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1. Introduction

Eugenol micro-emulsion reinforced with silver
nanocomposite electrospun mats for wound
dressing strategiesy

Lakshimipriya Sethuram, John Thomas, Amitava Mukherjee () and
Natarajan Chandrasekaran (= *

Wound management is a complex process that involves the application of tissue scaffolds/
nanocomposites for wound healing treatment. An ideal wound dressing possesses excellent mechanical
properties, good biocompatibility and effective antibacterial activity. The present study optimized silver
nanoparticles (AgNPs) using a eugenol microemulsion (EUME) incorporated with polyvinyl alcohol
(synthetic polymer) to fabricate efficacious nanofibers via an electrospinning technique by optimizing
polymer concentration, applied voltage, needle tip—collector distance and flow rate adjusted to 9%,
25 kV, 15 cm and 0.5 ml h™! respectively. The results of SEM showed a homogeneous distribution of
well-oriented electrospun nanofibers (ESNs) with a uniform pore diameter of 404.1 nm and elemental
silver composition of 13.93%. The hydrogen bonding and physical interaction between the nanofibers
were observed by FTIR. The thermal stability and specific functionality of nanofibers were investigated by
TGA/DTA analysis. The synthesized eugenol microemulsion-silver nanoparticle nanofibers (EUME—AgNP—
NFs) were compared with silver bandaid-suspended nanoparticle nanofibers (SBD—AgNP—-NFs) to monitor
the efficiency and toxicity in the biological system. The eugenol microemulsion-silver nanoparticles
(EUME—-AgNPs) exhibited the highest antibacterial efficacy against Staphylococcus aureus. The silver release
behaviour of EUME-AgNP—-NFs showed sustained and controlled release of silver ions in the simulated
wound fluid system. The interaction of EUME-AgNPs with lymphocytes and erythrocytes revealed the
maximum rate of cell viability (69.81%) and minimum rate of red blood cell breakdown (19.44%) in
the human biological system when compared with silver bandaid-silver nanoparticles (SBD—-AgNPs). The
fabricated EUME—-AgNPs—NFs with effective antibacterial activity and sustained release of silver ions provide
a suitable environment for wound healing and could be used for cut wounds in clinical practice.

bacterial wound infections worldwide. The health care costs
have increased to nearly £1 billion pounds per annum.> The

A wound infection is an excavation or localized defect of the
skin in which pathogenic microorganisms invade the viable
tissues of the wound, causing tissue damage and inflammation.
The microbial factors such as depth, size, site and type of the
wound, and the level and state of exogeneous contamination are
important parameters for the causes of wound infections." There
are various types of wound infections such as surgical wounds,
acute tissue wounds, cut wounds, bite wounds, burn wounds,
diabetic wounds and pressure ulcer wounds. The survey report
(2002) by Nosocomial Infection National Surveillance Service
(NINSS) reveals that 30% of individuals have been affected with
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pathogenic microorganisms present on the surface of wound
infections are polymicrobial involving both anaerobic and
aerobic microbial strains such as Pseudomonas aeruginosa,
Staphylococcus aureus and hemolytic streptococci.®* The Gram
positive bacterium Staphylococcus aureus is found to be
predominant in all types of acute and chronic wound infections
and methicillin-resistant Staphylococcus aureus (MRSA) is still
increasing at a fast rate and gaining antimicrobial resistance to
various synthetic and natural antibiotics resulting in urgent
demand for new therapeutics.”®

Wound dressings play an important role in the treatment of
wound infections. There are different types of wound dressings
namely gauze, foams, alginates, hydrogels and hydrocolloids.
A good wound dressing should possess excellent tensile
strength, promote effective wound healing, prevent bacterial
infections and provide moist environment and permeability for
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water and gaseous exchange.” Electrospun nanofibers (ESNs) are
nanostructural networks that possess extraordinary characteristic
features such as high porosity, better tensile strength and good
flexibility with defined structures. ESNs reinforced with silver
nanoparticles (AgNPs) can be used as nanocomposites, 3D
scaffolds and as wound dressings in various biomedical
applications.>® Electrospinning is a fabrication technique that
uses electrostatic forces to produce multifunctional homogeneous
polymeric ESNs with excellent mechanical properties and greater
encapsulation efficiency.'® Nanofibrous mats can be loaded
with different kinds of therapeutic or bioactive agents such as
vitamins, growth factors (GFs) and antibiotics, anti-inflammatory,
analgesics and antimicrobial compounds which may be used for
treatment of cut wounds, burn wounds, diabetic wounds and
other pressure ulcer wounds."! The electrospinning technique has
the ability to incorporate medicinal derivatives and plant extracts
like essential oils for effective wound healing applications.
Material  availiability, cost-effectiveness and traditional
therapeutic properties are the main advantages of using essential
oils in nanofibrous mats. Sodium alginate combined with
lavender oil produces bioactive wound dressings using electro-
spinning and the efficiency has been tested for treatment of skin
burns. Lavender oil-alginate based nanofibrous mats are promising
wound dressings for skin burn treatment.'> The combination
of conventional antimicrobial agents with essential oils shows
enhanced antibacterial properties in vitro. For example, by
combining hydrophobic peppermint oil, hydrophilic chlorhexidine
digluconate (CHG) and amphiphilic octenidine.2HCI (OCT) to
synthesize silica nanocapsules an enhanced disinfection effect
can be seen on Bacillus subtilis and Escherichia coli K-12. The
combinations of these functional agents provide a smooth plat-
form for the optimization of multifunctional nanomaterials.'®
Generally essential oils containing chemical derivatives such as
phenolic compounds and volatile terpenoids show antibacterial
properties against a wide range of microbial pathogens. The
antimicrobial properties of nanofibers loaded with three different
essential oils such as cinnamon bark oil, tea tree oil and clove oil
were studied qualitatively and quantitatively using three various
strains (Staphylococcus aureus, Escherichia coli and Pseudomonas
aeruginosa). The nanofibers containing cinnamon essential oil
show excellent antimicrobial activity against the selected
pathogens.'® The presence of the eugenol compound in cinnamon
bark essential oil provides antimicrobial effect against the micro-
organisms. According to some authors the antimicrobial activity of
eucalyptus oil incorporated with cyclodextrin complexes mats
shows a homogeneous and continuous microstructure in order
to produce zein ultrafine nanofibrous mats. The combination of
eucalyptus oil with B-cyclodextrin complexes exhibits an excellent
antimicrobial effect against Gram-negative and Gram-positive
bacteria."®

Silver is a well-known therapeutic antimicrobial agent for
treating bacterial infections. The hindering action of anti-
microbial silver is attributed to interaction with thiol groups
of the respiratory enzymes inhibiting the process of replication
in bacteria.'® The prominent application of AgNPs eliminate
microorganisms by preventing cellular respiration and
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replication in both prokaryotic and eukaryotic cells. The
chemically synthesized AgNPs is toxic to the human system
and causes adverse effects. To overcome this, the formulation
of green synthesized AgNPs using bioactive agents like plant
extract derivatives or essential oils is required for wound
healing applications. Polyvinyl alcohol (PVA) is a nontoxic,
aqueous soluble synthetic polymer with greater mechanical
properties and stability. PVA mats exhibit a larger surface area
to volume ratio and smaller pore size compared to conventional
nonwoven fabrics. Electrospun PVA nanofibers possess higher
swelling capacity with flexibility'”'® and prove to be a
promising base matrix employed by pharmaceuticals showing
greater benefits and prevalence in drug delivery paradigms with
less adverse effects. PVA capped AgNPs incorporated with a
chitosan-agarose (CAM) exhibit a predominant
antibacterial activity with controlled and sustained release of
silver ions in the biological system. PVA-AgNPs incorporated
with CAM accelerated the wound healing potential in Wistar
albino rat models and were found to be comparatively more
effective than other synthetic polymer capped AgNPs which are
reported in a previous study.'®

Eugenol is an antimicrobial phenolic component of cinnamon
essential oil known for its anti-inflammatory, antioxidant,
anticarcinogenic and analgesic properties.”>*' Eugenol is highly
volatile and insoluble in water, gets affected by enzymatic and
chemical degradation, and undergoes thermal decomposition
and volatilization. To overcome the disadvantages, formulation
of emulsion systems using eugenol essential oil could be an
alternative approach to address the problem of viscosity, volatility
and degradation. Microemulsions have low viscosity, are trans-
parent, possess isotropic dispersion and are thermodynamically
stable. These require only low-energy systems such as slow
magnetic stirring or vortexing to formulate emulsified particles
ranging between 5 and 100 nm. These emulsions can be easily
synthesized compared to nanoemulsions and conventional
emulsions.

An emulsion electrospinning could be an effective and
alternative approach to successfully impregnate both hydro-
phobic and hydrophilic bioactive agents such as metals,
essential oils, emulsions, drugs, proteins and enzymes into
biocompatible polymeric ESNs. Synthetic polymers incorporated
with nanoparticles were made into biocompatible ESNs using
emulsion electrospinning. Bioactive compound based nano-
particles incorporated into ESNs exhibit greater tensile strength
and stability with dominant antibacterial efficacy against Gram
positive and Gram negative strains.>*>> The ESNs encapsulating
cyclodextrin complexes of bioactive compounds like eugenol
possess good nanoscale porosity, sustained/controlled release
with greater stability and show antibacterial/antioxidant
properties for biomedical applications.>® The electrospun
inclusion complex (IC) of eugenol and cyclodextrin shows
excellent antioxidant activity compared to the pure forms of
eugenol. The nanofibers of eugenol exhibit accelerated anti-
bacterial efficacy and flexibility. The thermal properties and
the dissolving nature of ESNs incorporated with eugenol and
cyclodextrins are also enhanced.” The ESNs loaded with eugenol

matrix
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and polymeric PVA matrix reveal high porosity in the range of
60%-90%. The effective antibacterial efficacy of eugenol was
demonstrated against Staphylococcus aureus and Pseudomonas
aeruginosa. The in vitro cytotoxic activity of eugenol shows that
human dermal fibroblast cells remained viable for 7 days, even
after direct interaction with the produced ESNs."

