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Abstract
Honey is a natural medicine; incorporating it, a PVA/honey hybrid nanofibrous Band-Aid was fabricated by electrospinning 
technique, and the prepared electrospun scaffolds were characterized by UV–visible spectroscopy, FTIR spectroscopy and 
XRD techniques. The honey-adsorbed scaffolds showed UV–visible absorption at 306 nm wavelength expressing the pres-
ence of honey in polymer scaffold. In addition, it indicated that the honey was not degenerated even at the highest applied 
voltage of 16 kV given during electrospinning. Conductivity study of the scaffold revealed linear increase of conductivity 
as 0.74, 0.80, 0.82 and 0.83 mho with increase of honey concentration, which revealed the high honey releasing profile of 
the scaffolds at higher concentration. Efficiency of fabricated Band-Aids was analyzed by swelling character and in vitro 
releasing kinetics. The higher level of honey osmolality increased the fluid uptake into scaffolds and showed highest degree 
of swelling indicating an efficient release of honey by diffusion.

Keywords  Honey · Wound healing · Tissue regeneration · Nanocomposite scaffold · Electrospinning · Polyvinyl alcohol 
Band-Aid

Introduction

Human skin is very much prone to injuries causing wounds 
due to environmental factors even on day-to-day activities. 
Wound healing is an unresolved problem which affects many 
people by the way of treatment cost and other related socio-
economic issues (Long et al. 2018; Nethi et al. 2019; Samar-
ghandian et al. 2017). The wound becomes a major issue for 
a human due to the lack of disintegration of tissues, and it is 
classified as acute and chronic wounds based on the degree 
of damage and duration of healing (Qi et al. 2018; Song and 
Salcido 2011). Acute wound healing is progressed through 
the combination of various wound healing mechanisms such 

as hemostasis, inflammation, tissue re-epithelization and 
remodeling (Biswas et al. 2018; Stejskalová and Almquist 
2017). However, the prolongation of different stages of nor-
mal wound healing results in chronic wounds. The chronic 
wounds are characterized by the increased levels of ROS, 
protease, debridement of cells and inflammatory cytokines 
such as TNF-α, IL-6 with insufficiency of growth factors 
and ECM degradation accumulated with bacterial infection 
(Anand et al. 2019). Compared with acute wounds, chronic 
wounds influence the life of people by causing depression, 
anxiety, financial burden, pain, inflammation, increased hos-
pital stay, morbidity or even mortality.

In the process of wound healing, wound dressings are 
playing an indispensable major role in chronic wound man-
agement (Hassiba et al. 2017; Sarhan et al. 2016; Yao et al. 
2019). The ideal characteristics of wound dressings are 
adequate water transmission rate, optimal oxygen perme-
ability, provision of moist environment to the wound site, 
non-toxicity, selective adhesion to normal tissues, appropri-
ate temperature and pH, pain mitigation, reduction of skin 
irritation, absorption of excess ooze at the wound site and 
inhibition of bacterial infection, and contaminants (Putu 
et al. 2018; Son et al. 2019). Bacterial infection at wound 
region can dampen healing process of wound and leads 

 *	 Geetha Kathiresan 
	 rktgeetha@gmail.com

1	 Nanotechnology Division / Department of ECE, Periyar 
Maniammai Institute of Science and Technology, 
Thanjavur 613 403, Tamil Nadu, India

2	 Millimeter‑Wave Innovation Technology (MINT) 
Research Center, Dongguk University-Seoul, Seoul 04620, 
Republic of Korea

3	 Division of Electronics and Electrical Engineering, Dongguk 
University-Seoul, Seoul 04620, Republic of Korea

http://orcid.org/0000-0003-2303-0424
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-019-01247-3&domain=pdf


