-free 
scaffolds and it increased with the concentration of Ag ions in the 
magnetite phase, being exceptional already at its lowest concentration. 
In vivo examination of wound healing demonstrated that the healing rate 
was miniscule in the control group, but got enhanced to over 50% for the 
scaffold with no Ag ions in the magnetite phase and to over 90% for the 
scaffold with the highest concentration of Ag ions. Atrophy of sebaceous 
glands and the necrosis of hair follicles were evident in the control an-
imals, but no abnormalities were detected in the epidermal and dermal 
layers of animals whose wounds were treated with the scaffolds sup-
plemented with Ag-doped magnetite nanoparticles. These results imply 
an excellent potential of the composite nanofibrous scaffolds for use as 
wound dressings and in other reconstructive skin therapies. Further 
development of such constructs would benefit the current clinical needs 

Fig. 13. Antibacterial behavior of nanofibrous Ag-MNPs@PCL scaffolds with different concentrations of the Ag ion against E. coli and S. aureus after 3 days of 
exposure, including the representative agar plates for (b) S. aureus and (c) E. coli. 
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for wound dressings that simultaneously inhibit the bacterial growth 
and promote tissue regeneration. 
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Fig. 14. Representative optical images of rat skin wound healing for Ag-MNPs@PCL nanofibrous scaffolds with different concentrations of the Ag ion after 0, 3, 7 and 
10 days of treatment. 

Fig. 15. Photomicrographs at 60× (a) and 40× (b–d) magnification of untreated rat skin showing the atrophy of sebaceous glands (a) as well as the necrosis of hair 
follicles (b). Photomicrographs of treated rat skin with 0.0Ag-MNPs@PCL (c) and 0.2Ag-MNPs@PCL (d), showing normal histological structure of the epidermis and 
the underlying dermal layer with the sebaceous glands and hair follicles. 
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