The dissolution behaviour of AgNPs is closely related to the
toxicity of AgNPs. A few reports suggest that the release of Ag"
ions plays a critical role in acute toxicity of living cells.*® The
toxicity of AgNPs in bacteria appears to be strongly driven by
release of the silver ions. The generation of reactive oxygen
species (ROS) from Ag" ions upon the exposure of bacterial cells
is a major contributor to toxicity.>® Additively, Sotiriou and
Pratsinis examined the antibactericidal activity of nanosilver
particles and silver ions and thus reported that bactericidal
activity against the Gram negative Escherichia coli bacteria is
strongly dominated by the Ag" ions rather than the AgNPs.*
The mechanism of Ag” ion release takes place in three different
ways such as diffusion in swelling of the polymer matrix,
polymeric degradation, or a combination of both. Controlled
drug release is important for longstanding antimicrobial
activity. The incorporation of AgNPs into the polymeric matrix
was fabricated to form biodegradable ESNs and release
behaviour of nanofibers was reported.®® There are few reports
on the effect of shape and size of AgNPs and the effect of fiber
morphology on the release behaviour of AgNPs.

The present study aimed to synthesize AgNPs using a eugenol
microemulsion (EuME) termed as eugenol microemulsion-silver
nanoparticles (EuME-AgNPs). Similarly, AgNPs using silver
bandaid suspensions (SBD) were termed as silver bandaid-
silver nanoparticles (SBD-AgNPs). The physicochemical properties
of EUME-AgNPs and SBD-AgNPs were characterized and evaluated.
The EuME-AgNPs and SBD-AgNPs were incorporated with a
polymeric PVA matrix to produce eugenol microemulsion—-
silver nanoparticle-nanofibers (EuME-AgNP-NFs) and silver
bandaid-suspended nanoparticle nanofibers (SBD-AgNP-NFs)
respectively using the electrospinning technique to prevent the
loss of bioactivity and structural integrity. The properties of
EuME-AgNP-NFs and SBD-AgNP-NFs were studied. Furthermore,
the study will be subjected to ensuring antimicrobial efficacy
(Minimum Inhibitory Concentration) of AgNPs tested on
Staphylococcus aureus. The silver ion release behaviour of
EuME-AgNP-NFs and SBD-AgNP-NFs in the prepared
simulated wound fluid (SWF) system was investigated. The
cytotoxic response of EUME-AgNPs and SBD-AgNPs in the
lymphocytes or white blood cells (WBCs) (rate of cell viability)
and erythrocytes or red blood cells (RBCs) (rate of red blood
cells breakdown) was evaluated as well.

2. Experimental section
2.1. Materials

Eugenol essential oil (Reagent Plus, 99%), Tween 20 (poly-
oxyethylene (20) sorbitan monolaurate), Tween 80 (polyethylene
glycol sorbitan monooleate, highly viscous) Brij 93
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(polyethylene glycol oleyl ether) (mol wt - 356.58 g mol '),
Span 80 (sorbitan monooleate) (mol wt — 428.62 g mol ') silver
nitrate (AgNO;) (ACS reagent, >99.0%), polyvinyl alcohol (PVA)
(M,, 89000-98 000, 99% hydrolyzed), potassium chloride (KCI)
(=99.0%), sodium chloride (NaCl) (>99.5%), calcium chloride
(CaCly) (<7.0 mm, >93.0%), sodium bicarbonate (NaHCOj;)
(=99.5%) and bovine serum albumin (BSA) were obtained from
Sigma-Aldrich (India). Nutrient broth (NB), Nutrient Agar (NA)
and Mueller Hinton Broth (MHB) were procured from Himedia
Private Laboratories (India). Deionized ultrapurified water
was purchased from the Biowater Cascada™ System (USA).
The reagents used for the study were of analytical gradient.

2.2. Formulation of eugenol microemulsion (EuME)

Primarily, microemulsions was optimized using eugenol oil
and four different surfactants namely hydrophilic non-ionic
surfactants with Tween 20/Tween 80 (HLB value of 16.7/15.0)
and Brij 93/Span 80 (HLB value of 4.0/4.3). An oil in water (O/W)
type of emulsification was used to prepare microemulsions.
Pseudo-ternary diagrams were constructed in order to choose
the best surfactant for optimization. 6% v/v of eugenol oil was
kept constant for all formulations. Various formulations of
emulsions were prepared by mixing the oil:surfactant in
different ratios ranging from 1:1 to 1:9 respectively. Deionized
water was added drop by drop to the organic phase system
(oil: surfactant). The process of microemulsion was carried
under magnetic stirring using a Spinlt 4010 (Tarsons Products
Pvt. Ltd, India) with a stirring speed of 400 rpm at room
temperature. The visual appearance of microemulsions was
observed. The hydrodynamic droplet size and polydispersity
index (pDI) was determined by dynamic light scattering (DLS)
technique using a Horiba Scientific nanoparticle analyzer type
model ((SZ-100), Japan) operated at room temperature and
the effect of stability parameters was studied with regard to
different time intervals for the formulated microemulsions.
All prepared EuMESs were stored for 24 hours for equilibration. As
an end point, the EUME with minimum surfactant concentration
mixing ratio, less toxicity and longstanding kinetic stability was
chosen for further characterization studies.

2.3. Preparation of silver nanoparticles (AgNPs)

2.3.1. Eugenol microemulsion-silver nanoparticles
(EuME-AgNPs). The EUME-AgNPs were synthesized by dissolving
7 mL of 1 mM AgNO; in purified deionized water with a certain
volume and added dropwise to varying concentrations of EUME
(1%, 3%, 5%, 7% & 9%) at room temperature. The procedure
was optimized®* with a few modifications. The process was
carried out using magnetic stirrer at 400 rpm for 1-40 hours
forming a dark brown coloured colloidal suspension which
confirmed the formation of AgNPs. Furthermore, the colloidal
suspensions were stored at 4 °C to prevent aggregation or any
type of instability. Then, the synthesized EUME-AgNPs were
subjected for characterization and electrospinning of EuME-
AgNPs was done along with the base matrix (PVA) to produce
efficient ESNs. The minimum inhibitory concentration (MIC) of
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EuME-AgNPs was measured and the silver ion release
behaviour of EUME-AgNPs was determined in the SWF.

2.3.2. Silver bandaid-silver nanoparticles (SBD-AgNPs).
The conventional bilayer non-adhesive pad was obtained
through Dakar Company (medical safety private emergency
limited, located in Israel) and the samples were characterized.'®
The bilayer non-adhesive pad was cut into small pieces and
dissolved in purified de-ionized water/ammonia solution prior
to the homogenization process. Centrifugation was done for
15 minutes at 8000 rpm to prepare a transparent solution. The
suspended sample was subjected for characterization and
electrospinning of SBD-AgNPs was done along with the base
matrix (PVA) to produce ESNs. The minimum inhibitory
concentration (MIC) of SBD-AgNPs was measured and the silver
ion release behaviour of SBD-AgNPs was determined in SWF.

2.4. Characterization of EUME-AgNPs and SBD-AgNPs

2.4.1. Determination of surface plasmon resonance (SPR)
peak. The surface plasmon resonance (SPR) peak of synthesized
AgNPs was measured using a Hitachi spectrophotometer,
U-1800 model (Tokyo, Japan). The absorbance measurements
were obtained at ~25 °C with a wavelength of 200-800 nm. The
measured absorbance is directly proportional to concentration
of sample in solution and the path length.

2.4.2. Evaluation of particle size and zeta potential. The
hydrodynamic particle size of EuME-AgNPs and SBD-AgNPs
and zeta potential measurements were determined via dynamic
light scattering (DLS) analysis using a Horiba Scientific Nano-
particle size analyzer ((SZ-100), Japan) at room temperature.
Distribution of particle size measures random changes in the
intensity of scattered light. Measurement of zeta potential
depends on velocity and influence of micro- or nanoparticles
under the exposure of an electric field. Triplicate values were
averaged to estimate the z-average and pDI value.

2.4.3. Analysis of particle morphological structure. The
homogeneous or heterogeneous dispersion, the individual
particle size and morphological structure of synthesized AgNPs
were determined using transmission electron microscopy
(TEM). The drying of AgNP samples was done by placing a
dot of colloid (300 mesh) on the surface of copper grid
encapsulated with superficial carbon film (Agar Scientific) at
a certain temperature. Then, the copper mesh was cleaned
effectively with purified de-ionized water thereby allowing the
solvent to evaporate. The exact particle size of AgNP samples
was examined by high-resolution TEM images obtained using a
FEI Tecnai G2 F20 X-TWIN (accelerated voltage - 200 kV) at
ambient temperature.

2.4.4. Atomic absorption spectroscopy (AAS) analysis. The
silver concentration of nanofibers was quantified using atomic
absorption spectroscopy (AAS) (model: TL-2800AA, USA) - fixed
type with a single beam optical system and wavelength ranges
between 180 and 320 nm. Silver stock solutions were prepared
and test samples were analyzed after subsequent dilutions.
The samples were microwave digested and diluted with
concentrated nitric acid (HNOj3). Using the dilution factor, the
final silver concentration was quantified in nanofibers.
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2.4.5. Stability studies. The synthesized AgNPs were
checked for stability by performing a few thermodynamic
studies namely, heating-cooling cycle, freeze-thaw cycle and
kinetic stability studies. Effect of variation in temperature was
performed to check the stability of AgNP formulations. Samples
were observed at 4 and 40 °C temperatures each for period of
duration of 48 hours. The experimental values were taken in
triplicate. The AgNP formulation that does not show any
instability conditions like formation of a creamy layer or a kind
of phase separation formation was selected for further freeze-
thaw analysis. In this process, AgNPs analyzed under the
freeze-thaw conditions were monitored at —21 and +25 °C
temperatures for a minimum period duration of 48 hours.
The experiment was repeated four times. The samples which
were stable during the freeze-thaw conditions were subjected
for further characterization studies. The AgNP formulations
were observed at room temperature to check their intrinsic
stability. The instability conditions were observed with regard
to time duration. The measurement of kinetic stability was
evaluated by calculating the average particle size of AgNPs with
respect to different time intervals.