1640	 Applied Nanoscience (2020) 10:1639–1652

1 3

to mortality of patient. Anti-bacterial agent-incorporated 
wound dressing is one of the best ways for treating the bac-
terial infections without leading to mortality (Neres San-
tos et al. 2019; Zanier and Bordoni 2015). Inflammatory 
microenvironment in chronic wounds also delays the heal-
ing mechanism which are endowed by the pro-inflammatory 
cytokines (TNF-α, IL-6), oxidative stress, cyclooxygenase-2 
(COX-2), enormous amount of MMPs and lack of growth 
factors (Movassaghi et al. 2019). Recently, high-efficiency 
wound healing method was reported based on electrical 
stimulation by applying small electrical pulses by wearable 
nano-generator device (Long et al. 2018). The conventional 
wound healing methods using cotton, linen and synthetic 
bands are not successfully treating the bacterial infection 
and ischemia (Lin et al. 2001; Moura et al. 2013). Recently, 
more attention is given to biomaterials to enhance wound 
healing mechanisms. Numerous studies are being conducted 
on wound healing efficiency of natural substances such as 
thymol, Garcinia cowa, Garcinia mangostana, alkannin, 
emu oil, Stryphnodendron adstringens (Costa et al. 2019; 
Pinto et al. 2015; Suwantong et al. 2012).

Honey has been considered for many decades as a natural 
remedy for wound healing. It has good medicinal values 
with anti-microbial and fungal activities, which can be used 
for healing various wounds without any harmful side effects 
(Albaridi 2019; Kwakman et al. 2010; Maleki et al. 2013). 
Moreover, it has a variety of nutrients as the bees collect 
it from various plants and environments. It also contains 
minerals, vitamins, carbohydrates, proteins, amino acids 
and lipids that help fast and easy wound healing. Honey 
accelerates fast healing of wounds by virtue of its nature and 
contents; it stimulates growth of new tissues by stimulating 
ant-inflammatory activities. It is a better anti-microbial agent 
compared to other topical agents; it promotes re-epitheliali-
zation without formation of scar. These attractive properties 
of honey have highly motivated and encouraged to invent a 
cost-effective and efficient Band-Aid to treat complicated 
wounds. Additionally, it has anti-inflammatory, anti-oxidant, 
anti-cancer, anti-diabetic, and immunomodulatory activities 
which are not available in other substances. The presence of 
high sugar content, hydrogen peroxide (H2O2), low pH, high 
osmotic pressure, low water activity, low protein content, 
high viscosity and phenolic compounds such as pinocem-
brin, syringic acid and glucose oxidase has been the main 
cause for the anti-bacterial activity of honey (Mama et al. 
2019; Meo et al. 2017). Honey also contains lysozyme, a 
well-known powerful anti-microbial agent and defensin-1, 
anti-microbial peptide showing inhibition against both 
Gram-positive and Gram-negative bacteria. The existence of 
peroxidase, catalase, carotenoids and ascorbic acid in honey 
retains the anti-oxidant properties that neutralize the free 
radicals and reduce ROS level in chronic wounds (Moore 
et al. 2001). However, honey-based conventional dressings 

(gauze, hydrogel and polyurethane films) are not efficient in 
producing moist environment, protection against infection, 
painless removing, and they produce foul smell and bleeding 
of exudates from the wounds (Lin et al. 2001; Oktay et al. 
2014). However, nano-scaffold-based dressings overcome 
such problems faced by conventional dressings because of 
excellent soft tissue-mimicking property, high surface area, 
high porosity, high absorption, high oxygen permeability, 
anti-fouling property, providing moist environment, scar-
free wound healing, reducing pain while removing and safe 
wound sterilization (Chao et al. 2018; Minden-Birkenmaier 
and Bowlin 2018). In this direction, synthetic polymer poly-
vinyl alcohol (PVA) is a very good option considering its 
biodegradability, physical and chemical properties, and 
excellent chemical resistance (El-Zaher and Osiris 2005).

Several techniques are available for the synthesis of PVA-
based nano-scaffolds including electrospinning, phase sepa-
ration, template synthesis, freeze-drying, self-assembly and 
electro-spraying (Anderson et al. 2019; Li et al. 2017). Com-
pared with other techniques, the electrospinning is the most 
efficient technique for the production of scaffolds with ade-
quate pore size for cellular migration, suitable surface area 
for cell adhesion, growth, differentiation and proliferation 
for tissue regeneration application (Hassiba et al. 2017; Rez-
vani et al. 2016; Wang et al. 2018; Xiao et al. 2018). In the 
present study, honey--incorporated nanocomposite organic 
Band-Aids were fabricated by electrospinning technique. 
This fabricated Band-Aid can provide anti-bacterial, anti-
inflammatory, and anti-oxidant properties, and the patients 
can easily use the Band-Aids in an eco-friendly way with 
increased bio-compatibility and without any side effects.