2.5. Preparation of EUME, EUME-AgNP and SBD-AgNP
electrospinning solutions

Primarily, a PVA solution of 10% w/v was prepared by dissolving
PVA powder in a defined mixture of 2% acetic acid and
deionized water under constant magnetic stirring at 120 °C
for 3 hours. After obtaining a visible transparent solution, three
types of stock solutions were prepared. First, to the formulated
PVA (base matrix) solution, various percentages of (0, 3%, 6%,
9% v/v) of EuME were added and stirred (300 rpm) using a
magnetic stirrer at room temperature for 3 hours, to get
uniformly blended homogeneous solutions for electrospinning.
Secondly, to the prepared PVA (base matrix) transparent
solution, various percentages of (0, 3%, 6%, 9% v/v) EUME-AgNPs
were added and stirred (300 rpm) using a magnetic stirrer at
room temperature for 3 hours, to get homogeneous samples for
fabrication. To compare the efficiency of EUME-AgNPs using a
conventional AgNP matrix, SBD-AgNPs were included for the
study. Third, various percentage ratios of (0, 3%, 6%, 9% v/v)
SBD-AgNPs were incorporated into the PVA (base matrix)
solution and stirred (300 rpm) using a magnetic stirrer at room
temperature for 3 hours and standardized for the fabrication of
nanofibers.

2.6. Fabrication of nanofibers using electrospinning

The blended electrospinning solutions (EuME, EuME-AgNPs,
SBD-AgNPs) were filled in a 2 ml syringe bearing a metal
capillary needle of diameter 9.12 (mm). The nanofibers were
produced using the electrospinning technique (ESPIN-NANO
model V1-VH) which is set up using the following conditions.
The filled syringe was mounted on a syringe pump which
permits adjustment and controls the flow rate of solutions.
The syringe capillary was connected to the positive lead of a
high potential supply and a rotating drum collector was
grounded and wrapped with aluminium foil mounted on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polypropylene blocks which act as a nanofiber collector. The
electrospinning parameters have been optimized under the
mentioned experimental conditions adjusted between the flow
rate (0.1-1 ml h™"), applied voltage supply (15-25 kV), needle
tip to collector distance (15-30 cm) and speed of rotating drum
collector (100-300 rpm). The temperature (25 °C) and humidity
conditions were kept constant for all the sample solutions.
Then, the collected nanofibers after electrospinning were
placed in vacuum dried conditions overnight at room temperature
to remove the residual solvents present in ESNs. In order to
facilitate the structural and functional stability of ESNs in the
aqueous media, the nanofibrous mats were incubated under
glutaraldehyde vapor conditions for approximately 10 hours
following by washing with the 90% aqueous methanol for
2 hours. The characterization of ESNs was performed followed
by various in vitro and in vivo experiments.

2.7. Characterization of electrospun nanofibers (ESNs)

2.7.1. Scanning electron microscopy (SEM) - energy
dispersive X-ray spectroscopy (EDS). The morphological structure
of (EuME, EuME-AgNPs, SBD-AgNPs) ESNs for each concen-
tration was observed by scanning electron microscopy (SEM)
operated using a Carl Zeiss EVO 18 Research model (USA) at an
accelerating voltage of approximately 5 kV. Before placing in
the sample chamber, the surface of the specimen was sputter-
coated (Cressington 108, Cressington Watford, UK) with a thin
layer of Au (gold) alloy for 60 seconds to reduce the charging
effects of electrons prior to examination of the specimens. The
average diameter of each ESN was observed by Image ] digital
software analysis (randomly selected nanofibers) in different
regions of the specimen. Then, the average diameter of nano-
fibers was calculated using mean + standard deviation (SD).
The nanofiber samples observed by SEM under high magnification
and resolution were fixed along with energy dispersive X-ray (EDS)
spectroscopy examined using 51ADD0048, Oxford Instruments
(Great Britain) to investigate the existence of elemental silver
present in the nanofibrous mats.

2.7.2. Fourier transform infrared spectroscopy (FTIR) analysis.
The nanofibers were examined to check the presence of
conformational functional groups in the nanocomposites by
Fourier transform infrared (FTIR) spectroscopy analysis using a
PerkinElmer Spectrum instrument (Waltham, USA) examined
at a specific resolution (scan) of approximately 4 cm ™. Prior to
experimental analysis, each nanofibrous mat was cut into very
small cubical pieces and fixed with potassium bromide (KBr)
powder, and compressed into a pellet. Later, the scan spectrum
was observed under the absorbance mode in a spectral range of
400 to 4000 cm ™.

2.7.3. Xray diffraction (XRD) analysis. X-ray powder dif-
fraction analysis was performed to identify the structure of
crystalline materials such as nanofibers, minerals and any
inorganic compounds. The samples were analyzed by Bruker,
D8 Advance (Germany) using a source 2.2 kW Cu-anode
ceramic tube. The detector used was Lynx Eye Detector (Silicon
strip detector technology) and Scintillation Detector (for low
angle XRD analysis) with a Beta filter (Ni filter).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.7.4. Thermogravimetric analysis (TGA)/differential thermal
analysis (DTA). To evaluate the mechanical stability and thermal
properties (weight loss) of nanofibers, a Thermo Gravimetry
Analyzer (TGA) was used. The model SDT Q600, TA Instruments
(USA), was employed with a system design (Horizontal Balance
and furnace) and a Bifilar wounded type of furnace was used. The
temperature was between ambient and 1200 °C with a heating
rate of 5 to 20 °C per minute.

2.7.5. Porosity. The porosity of ESNs was experimentally
measured by a liquid displacement method. Ethanol was kept
as a displacement liquid. The ESNs were immersed in
known ethanol volume (V;) for 30 minutes. The total ethanol
volume after impregnation into ESNs was measured as V,.
The impregnated ESNs were removed and residual volume of
ethanol was measured as V;. The percentage of porosity was
evaluated using eqn (1):

Vi—V3

Porosity (%) = Vo7,
2= V3

x 100 (1)

2.8. Determination of minimum inhibitory concentration
(MIC) - (EuME, EuME-AgNP, SBD-AgNPs)

The antibacterial efficacy of (EuME, EUME-AgNPs, SBD-AgNPs)
colloidal AgNP solutions were determined against Staphylococcus
aureus (Gram positive bacteria) obtained through American Type
(ATCC-25923) Culture Collection. The clinical breakpoint table
(EUCAST) (MIC breakpoints monitored for Gentamicin at
(R < 18 mm) - Gram positive strain Staphylococcus aureus) was
used as key reference for optimization. The chemical aliquots
were proportionally diluted from the prepared main stock solutions.
The working concentrations of colloidal AgNP solutions were
interacted with bacterial suspension containing 10° to 10’ (CFU)
colony forming units. Triplicate values were taken for analyzing
statistical observations.

MIC is regarded to be the lowest minimum inhibitory
concentration of the colloidal solution (may be a nanoparticle,
nanoemulsion, nanocolloid or any antimicrobial drug/agent)
that prevents visible growth of microorganism after 12-24 hours
incubation at a certain temperature (37 °C). The major use of the
MIC is to mainly confirm the resistance and as an effective
research tool for studying the breakpoints and activity of anti-
microbial agents.*® The grown bacterial cells after overnight
incubation in NB were diluted in major ratios of 1:100 MHB
(bacterial culture suspension — OD maintained at 0.1) fixed at
an optimized cell density of exactly ~1 x 10® CFU mL .
Different dilutions of EUME, EUME-AgNPs and SBD suspensions
were interacted with MHB media and gentamicin which acts
as negative and positive controls respectively. The colloidal
solutions were incubated for a time period of 24 hours at
37 °C. Later, resazurin dye of 10 pl was added into all wells
and incubated for 2 hours to observe the colour change. Based
on the observations, the value of MIC was calculated.®**

2.9. In vitro silver ion release behaviour

Although wide varieties of drugs/agents have been incorporated
into the electrospun fibers so far,*® the sustained/controlled
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release of hydrophilic synthetic polymers like PVA now remains
a major challenge due to their higher solubility in release
media such as in simulated wound fluid (SWF). The compat-
ibility of synthetic polymers associated with particles/emul-
sions creates a strong binding capacity and results in effective
encapsulation of nanofibers.

To investigate and compare the ion release behaviour of
silver on SWF, the process of dialysis was conducted using
beaker method at room temperature (37 °C) with known con-
centrations of AgNP encapsulated nanofibers (0.35 g L' Ag).
The nanofibers were cut into 1 x 1 cm pieces dissolved in
freshly formulated solutions of SWF adjusted with a optimial
neutral pH value of 7.4. The chemical composition of SWF was
formulated using 3.3604 g of sodium bicarbonate, 5.844 g of
sodium chloride, 0.2775 g of calcium chloride, 0.2982 g of
potassium chloride and 33.00 g of bovine serum albumin (BSA)
was dispersed in 1000 ml of deionized water.** The process of
dialysis was carried under slow magnetic stirring at ambient
temperature and readings were recorded at appropriate time
intervals.*® The dispersed fluid was replaced by freshly prepared
wound fluids at defined time intervals (0, 1, 2, 3, 4, 5, 6, 12,
18 and 24 hours) and the percentage of silver release was
measured using a UV-spectrophotometer at 400 nm. The release
experiments were conducted in triplicate and evaluated for
statistical significance.

2.10. Biosafety studies

2.10.1. Interaction with white blood cells (WBCs). White
blood cells (WBCs) from healthy individual male donors (20 to
45 years old) were collected and further mixed with Ficoll
Hypaque gradient (FHG) leading to isolation of white buffy
coats.?”*® Approximately 96% of WBCs as blood lymphocytes
were derived from the cells of monocytes. Lymphocytes were
sub-cultured at a predefined density of nearly 10° cells ml™*
and placed in Roswell Park (RPMI) Memorial Institute — 1640
medium with fetal calf (FCS) serum of 10% (v/v) and supplemented
in 2 mM concentration of r-glutamine and approximately
100 (IU) ml™" of streptomycin with pencillin, maintained at a
humidified atmosphere of 5% CO, and temperature of 37 °C.
Then, the fresh lymphocyte cells collected were used within
24 hours after the isolation period, which was collectively termed
as time 0 (7°). 15 x 10° lymphocytic cells were inoculated in each
individual flask and mixed with the working solutions of EUME-
AgNPs and SBD-AgNPs which were diluted from the stock suspen-
sions with the help of the culture medium. The isolated WBCs
were added to the control (RPMI) and 1 mM AgNO; in order to
evaluate the toxicity level of EUME-AgNPs and SBD-AgNPs. The
cell viability percentage was evaluated using a 3-(4,5-dimethyl-
thiazol-2-yl)-2, (MTT) 5-diphenyltetrazolium bromide assay.

2.10.2. Interaction with red blood cells (RBCs). Red blood
cells (RBCs) were isolated from healthy individuals. The procedure
was optimized®® with a few modifications. In brief, 2 ml
suspension of whole blood was suspended with 18 ml - 1x
phosphate buffered (PBS) saline, and centrifugation was carried
out with the isolated fresh RBCs for nearly 15 minutes at
1500 rpm. After the separation process, 900 pl of fresh RBCs
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and 100 pl of EuME-AgNPs and SBD-AgNPs were mixed for
1 hour under CO, atmospheric conditions followed by
centrifugation for nearly 4 minutes at 8000 rpm. The maximum
dose range was 20 pg mL ™' and the concentration was closer to
EuME-AgNPs’ and SBD-AgNPs’ concentration. The isolated
fresh RBCs were mixed with PBS and Milli Q water which act
as negative and positive controls respectively. The fresh RBCs
were mixed with 1 mM AgNO;. It was performed to evaluate
the percentage of red blood cells which breaks down the
EuME-AgNPs and SBD-AgNPs. The fixed absorbance values of
EuME-AgNP and SBD-AgNP suspensions were monitored at
540 nm using a microplate reader through Biotek, Power Wave
XS2 (Vermont, USA) inbuilt with experimental software and
analyzed at a temperature of 37 °C. The RBC hemolysis
percentage was monitored*”*" in accordance with eqn (2):

RBC hemolysis percentage

(absorbance of sample — absorbance of negative control)

(absorbance of positive control —absorbance of negative control)

x 100
(2)

2.11. Statistical analysis

All experimental results were expressed in mean + SD (standard
deviation) of three independent variables. The statistical analysis
was evaluated using GraphPad Prism software using a one-way
ANOVA test (Version 5; GraphPad Software, La Jolla, CA, USA).
The probability values <0.05 were considered statistically
significant for all experimental observations.

3. Results and discussion

3.1. Formation of microemulsion system

Microemulsions are transparent, thermodynamically stable
dispersions of hydrophilic and lipophilic phases. These micro-
emulsions as potential drug delivery systems are applicable for
parenteral, topical and oral administrations and support the
delivery of biomolecules/bioactive agents as drugs in patients
via various routes, and this has gained more attention in
biomedical research.*” The present study aimed at optimizing
the eugenol microemulsion (EuME) using eugenol (essential oil),
Tween 80 (surfactant) and ultrapure deionized water. The
formulated microemulsions exhibit definite droplet size, longer
shelf-life, thermodynamic stability, lower energy of preparation,
higher surface area, optical translucency with greater solubilization
efficiency and drug mobility.*®

Preliminary optimization of spontaneous emulsion system
was prepared using eugenol (essential oil) with four different
types of surfactants such as Tween 20/Tween 80/Brij 93/Span
80. The surfactants were interacted in order to select the best
optimized surfactant for microemulsion formulation. The
hydrophilic non-ionic surfactant Tween 80 when mixed with
eugenol oil forms a micelle layer supporting the formation of
microemulsion system (oil-in-water emulsion system) as shown

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in Fig. S1 (ESIT). Tween 80 is especially designed to be a non-
toxic, biocompatible, and environmentally friendly non-ionic
surfactant which is commercially inexpensive.’* Fig. S1(b)
(ESIT) shows the visual appearance of a spontaneous emulsion
system using Tween 80 and demonstrates a grey transparent
colour at 1:5 ratio [100 pl (0il): 500 pl (Tween 80)]. The results
show that a clear and transparent emulsion forms with Tween
80 formulation at 1:5 when compared with Tween 20
formulation [Fig. S1(a), ESIT] where the emulsion forms later
at 1:6 ratio [100 pl (oil) : 600 pl (Tween 20)]. The distribution of
droplet size while using Tween 80 at 1:5 was found to be
28.4 nm with a polydispersity index of 0.457. Interaction of
eugenol with low HLB (Hydrophilic Lipophilic Balance) value
surfactants such as Brij 93 and span 80 gives a milky
appearance as shown in Fig. S1(c) and (d) (ESIt). The results
show that Brij 93 and span 80 do not interact with eugenol oil
and there is no formation of a micelle layer to produce
emulsions. The experimental results clearly state that Tween
80 exhibits the best optimium surfactant characteristics with
the minimum surfactant concentration ratio at 1:5.

The pseudo-ternary diagram yields a greater insight into
phase behaviour with varying compositions of predefined mixtures.
The phase diagrams were obtained using eugenol (essential oil)
as the oil phase, Tween 80 as non-ionic surfactant of HLB value
(15.0) and ultra pure water as the aqueous phase system as
shown in Fig. 1.

The pseudo-ternary phase systems showed a wider range of
clear and transparent emulsions. Fig. 1 demonstrates that
Tween 80 was found to be more suitable for the formation of
a microemulsion formulation with eugenol oil. Thus, the oil in
water type of emulsification using eugenol oil and Tween 80
forms the bigger area of clear and transparent emulsions when
compared with other non-ionic surfactants.

Microemulsions were optimized using eugenol oil, Tween 80
and ultrapure deionized water. The eugenol microemulsion
was formulated by varying ratios of oil : surfactant ranging from

100 Eugenol oil

+ + * + + +0
o 10 20 30 40 S0 60 70 80 90 100

Fig.1 Pseudo-ternary (phase) diagrams of eugenol oil with Tween
80(surfactant).
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1:1 to 1:9. Clear and transparent emulsions were observed
from 1:5 to 1:9. The homogeneous droplet size distribution of
EuME was observed in the ratios of 1:5,1:6,1:7,1:8and 1:9
which were found to be 28.4 nm, 20.8 nm, 19.2 nm, 17.3 nm
and 15.0 nm with pDI of 0.457, 0.228, 0.207, 0.191 and 0.187
respectively. The values of the zeta potentials of 1:5 to 1: 9 were
measured to be —1.4 mV, —1.2 mV, —1.1 mV, —1.1 mV and
—0.9 mV respectively. The size distribution images of EuME
using Tween 80 are shown in Fig. S2 (ESIY). The results
demonstrate that “As surfactant concentration increases, gradual
decrease in droplet size is observed”. The microemulsions
possessing low surfactant concentrations with a broader
spectrum of compositions could be more suitable for enzymatic
reactions and drug delivery systems.*® Based on these reports,
while comparing the Tween 80 emulsion formulation and
Tween 20 (data not shown) formulation, eugenol with Tween
80 determined to be more suitable for further characterization.
The present study formulated the droplet size of micro-
emulsion in the medium range of 25-30 nm with pDI less than
0.500 which could be an ideal fit for AgNP formulation using a
microemulsion system.

The eugenol microemulsions were subjected to centrifugation,
heating-cooling cycles and freeze-thaw cycles to monitor the
thermodynamic stability. The experimental results show that
creaming and phase separation was observed at a 1:5 ratio of
eugenol oil with Tween 20 formulation, whereas eugenol oil
with Tween 80 formulation observed at 1:5 was resistant to
temperature variations (heating-cooling cycles and freeze-thaw
cycles). Kinetic stability of eugenol microemulsions was observed
by storing the samples for a prolonged period of time for nearly
8 months as shown in Fig. 2.

Fig. 2 shows the kinetic stability of eugenol oil with Tween 80
formulation that exhibits excellent stability for an approximately
8 month period which was predominantly evident by calculating
the average droplet size and pDI during different time periods.
However, eugenol oil with Tween 20 formulation was
observed to have a layer of phase separation in the ratio of
1:5 itself after 24 hours. The results confirm that eugenol oil
with Tween 80 formulation is found to be a suitable combi-
nation for further synthesis and characterization of silver
nanomaterials.

93
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Fig. 2 Kinetic stability of formulated EUME using Tween 80 and Tween 20
as surfactants.
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3.2. Preparation and characterization of silver nanoparticles
(AgNPs)

The formation of AgNPs occurs due to reduction (decreased
state) of Ag* (silver ions) into Ag® (metallic silver) resulting in
the formation of a yellowish brown colour which confirms the
presence of AgNPs. The AgNPs were synthesized using varying
concentrations of formulated EuME (1%, 3%, 5%, 7% & 9%)
which acts as a reducing and stabilizing agent and 7 mL of
1 mM AgNO; solution was added dropwise to the reducing
agent. The solution was incubated for 40 hours in the magnetic
stirrer at 400 rpm resulting in the formation of stable AgNPs.
The SPR peak of EUME-AgNPs was observed to have a maximum
absorbance at a wavelength of 412 nm which confirmed the
presence of AgNPs as shown in Table 1. The conversion
efficiency of the synthesized AgNPs reveals that the experimental
yield (>99%) observed was nearly equivalent to the theoretical
yield (96%) respectively. The eugenol compounds present in
AgNPs possess a wide variety of the functional entities with
greater affinity for metals which aids in stabilization of
nanoparticles.”® The phenolic ring present in the eugenol
structure acts as reducing agent in the nanoparticle system.
The distribution of particle size of EUME-AgNPs was determined
by DLS which measures the hydrodynamic radii of nano-
particles. The mean hydrodynamic particle size of EUME-AgNPs
was observed to be 38.6 nm with a polydispersity index (pDI) of
0.341 and zeta potential of —1.4 mV as shown in Table 1. In the
above case, a pDI less than 0.4 indicates a perfect distribution of
nanoparticles in the chemical system. The particle size of EUME-
AgNPs in TEM was observed as 25.1 & 0.2 which was slightly less
than the hydrodynamic diameter. The optimium pH of EuME-
AgNPs is 7.4 with the mass concentration of 25.35 mg L'
measured by AAS analysis. A few reports show that the particle
size of eugenol based AgNPs using 1 mM volumetric composition
of AgNO; results in 20-30 nm sized and homogeneous nano-
particles. The eugenol based AgNPs possess excellent antibacterial
activity against Staphylococcus aureus, Escherichia coli and Candida
albicans.** The yield efficiency and thermodynamic stability of
EuME-AgNPs in the present study is higher when compared with
the other studies in the literature.*®

The SBD-AgNPs prepared using conventional non-adhesive
bilayer pads were characterized to evaluate the maximum
absorbance level and were measured to have a wavelength at
403 nm. The particle size of SBD-AgNPs was determined by DLS
which measures the hydrodynamic radii of nanoparticles. The
mean hydrodynamic particle size of SBD-AgNPs was observed
to be 32.2 nm with the polydispersity index (pDI) of 0.306 and
zeta potential of —4.3 mV as shown in Table 1. The particle size
of SBD-AgNPs in TEM was observed to be 20.1 + 0.5 which was
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slightly smaller than the measurement of the hydrodynamic
diameter. The optimium pH of SBD-AgNPs is 7.0 with a mass
concentration of 23.15 mg L™ measured by AAS analysis. Fig. 3
shows micrographs of EUME-AgNPs and SBD-AgNPs measured
by TEM. The uniform dispersion of EuUME-AgNPs shown in
Fig. 3(a) provides evidence of binding between the o0il’s phyto-
chemicals and is mainly responsible for the steric hindrance in
nanoparticles. The TEM micrograph of SBD-AgNPs shows
different shapes (namely oval, circular, triangular, hexagon,
and pentagon) of particles which may be due to the combination
of other polymeric mixtures namely polyamides and metals
which may interrupt the homogeneous distribution of nano-
particles as shown in Fig. 3(b).