Materials and methods

Fabrication of PVA nano‑scaffolds 
by electrospinning

Polyvinyl alcohol (PVA) of 13,000–23,000 MW purchased 
from Sigma-Aldrich and pure honey collected from neem 
tree located in the campus of PMIST (Periyar Maniammai 
Institute of Science and Technology) were used in this work. 
Pure PVA nano-fibrous scaffolds were fabricated as experi-
mented samples to compare morphology and other proper-
ties with honey-loaded scaffolds. For the preparation of PVA 
scaffold, 2 g of PVA was mixed in 25 ml of distilled water 
in a beaker to obtain 8 wt% and stirred using a magnetic 
stirrer at 80 °C for 4 h. The resultant solution was loaded 
into a 10-ml syringe with 22-gauge needle for flow control-
ler. Optimized parameters used for the electrospinning of 
PVA scaffolds were 0.001 ml/min flow rate, 15 cm distance 
between collector and syringe, and 15 kV applied voltage.
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Fabrication of PVA/honey organic nano‑scaffolds 
by electrospinning

For the preparation of honey-incorporated PVA solution, 
50% diluted honey of different concentrations was added to 
8 wt% PVA solution and stirred for 2 h continuously. Four 
sets of solutions with 1, 2, 3 and 4 ml honey in constant 
volume of PVA solution (8 wt%) were prepared. The range 
of different parameters employed to prepare different sets of 
honey-loaded scaffolds is shown in Table 1. Solution flow 
rate of 0.06–0.001 ml/min, the distance between collector 
and syringe 5–20 cm, applied voltage of 10-16 kV and honey 
concentration 1–4 ml were used keeping constant PVA con-
centration (8 wt%) and needle size (22 G).

Optimization of process parameters

For the identification of suitable electrospinning condition, 
the different parameters such as solution flow rate, distance 
between collector and syringe, applied voltage and solu-
tion concentrations were varied as summarized in Table 1 
and their effects are analyzed. Flow rate was varied as 0.06, 
0.01, 0.005 and 0.001 ml/min and the low rate of 0.001 ml/
min was found suitable to prepare PVA scaffolds with good 
results. The distance between collector and needle tip is also 
important in regulating the solvent evaporation rate (SER) 
for uniform and smooth nanofibrous material preparation, 
and it was varied as 5, 10, 15 and 20 cm. The electrical volt-
ages applied to electrospinning system were 10, 12, 14, and 
16 V; among them, the high voltage of 14 V or 16 V was 
found suitable for the formation of nanofibrous scaffolds. 
Similarly, honey concentration was also varied as 1, 2, 3, and 
4 ml and found that higher concentration (4 ml) was suitable 
for the formation of honey-incorporated PVA nano-fiber.

Characterization of the honey/PVA hybrid 
nano‑fibrous scaffolds

Surface morphology of the synthesized electrospun PVA 
and PVA/honey nanofibers was characterized using scanning 
electron microscope (TESCAN,VEGA3 LMU) with differ-
ent magnifications. Prior to SEM measurement, the samples 

were sputtered with gold–palladium. Absorption spectra of 
all the sample solutions were analyzed by UV–Vis spec-
troscopy (Mapada, UV1800) in the range of 200–800 nm 
to identify the composition. Physicochemical properties of 
the prepared samples were analyzed using Fourier transform 
infrared spectroscopy (FTIR) with Perkin Elmer (version 
10.03.09) FTIR spectrophotometer in the wavenumber range 
4000–600/cm. Crystalline nature of the prepared nanofibers 
was characterized using PAN analytical X’ Pert Pro X-ray 
diffractometer.