The thermodynamic studies of EuUME-AgNPs and SBD-
AgNPs were evaluated under different condition parameters
such as heating-cooling cycle, freeze-thaw conditions and
kinetic stability of nanoparticles. The observed results showed
that EUME-AgNPs at various concentrations were found to be
stable under temperature variations and were capable of surviving
heating-cooling and freeze-thaw conditions. However, SBD-
AgNPs at varying concentrations could not sustain and withstand
the temperature variations and incongruity. The kinetic stability
parameter of EUME-AgNPs and SBD-AgNPs was investigated with
respect to a prolonged period of time as shown in Fig. 3. EUME-
AgNPs were shown to have effective kinetic stability for more than
8 months by evaluating their particle size with respect to intervals
of time as shown in Fig. 3(c). The particle size of EUME-AgNPs
was also found to be stable with respect to time duration in
months whereas the kinetic stability of SBD-AgNPs was found not
to be consistently stable and the particle size of SBD-AgNPs varied
(increase and decrease) with respect to time in months as shown
in Fig. 3(d).

3.3. Effect of spinning parameters on morphological structure

The biocompatible nanofibers possess effective humidity, huge
porosity, rate of oxygen exchange and significant antibacterial
activity. Nanofibers act as a promising matrix with numerous
advantages such as higher surface area, and small diameter
with narrow fibrous distribution. In brief, the nanofibers
collectively range between micrometers and nanometers.
Nanofibers utilize excipients to deliver therapeutic agents with
higher efficiency and lower adverse effects to the specific site of
infection.”” The blended electrospinning solutions of EuUME
(3%, 6% & 9%), EUME-AgNPs (3%, 6% & 9%) and SBD-AgNPs
(3%, 6% & 9%) were fabricated using various parameters such
as effect of concentration, effect of applied voltage, effect of
needle tip to collector distance and effect of flowrate. The
eugenol oil was formulated into a eugenol microemulsion

Table 1 Elucidation of SPR peak, particle size, poydispersity index and zeta potential of EUME-AgNPs and SBD-AgNPs

Hydrodynamic Mass concentration MIC value Zeta potential
AgNP suspensions SPR peak  diameter (nm) pDI TEM pH (mg L™ (In terms of %) (mv)
EuME-AgNPs 412 38.6 0.341 25.1 £ 0.2 7.4 25.35 0.2 —1.4
SBD-AgNPs 403 32.2 0.306 20.1 £ 0.5 7.0 23.15 0.4 —4.3
2978 | Mater. Adv,, 2021, 2, 2971-2988 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00103e

Open Access Article. Published on 04 March 2021. Downloaded on 2/12/2026 2:00:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

[ w = W
> = > =
1 1 ol ]

—
=
1

Hydrodynamic diameter (nm)

0

©

—— EuME-AgNPs

’/I\IN\I__*-——.——J——. - SBD-AgNPs

0 30 60 90 120 150 180 210 24

Incubation time (days)

Fig. 3 TEM images of AgNPs (a) EUME—-AgNPs (b) SBD—-AgNPs and kinetic stability of EUME—-AgNPs and SBD—-AgNPs with respect to incubation time
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(EuME) in order to reduce the surface tension and viscosity of
the essential oil. After that, the EuME was fabricated into
biocompatible nanofibers. So, the nanofibers containing eugenol
essential oil do not evaporate during electrospinning because
the eugenol interacts with the surfactant to form a micelle and
gets encapsulated to form microemulsions. Emulsion electro-
spinning is an effective technique to incorporate bioactive
agents/ingredients which can be used for effective wound
healing applications.>>** Among the different concentrations
of EUME-AgNPs, only 9% of EuME-AgNPs exhibited homo-
geneous and smooth distribution of nanofibers which
suggested effective encapsulation of the eugenol compound
with a silver complex on a PVA based matrix and morphological
examination using SEM is shown in Fig. 4.

3.3.1. Effect of concentration. Different concentrations of
EuME-AgNPs (3%, 6% & 9%) were fabricated into smooth
nanofibrous mats and their respective elemental configurations
were analyzed as shown in Fig. 4. The condition parameters such
as applied voltage, needle tip to collector distance and flow
rate were optimized for all the varying concentrations of
EuME-AgNPs. The observed results show that the increase in
concentration of EUME-AgNPs gradually increases the thickness
of fiber diameter and elemental weight percentage. These
reports were similar to that of the other literature studies.*®
The blended solutions of 3% EuME-AgNPs were fabricated into
nanofibrous mats with an optimized flow rate of 0.5 ml h™?,
applied voltage of 25 kV and needle tip to collector distance of
15 cm. Similarly, blended solutions of 6% and 9% EuME-AgNPs
were fabricated into nanofibrous mats with the above optimized

© 2021 The Author(s). Published by the Royal Society of Chemistry

flow rate, applied voltage and needle tip to collector distance
respectively. The thickness of 3% EuME-AgNPs-NFs was
measured to be 231.6 nm as shown in Fig. 4(a) and elemental
weight percentage of carbon (C) was 86.43%, oxygen (O) was
12.43% and silver (Ag) was 1.14% determined in 3% EuME-
AgNPs-NFs as shown in Fig. 4(b). Increase in concentration of
EuME-AgNPs-NFs to 6% gradually increases the thickness of the
fibers which were measured to be 325.7 nm as shown in Fig. 4(c)
and elemental weight percentage of carbon (C) was 66.78%,
oxygen (O) was 32.00% and silver (Ag) was 1.21% determined in
6% EuME-AgNPs-NFs as shown in Fig. 4(d). Furthermore, the
increase in concentration of EUME-AgNPs-NFs to 9% strongly
increases the thickness of the fiber to 404.1 nm as shown in
Fig. 4(e) and elemental weight percentage of carbon (C) was
64.03%, oxygen (O) was 33.20% and silver (Ag) was 2.77%
determined in 9% EuME-AgNPs-NFs as shown in Fig. 4(f). The
experimental results show that an increase in the concentration
of polymer/AgNP/microemulsion doped AgNPs predominantly
increases the thickness of the nanofibers with respect to their
elemental compositions.

3.3.2. Effect of applied voltage. The nanofabrication of 9%
EuME-AgNPs was carried out by electrospinning and the high
applied voltage was increased to range between 15 kV and
25 kv, whereas the needle tip to collector distance was fixed at
10 cm and flow rate was held at 0.25 ml h™". There was slight
increase in the fiber diameter by increasing the applied voltage/
electric field between 15 kV and 25 kV. The morphological
illustrations are shown in Fig. S3(a—c) (ESIT). A heterogeneous
and narrow distribution of nanofibers was observed at an

Mater. Adv.,, 2021, 2, 2971-2988 | 2979
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Fig. 4 SEM images of EUME-AgNP-NFs at different concentrations (a) 3% of EUME—-AgNPs—NFs (c) 6% of EUME—-AgNPs—NFs (e) 9% of EUME—-AgNPs—
NFs and elemental analysis of EUME—-AgNPs—NFs (b) presence of elemental silver in 3% EUME—AgNPs—NFs (d) presence of elemental silver in 6% EUME-

AgNPs—NFs (f) presence of elemental silver in 9% EuME—-AgNPs—NFs.

applied voltage of 15 kV, whereas upon gradually increasing the
voltage to 25 kV, a homogeneous and broader distribution of
nanofibers was observed. The ESNs of 9% EuME-AgNPs
fabricated at voltage 25 kV were uniformly dispersed and
structured with bead-free nanofibrous membranes with the
PVA complex as shown in Fig. S3(c) (ESIt). Increasing
the electrical field in electrospinning will definitely increase
the repulsive force developed on the fluid jet that influences the
uniform distribution of fiber formation. The morphological
results reveal that the applied voltage had a minimal effect
on electrospinnability of EuME-AgNP nanofibers. Similar
observations were interpreted in the morphology of fabricated
polyvinyl alcohol mats.*®

3.3.3. Effect of needle tip to collector distance. Fig. S3(d—f)
(ESIT) determine SEM micrographs illustrating the effect of the
needle tip to collector distance influencing the morphology of
9% EuME-AgNP fabricated with PVA nanofibrous mats. The
needle tip to collector distance was varied between 5 cm and
25 cm, whereas the effect of applied voltage and flow rate was
kept fixed at 25 kV and 0.25 ml h™" respectively to analyze the
structural difference in nanofibers. By adjusting the needle tip
to collector distance at 5 cm, there was uneven distribution in

2980 | Mater. Adv, 2021, 2, 2971-2988

the formation of nanofibers as shown in Fig. S3(d) (ESIT). As the
distance increased to 15 cm, the amount of beaded structure
decreased leading to a thin and clear dispersion of nanofibers
as shown in Fig. S3(e) (ESIt) whereas, increasing the distance
beyond 20 cm i.e., nearly to 25 cm, the nanofibers were found to
be invisible fabricating one behind the other leading to a
heterogeneous distribution of nanofibers as shown in
Fig. S3(f) (ESIt). The appropriate needle tip to collector distance
of 15 cm is suitable to fabricate EUME-AgNPs embedded with a
PVA base matrix for a monotonous distribution.

3.3.4. Effect of flow rate. Fig. S3(g-i) (ESIT) determine SEM
micrographs illustrating the effect of flow rate on the morphol-
ogy of 9% EuME-AgNP fabricated with PVA nanofibrous mats.
The flow rate was varied between 0.3 ml h™* and 0.7 ml h™?,
whereas the applied voltage and needle tip to collector distance
was kept constant at 25 kV and 15 cm respectively to figure out
the morphological difference of nanofibers. When the flow rate
was fixed at 0.3 ml h™, a few beads were formed on the
junction of two fibers which reveals a narrow distribution of
nanofibrous membranes as shown in Fig. S3(g) (ESIf). The
effect of flow rate greatly affects the structure and thickness of
nanofibers.'® Furthermore, increasing the flow rate to 0.5 ml h™%,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a broader distribution of nanofibers was observed with a bead free
morphological structure thereby enhancing the quality of fibers in
the electropinning process as shown in Fig. S3(h) (ESIT). When the
flow rate exceeds the critical level, the delivery speed of the sample
gets disturbed with electrostatic forces as shown in Fig. S3(i) (ESIt).
The experimental results show that flow rate at 0.5 ml h™" is found
to be suitable for the homogeneous formation of EuUME-AgNP
nanofibrous mats.

Nanofibers using various synthetic and biopolymers incor-
porated with wound healing components serve as an excellent
scaffold in tissue engineering systems. The electrospinning
parameters such as concentration, flow rate, applied voltage
and needle tip to collector distances have been optimized for
formulating EuME-AgNPs-NFs and SBD-AgNPs-NFs. Among
the varying concentrations (3%, 6% & 9%) of EUME-AgNPs—
NFs, the concentration ratio of 9% EuME-AgNPs-NFs shows
high encapsulation efficiency with homogeneous and bead-free
distribution of nanofibers. The optimized applied voltage,
needle tip to collector distance and flow rate of 9%
EuME-AgNPs-NFs was fixed at 25 kV, 15 cm and 0.5 ml h™*
respectively to produce a broader and smooth distribution of
the nanofiber matrix. The morphological observations of
EuME-AgNPs-NFs were studied as shown in Fig. 5(a-c) at
different magnifications which shows that eugenol components
possess a homogeneous and broader distribution of bead-free
nanofibers conjugated with the AgNP complex which may be
used as effective nanofibrous membranes for antibacterial and
cut wound infections.

Similarly, SBD-AgNPs were fabricated into nanofibers
termed SBD-AgNPs-NFs. Varying concentrations (3%, 6% &
9%) of SBD-AgNPs-NFs were prepared and fabricated using
various parameters such as applied voltage, needle tip to
collector distance and flow rate fixed at 25 kV, 15 cm and
0.5 ml h™" respectively as shown in Fig. 5(d-f) at different
magnifications. Silver bandaids were functionalized with
polyamide and fabricated into nanofibers. Silver ions (Ag") were
photoreduced to silver nanoparticles (AgNPs). Upon electro-
spinning of SBD-AgNPs with PVA, polyamides or amidoxime
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Fig. 5 SEM observations of electrospun AgNP nanofibers (a—c) EUME-AgNPs—NFs at different magnifications (10.00kx, 40.00kx, 50.00kx), (d—f)
SBD-AgNP-NFs at different magnifications (10.00kx, 40.00kx, 50.00kx).
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groups get distributed on the fiber surface which shows a
heterogeneous distribution of nanofibers on the surface
morphology.

3.4. Characterization of synthesized AgNP nanofibers

The IR spectrum provides information about molecular
changes of organic molecules present on the surface of nano-
particles. An FTIR measurement identifies qualitative results
and the relative amount of quantitative observations. FTIR is
used to analyze the chemical compositions of a wide variety of
polymers, biological samples, minerals, and adhesives, organic
and inorganic chemicals. It identifies possible biomolecules
required for efficient encapsulation and stability of metallic
nanoparticles. The FTIR spectrum provides information about
the potential biomolecules present in the sample which is
mainly responsible for capping efficiency of the metallic AgNPs.
Fig. 6(a—c) shows the FTIR spectrum of synthesized ESNs. The
strong band at 3473 cm ™" was functionally associated with O-H
stretching of the PVA matrix. The peak between 1270 cm ™" and
1462 cm™ " which is exactly at 1390 ecm ™" is clearly indicative of
C-O-H stretching that confirms the presence of the (10%) PVA
matrix as expressed in Fig. 6(a). The results of 10% PVA matrix
showed similar observations in the functional groups as
explained by Abd El-aziz.*® Clearly, the hydroxyl bond between
3000 and 3700 em ™" reveals occurrence of O-H stretching in
EuME-AgNPs-NFs, a strong bond vibration at 1307 cm™*
possess C-H deformation of eugenol-methyl, bond at 1641 cm
attributes to C—=C aromatic bond stretching, 1732 cm™" shows
C—oO stretching of clear formation of carboxylic acid, 1249 em ™"
shows C-O stretching of stronger formation of phenolic hydroxyl
as shown in Fig. 6(b). The major components of eugenol based
nanomaterials are a benzene ring, phenolic hydroxyl group,
double bond formation and also other groups. The functional
groups present in EUME-AgNPs-NFs were found to be similar as
explained by Mouro and Gao.'™*® Polyamides were the main
components of the silver bandaid based nanofibers. A stronger
vibration at 1714 cm™' shows C=O0 stretching of carboxylic
acid which quantifies the presence of polyamide structures.
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Fig. 6 FTIR spectrum analysis of ESNs (a) only 10% PVA matrix (b) EUME—-AgNPs—NFs (c) SBD-AgNPs—NFs; XRD observation patterns of ESNs (d) only
10% PVA matrix (e) EUME—AgNPs—NFs (f) SBD—AgNPs—NFs; TGA/DTA traces of synthesized ESNs (g) only 10% PVA matrix (h) EUME—-AgNPs—NFs (i) SBD—

AgNPs—NFs.

Similarly, the vibration at 1217 cm ™' shows CH, stretching of the
o« form of amides, at 785 cm™' occurring with the CO-NH
stretching vibration in amide planes as shown in Fig. 6(c). The
results of SBD-AgNPs-NFs (i.e., presence of polyamides) were
similar to the results observed by Rotter and Zimudzi.”">>
X-ray diffraction (XRD) patterns have been a useful tool for
analyzing the structure as well as crystallization of the polymers,
biomaterials and nanocomposites in the biomedical engineering.
It also measures the average spacings between layers or rows of
atoms, and determines the orientation of a single crystal or grain.
The size, shape and internal stress of smaller crystalline regions
can also be elucidated. Fig. 6(d—f) determines XRD patterns of the
pure 10% PVA matrix, EUME-AgNPs-NFs and SBD-AgNPs-NFs
respectively. The experimentally observed maximum diffraction
peak was found at 20 = 20° which corresponds to a d spacing of
4.4801 A indicating the appearance of a distinctive semicrystalline
structure in the 10% pure PVA matrix as shown in Fig. 6(d).
The XRD diffraction patterns of PVA/EUME-AgNPs-NFs indicate
that eugenol molecules were uniformly distributed along with the
PVA matrix showing salient broad diffraction peaks centered at
20 ~ 19° and 20°, 20 ~ 39°,44°, 65°, 78° and 83° in the eugenol

2982 | Mater. Adv, 2021, 2, 2971-2988

nanofibers along with slightly intensified diffraction peaks
at 260 ~ 22° and 23° were observed determining that channel
type crystals of EuME-AgNPs-NFs were elucidated along
with the PVA matrix system as shown in Fig. 6(e). The XRD
patterns of EUME-AgNPs-NFs reveal that channel type diffrac-
tion crystals were encapsulated in the PVA base matrix. The
synthesized eugenol based nanofibers were not crystalline in
nature confirming the amorphous structure. These results were
found to be similar to a thermally stable eugenol and cyclo-
dextrin inclusion complex.”® The XRD patterns of PVA/SBD-
AgNPs-NFs indicate that silver bandaid nanofibers were homo-
geneously distributed along with the 10% PVA matrix fabricated
nanofibers. SBD shows salient broad and intensified diffraction
peaks centered at 20 ~ 65° and 80° that was noticed in the
diffraction crystals which was encapsulated along with the
PVA matrix. Slight diffraction peaks of SBD-AgNPs-NFs were
observed at 20 ~ 42° and 44° by elucidating the diffraction
variation peaks as shown in Fig. 6(f). In brief, XRD patterns
reveal that EUME-AgNPs-NFs and SBD-AgNPs-NFs (channel
type crystals) were equally dispersed along with the PVA base
matrix.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Thermogravimetric analysis (TGA) is helpful for analyzing the
purity and chemical composition of nanomaterials, ignition and
drying temperatures of nanomaterials and the temperature of
chemical compounds. Differential thermal analysis (DTA) analyzes
the temperature of transitions, melting points and reactions of
substances. The thermal stabilities of the pure 10% PVA matrix,
EuME-AgNPs-NFs and SBD-AgNPs-NFs were investigated using a
thermogravimetric analyzer as shown in Fig. 6(g-i). The TGA
analysis of EUME-AgNPs-NFs and SBD-AgNPs-NFs was done for
comparison. The TGA curve of the pure 10% PVA matrix shows
that the amount of weight loss was 69.19% which was nearly
1.081 mg lying in the temperature range between 100 °C and
350 °C. There was a medium amount of crystallization and
decomposition of the sample and the DTA profile of the 10%
PVA matrix was found to be nearly 289.65 °C which is below 300 °C
as shown in Fig. 6(g). The TGA curve of EUME-AgNPs-NFs shows
that the amount of weight loss was 80.87% which was nearly
1.389 mg lying in temperature range between 100 °C and 420 °C.
The results show that there was greater crystallization and
decomposition of the sample and the DTA profile of EuME-
AgNPs-NFs was found to be nearly 278.39 °C which is below
300 °C as shown in Fig. 6(h). The combination of eugenol with the
other inclusion complex possesses high encapsulation efficacy
resulting in higher stability and greater hydrophobic
interaction.”® The TGA graph of SBD-AgNPs-NFs shows that the
amount of weight loss was 67.23% which was nearly 1.499 mg
lying in the temperature range between 100 °C and 320 °C. The
results reveal that there was incomplete crystallization and
decomposition of the sample and the DTA profile of SBD-
AgNPs-NFs was found to be nearly at 79.42 °C and also the
decomposition at 282.86 °C as shown in Fig. 6(i). In brief, the
TGA results determine that the PVA matrix has been
homogeneously encapsulated with EUME-AgNPs-NFs and SBD-
AgNPs-NFs. PVA/EUME-AgNPs-NFs can withstand temperature
till 420 °C and possess sharp bended distribution of curve leading
to consistent saturation when compared with PVA/SBD-AgNPs—
NFs, where the temperature was only at 300 °C leading to
blend-ended distribution of curve. These results prove that
EuME-AgNPs-NFs showed sustained thermal decomposition and
could withstand the temperature for a longer time with a sharp
curve distribution when compared with SBD-AgNPs-NFs (Fig. 6).

The porosity of the treated ESNs (only 10% PVA matrix,
EuME-AgNPs-NFs and SBD-AgNPs-NFs) is shown in Fig. 7.
The percentage of porosity of the 10% PVA matrix, EUME-AgNPs-
NFs and SBD-AgNPs-NFs was found to be 90.9%, 86.9% and
74% respectively. The porosities of treated ESNs ranged between
60 and 90% and further in vitro studies were performed. High
porosity is essential for the cell growth and cell infiltration. It is
also required for nutrient and oxygen exchange for the living cells.
Considering Fig. 7, it can be concluded that eugenol embedded
ESNs are relatively porous and highly efficient for encapsulation
and nutrient exchange compared to the SBD impregnated ESNs.

3.5. Evaluation of minimum inhibitory concentration (MIC)

Natural components like eugenol possess attractive properties
that could rapidly reduce the usage of commercial/conventional
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antibiotics. Studies have reported that eugenol exhibits

potentially beneficial properties such as antioxidant, antimicro-
bial, anti-inflammatory and anticarminative activities.**** The
mechanism of the antimicrobial action of eugenol is determined
by the influence of free hydroxyl groups present in the respective
molecule. The antimicrobial effect of EUME, EUME-AgNPs and
SBD-AgNPs was completely concentration and dose dependent
and they were found to be competent against the microbial
strains of Gram-positive Staphylococcus aureus.>* The MIC of
EuME-AgNPs and SBD-AgNPs was determined against Staphy-
lococcus aureus using a broth microdilution process. The EUME,
EuME-AgNPs and SBD-AgNPs exhibited MIC values of 0.25%,
0.2% and 0.4% respectively. The experimental results show that
the minimum concentration needed for the growth inhibition of

4% p<0.001
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Staphylococcus aureus of EuME-AgNPs was 0.2% whereas
SBD-AgNPs require 0.4% of the sample for growth inhibition.
Thus, the efficiency of EuUME-AgNPs was higher and more
effective when compared with SBD-AgNPs.

A few reports on in vitro studies show that eugenol exhibits
effective antibacterial activity against microbial pathogens such
as Staphylococcus aureus, Escherichia coli, Bacillus cereus and
Yersinia enterocolitica. The MIC values of as Staphylococcus
aureus, Escherichia coli, Bacillus cereus and Yersinia enterocolitica
range between 0.10% and 0.25% respectively.'"** A few literature
studies reported that eugenol helps in eradicating established
biofilms of methicillin sensitive Staphylococcus aureus (MSSA)
and methicillin resistant Staphylococcus aureus (MRSA) clinical
strains®> by damaging the cell membrane thereby causing
leakage of cell contents. It also decreases the expression of
enterotoxin genes and related biofilms. The three essential oils,
teatree, clove and cinnamon bark, have shown excellent anti-
bacterial effect against Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa and cinnamon essential oil containing
the eugenol compound was not cytotoxic to the biological system
and possessed anti-UV properties."*'* Other essential oils such
as eucalyptus oil containing zein show antibacterial activity
against Gram-positive and Gram-negative strains. The growth
reduction of Staphylococcus aureus was 24.3% and of
L.monocytogenes was 28.5%."° The present results show that
the growth inhibition of Staphylococcus aureus was even faster
when interacting with EuUME-AgNPs. The synthesized eugenol
based AgNPs have to be tested against the multidrug
resistant and susceptible strain which has to be included in
our future research outcomes. The eugenol based silver nano-
composites could be a promising strategy in various anti-
bacterial and anti-inflammatory settings of wound healing
applications.

3.6. Silver ion release behaviour of EUME-AgNPs-NFs and
SBD-AgNPs-NFs

The release behaviour of different chemical components of
silver ions (Ag') released from wound dressings has multi-
dimensional effects on the human body. Wound dressings
containing silver are present in different forms such as (a)
inorganic compounds like silver phosphate, silver sulfate, silver
chloride and as silver oxides (b) metallic silver (Ag°), a nano-
crystalline particle (c) organic complexes like silver alginate,
silver based zinc allantoinate and silver carboxymethyl
cellulose.”® The sudden release of Ag" ions from AgNPs induces
the formation of chronic toxicity and reactive oxygen species
(ROS) which greatly affects the cytotoxicity level of AgNPs/
AgNPs-ESNs.>” Though there are numerous reports on the
release behaviour of natural and synthetic nanofibers using
AgNPs, the effect of the shape, size of AgNPs and fibrin
morphology of ESNs on the release behaviour for understanding
the release studies of AgNP nanofibers on the biological system
still remains a challenging task. To overcome these limitations,
the present study focuses on the comparison of EUME-AgNPs-
NFs and SBD-AgNPs-NFs which will be evaluated based on the
release behaviour of Ag” ions from AgNPs with respect to time
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period and the effect of structural morphology of nanofibers on
the dissolution system will be analyzed.

Dissolution studies of formulated nanofibers were analyzed
by monitoring the percentage of cumulative release with
respect to the time period. Release of ionic silver into a normal
saline/phosphate buffer saline (PBS) may be easier for under-
standing the interaction of normal saline based cleansers with
wound dressings. There are few reports monitoring the release
behaviour of nanofibers in more complex media such as in
inorganic and organic mixtures which pose a major problem in
real wound exudates. To examine the interactions between SWF
and synthesized nanofibers, the time of Ag" ion release was
analyzed and SPR peak ranges between 400 and 430 nm. As
shown in Fig. 8, cumulative release of EUME-AgNPs-NFs was
calculated with respect to time intervals during 1, 2, 3, 4, 5, 6, 12,
16, 18, 20, 24, 28 and 32 hours showing a sustained percentage
release of Ag' ions when compared with SBD-AgNPs-NFs.
The observed cumulative release of EuME-AgNPs-NFs and
SBD-AgNPs-NFs was monitored during the respective time
intervals as shown in Fig. 8. The percentage of cumulative
release of EUME-AgNPs-NFs and SBD-AgNPs-NFs during the
32nd hour was 60% and 98% respectively. The obtained results
imply that EUME-AgNPs-NFs show sustained release of silver
ions in the simulated medium when compared with the
SBD-AgNPs-NFs which show a sudden and rapid release of
silver ions in the simulated medium. The sustained release of
silver ions from EuME-AgNPs-NFs in SWF solution shows a
potentially stable mode of release in the prepared biological
system whereas the ion release behaviour of silver ions released
from the SBD-AgNPs-NFs might be due to the cytotoxic presence
of silver ions in the SBD suspension. The silver ion release was
predominantly controlled by a diffusion mechanism referred to
as Fickian diffusion.

The results of the cumulative release of EUME-AgNPs-NFs
clearly depict that sustained release behaviour of ionic silver
might be related to the activity of compound eugenol being
embedded and incorporated along with the silver composite
system to enhance the antimicrobial potential. The sustained
release of silver ions has a greater impact on the cytotoxicity
behaviour resulting in higher antimicrobial efficacy and wound
healing potential in cut wounds.

Statistical analysis reveals that EuME-AgNPs-NFs show
greater (***) significant difference (p value < 0.001) when
compared with SBD-AgNPs-NFs as shown in Fig. 8. The sustained
release behaviour of EUME-AgNPs-NFs is significantly different
when compared with the SBD-AgNPs-NFs which exhibit a sudden
release of silver ions in the simulated wound system. A few reports
shows that the in vitro dissolution behaviour of eugenol based
compounds relates to good solubility properties in the organic
solvent. The sustained mode of release of EUME-AgNPs-NFs may
be due to diffusion properties of eugenol which gets dispersed
into the polymeric matrix and is known as the dominant
mechanism. The process of diffusion takes place in three different
stages: the first stage is the impregnation of the eugenol micro-
emulsion into silver nanoparticles, the second stage is the change
of polymeric suspension into a base matrix and the third step is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the trans-diffusion of the eugenol compound from the
synthesized scaffold matrix. The release mechanism of silver ions
present in eugenol compounds was found to be similar to that of
other literature studies.>® The experimental results prove that the
EuME-AgNPs-NFs exhibit a sustained mode of silver ion release
in the prepared SWF solution whereas SBD-AgNPs-NFs exhibit a
sudden and rapid release of silver ions in the simulated wound
system.

The impregnation of nanoparticles and polymers plays an
important role in the development of controlled and sustained
release of ESNs. The characteristic of the drugs released from
nanofibers is solely dependent on the distribution of the major
component present within the shell or core phase and the
structural morphology of the nanofibers. Another important
factor related to the sustained release from the nanofibers
is the compatibility of the compound and the polymer.
The compatibility mainly refers to physical interaction that
occurs between polymer chains and the component molecules.
The compatibility is directly proportional to the solubility of the
drug/compound in the polymeric solvent matrix.’>® The reports
were found to be in correlation with the present work showing
that EUME-AgNPs were uniformly distributed and impregnated
in the PVA polymeric matrix leading to a sustained release of
the silver ions present in the eugenol compound whereas with
the SBD-AgNPs-NFs, the suspensions were unevenly and
heterogeneously distributed in the polymeric matrix leading
to uncontrolled and sudden release of the silver ions present in
the SBD suspension.

Fig. 3(a and b) show the shape of EuME-AgNPs and SBD-
AgNPs evaluated by transmission electron microscopy (TEM).
The morphology of EUME-AgNPs obtained was homogeneously
spherical in shape and uniformly dispersed in the polymeric
matrix whereas, the morphological shape of SBD-AgNPs
obtained was of a heterogeneous shape distribution such as
triangular, oval, hexagonal and mostly pentagonal. The sustained
release behaviour of ionic silver from EuME-AgNPs-NFs might be
due to the homogeneous shape distribution of AgNPs in the
nanofiber matrix. Likewise, the uncontrolled and sudden
release of ionic silver from SBD-AgNPs-NFs might be due to
the heterogeneous shape distribution of SBD suspended in the
nanofiber matrix. The mode of release was nearly proportional
to the surface area of synthesized AgNPs. The results obtained
were found to be similar to other literature studies.®
The reports reveal that the nanoparticle morphology is solely
dependent on the release behaviour of Ag" ions. The nano-
particles with different shape morphologies affects the
dissolution behaviour of silver ions in the biological system.
The experimental results show that the release behaviour
(sustained or sudden release of silver ions) is also dependent
on the shape and structure of nanoparticles.

Fig. 5 showing the morphological view of nanofibers
(EuUME-AgNPs-NFs and SBD-AgNPs-NFs). The effect of fiber
morphology on Ag" ion release is well explained. The structure
of EUME-AgNPs-NFs was uniformly distributed and of equal
fiber shape dispersion in the polymeric matrix. The sustained
release of silver ions from EuME-AgNPs-NFs in SWF may be
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due to the homogeneous shape distribution of nanofibers in
the PVA matrix. Likewise, the structural morphology of
SBD-AgNPs-NFs was elucidated as shown in Fig. 5. The fiber
distribution of SBD-AgNPs-NFs was heterogeneous with
uneven and narrow dispersion of fibers in the polymeric
matrix. The fiber morphology has an effect on the Ag" ion
release in the biological system.®" In brief, nanofibers loaded
with AgNPs have higher efficiency of loading capacity with
tunable dissolution mechanisms. Also, sustained release of
nanofibers reduces dose specific silver ion toxicity and thereby
increases antibacterial activity. The effect of fiber morphology
is an important consideration in terms of Ag" ion release in the
biological system. Therefore, the smooth and broader distribution
of nanofibers like EUME-AgNPs-NFs results in sustained and
controlled release of silver ions whereas, narrow distribution of
nanofibers like SBD-AgNPs-NFs results in a sudden and rapid
release of silver ions in the simulated wound fluid system.

3.7. Evaluation of cytotoxicity

3.7.1. Rate of cell (white blood cell) viability. The percentage
of cell viability of EUME-AgNPs and SBD-AgNPs interacting with
fresh human lymphocytes was monitored during different time
intervals using varying concentration ranges of 20 pg mL ™},
10 pg mL™" and 1 pg mL ™" respectively. The cell viability rate
of blood lymphocytes mainly depends on the encapsulation
efficiency of AgNPs in a dose-dependent manner. A significant
rate of increase in the cell viability (%) of EUME-AgNPs rises to
nearly 69.81% at a higher concentration of 20 ug mL™* while
decreasing the concentration to 1 ug mL ™' gradually decreases
the rate of cell viability to 48.33%. Similarly, a significant rate of
cell viability (%) of SBD-AgNPs was found to be 9.23% at a
higher concentration of 20 pg mL ™' while decreasing the
concentration to 1 pg mL ™" gradually decreases the rate of cell
viability to 2.93% as shown in Fig. 9. The experimental results
show that a rapid increase in AgNP concentration will definitely
increase the rate of cell viability in the biological system. The
other aspect of the cytotoxicity perspective is that the cellular
viability rate of EUME-AgNPs at 20 pg mL~" was found to be
69.81% which was higher than that of SBD-AgNPs at 20 ug mL "
that was found to be 9.23%. Similarly, the cellular viability rate of
EuME-AgNPs for 10 pg mL~ " was found to be 55% which was
higher than that of SBD-AgNPs at 10 pg mL~ " which was found

RPMI (Control)
ImM AgNO;
SBD-AgNPs
EuME-AgNPs

BNCE

e e "n e e e e " " "

Percentage of cell viability (%)

Concentration (ng/ml)
Fig. 9 Percentage of WBC viability with EUME-AgNPs and SBD—-AgNPs.

Mater. Adv., 2021, 2, 2971-2988 | 2985


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00103e

Open Access Article. Published on 04 March 2021. Downloaded on 2/12/2026 2:00:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

to be 4.81%. Likewise, the cellular viability rate of EUME-AgNPs
for 1 pg mL~" was found to be 48.33% which was higher than
that of SBD-AgNPs at 1 ug mL ™' which was found to be 2.93% as
shown in Fig. 9. The percentage of cell viability of EUME-AgNPs
(69.81%) was found to be higher when compared to the
percentage of cell viability of 1 mM AgNO; (2.055%) as shown
in Fig. 9. The reason may be that the interaction of AgNPs with
the biological system was found to be significantly efficient when
compared with the bulk silver material (AgNOj3). Though silver
interacts strongly with the respiratory enzymes of bacteria, the
antimicrobial activity of AgNPs is more efficient than that of bulk
antimicrobial silver because AgNPs eliminate microorganisms
by preventing cellular replication and respiration in both
prokaryotic and eukaryotic cells in a more predominant way.
The results significantly show that the rate of cell viability of
EuME-AgNPs was significantly higher than the cell viability of
SBD-AgNPs and 1 mM AgNO;. SBD-AgNP mediated cell toxicity
was severe in the biological system due to the sudden release of
Ag" ions in the simulated wound system.>®* The higher amount
of Ag" ions released is directly proportional to the increase in
AgNP mediated cytotoxicity in the biological system.®?

The reason may be due to the effect of toxicity level which
was higher in SBD-AgNPs when compared with EuME-AgNPs.
These EUME-AgNPs possess the minimum cytotoxicity gradient
(p < 0.001) which may be related to the encapsulation of the
eugenol compound with the OH group that is embedded on
the surface of AgNPs by providing anti-angiogenic efficiency
and greater stability. The statistical observations reveal that
EuME-AgNPs possess a greater significant level of difference
(***) which is denoted by a p value < 0.001 compared to
statistically observed values of SBD-AgNPs and 1 mM AgNO;.
The reason might be related to the percentage of cell viability of
EuME-AgNPs on the human blood lymphocytes. Though the
fabricated SBD sheets conjugated on the polyethylene polymers
possess anti-inflammatory activity, the cytotoxic level is higher
when compared with the eugenol encapsulated nanofibers.
The findings clearly depict that EUME-AgNPs possess a higher
rate of cell viability on the human blood lymphocytic cells when
compared with the SBD-AgNPs which exhibit a lower rate of cell
viability and greater level of cytotoxicity.

3.7.2. Rate of cell (red blood cell) hemolysis. The percentage
of cell hemolysis of EUME-AgNPs and SBD-AgNPs can be
monitored on fresh isolated human red blood cells. As shown
in Fig. 10, rate of breakdown of RBCs mixed with SBD-AgNPs
evaluated at 20 pg mL~' was nearly 80.55%, whereas at
10 pg mL™" and 1 pg mL ™", the rate of RBC breakdown of
SBD-AgNPs was nearly 69.44% and 41.66% respectively.
Similarly, the rate of breakdown of RBCs of EuME-AgNPs
evaluated at 20 pg mL~' was nearly 19.44%, whereas at
10 pg mL™" and 1 pg mL ™", the rate of RBC breakdown of
EuME-AgNPs was nearly 13.88% and 8.33% respectively.
The results prove that the rapid decrease in AgNP concentration
will definitely decrease the breakdown rate of RBC in the
respective biological system. Another aspect of cytotoxicity
gradient is that percentage level of RBC breakdown at 20 pg mL ™"
of EUME-AgNPs was found to be 19.44% which was lower than the
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Fig. 10 Rate of RBC breakdown with EUME—-AgNPs and SBD—-AgNPs.

SBD-AgNPs at 20 g mL~ " which was 80.55%. Likewise, the rate
of RBC breakdown at 10 ug mL ™" of EUME-AgNPs was found to
be 13.88% which was lower than the SBD-AgNPs at 10 jig mL ™~
which was 69.44%. Similarly, the rate of RBC breakdown at
1 pg mL~" of EuUME-AgNPs was found to be 8.33% which was
lower than the SBD-AgNPs at 1 g mL~ " which was 41.66% as
shown in Fig. 10. The percentage of red blood cell breakdown of
EuME-AgNPs (19.44%) was significantly less when compared to
1 mM AgNO; (72.22%) as shown in Fig. 10. Upon interaction of
RBCs with 1 mM AgNOg;, the destruction of red blood cells is
comparatively more rapid than the green synthesized AgNPs
(EuUME-AgNPs). The results prove that the rate of RBC break-
down of EuME-AgNPs was significantly lower than that of
the rate of RBC breakdown of SBD-AgNPs and 1 mM AgNO;.
The stability of AgNPs influences cytotoxicity (cell hemolysis),
as release of Ag" ions from AgNPs was mainly considered as a
toxicity factor.®*®

The reason may be due to the higher toxicity level of SBD-
AgNPs which show the maximum rate of RBCs breakdown
when compared with the EuME-AgNPs which show the
minimum rate of RBC breakdown with a lower cytotoxic
response. The statistical observations show that the rate of
RBC breakdown of EuME-AgNPs shows a greater significant
difference (***) which is denoted by a p value < 0.001 compared to
the statistically observed differences of SBD-AgNPs and 1 mM
AgNO;. The results might be related to fewer cytotoxic properties of
the EUME-AgNPs which show the minimum rate of RBC break-
down. Although SBD possesses anti-inflammatory properties and
anti-bacterial efficiency, the cytotoxic effect is found to be higher
with an increase in the rate of breakdown of red blood cells. The
findings conclude that EUME-AgNPs have a minimum cytotoxic
effect in the RBC breakdown and provide authentic evidence for
choosing EUME-AgNPs as antimicrobial wound dressings for cut
wound applications.

4. Conclusion

Electrospinning techniques show great promise for fabricating
sustained release composite (nanofiber) materials with a
defined release behaviour that depends on the nanoparticle
loading capacity, surface chemistry and antibacterial efficacy.
Using these perspectives, EUME-AgNPs were synthesized using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a green synthesis (eugenol essential oil) and fabricated using
an electrospinning techique. These EuME-AgNPs-NFs were
found to be comparatively more efficient than SBD-AgNPs-
NFs in terms of the structural morphology, defined chemical
characteristics, homogeneous and broader distribution with a
PVA polymeric matrix, antibacterial efficiency with sustained
and controlled mode of release in SWF and most importantly
minimum toxicity in the case of rate of cell viability (WBCs) and
rate of cell hemolysis (RBCs). The eugenol based nanoscaffolds
(EuME-AgNPs-NFs) exhibit a sustained and controlled mode of
release in simulated wound systems with minimum cytotoxicity
level in the biological system. The EUME-AgNPs-NFs (nanofibers
using eugenol) could be the best alternative as potential
scaffolds for treating cut wounds in biomedical engineering.
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