Analysis of nano‑fibrous scaffold swelling property

Water absorption ability of PVA/honey nanofiber was stud-
ied by measuring the swelling behavior. Two different thick-
ness samples cut into 1 cm  ×  1 cm area were weighed ini-
tially (Wi) before starting the experiment at time t = 0. Then 
they were kept immersed in 5 ml of PBS saline solution. 
At desired time intervals (24 h, 48 h and 72 h), the samples 
were taken out and weighed (Wt) again to obtain the swell-
ing ratio. The swelling ratio (s) was calculated using the 
following equation:

where Wi is initial weight of the sample before each cycle 
of swelling analysis and Wt is the final weight of the swollen 
sample after analysis.

In vitro releasing kinetics analysis

For in vitro releasing kinetics of honey from scaffolds, two 
scaffolds fabricated from two different deposition time 2 h 
and 4 h with different thicknesses weighed initially were 
immersed in two separate 10 ml deionized water and kept 
undisturbed for 24 h in a shaker at 37ºC. At the end of 24 h, 
a solution of 3–5 ml from the two different mediums was 
removed and the kinetics study was done using UV–visible 
spectrophotometer (Mapada, UV1800) in the wavelength 
range of 200–800 nm. The solution was returned to their 
respective mediums. At the desired duration, the solution of 
3–5 ml was removed and the analysis was repeated again. 
The quantity of honey release was determined by its concen-
tration in the medium and their relation with two different 
thickened samples was compared.

MTT cytotoxicity assay

Cytotoxicity of PVA and PVA/honey nanofibers of different 
honey concentration was evaluated using L929 skin fibro-
blast cell lines of male mouse. Nanofibers of PVA with four 
various concentrations of honey were peeled from the alu-
minum foil and 1 mg was collected; both sides of the fibers 

(1)s =
Wt −Wi

Wi
,

Table 1   Range of various parameters used for the preparation of 
honey/PVA nano-fibrous scaffolds by electrospinning

Parameters Range

Flow rate (ml/min) 0.06, 0.01, 0.005 and 0.001
Distance between collector and syringe 

(cm)
5, 10, 15 and 20

Applied voltage (KV) 10, 12, 14 and 16
Concentration of honey (ml) 1, 2, 3 and 4
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were sterilized using UV light in a laminar airflow chamber 
for 1 h. The honey from the fibers was extracted by soaking 
the fibers in the culture medium of DMEM with 10% fetal 
bovine serum and 1% antibiotic (penicillin–streptomycin) at 
room temperature for 24 h. 1 mg/ml of fiber’s solution was 
prepared for the cytotoxic analysis.

The cytotoxic analysis was done by adding 100 µl of fiber 
solution to 96-well plates cultured with cells. L929 fibroblast 
cell line at 10,000–20,000 cells/well was seeded into 96-well 
plates before adding fiber solution and then it was incubated 
in a CO2 incubator with 5% CO2 for 48 h. After 48 h, the fiber 
solution of each concentration was added to the cells seeded 
in each well followed by twofold dilution ranging from higher 
concentration to lower concentration. The flowchart of PVA/
honey nanofibrous scaffold fabrication is presented in Fig. 1.

Cell viability and cytotoxicity of the samples were evalu-
ated using MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay. Mitochondria reductase 
enzyme in the viable cells reduces the tetrazolium salts to 
formazan crystals. The amount of live cells in each well is 
proportional to the amount of formazan crystals formed in 
the well. The medium from the well was removed and 100 µl 
of MTT solution (5 mg/ml of MTT in DMEM) was added. 
MTT-added plates were incubated for 3–4 h in an incuba-
tor at 37 ºC. Then again the medium (MTT + medium) was 
removed and the same quantity of DMSO was added to dis-
solve the formed formazan crystals in the well. After 20 min, 
the absorbance was measured using ELISA plate counter 
to evaluate the quantity of viable cells. The absorbance 
is directly proportional to the amount of formazan crystal 
formed in each wells. The cell viability can be calculated 
using the following equation:

(2)Cell viability = (Absorbance in treatment∕Absorbance in control) × 100.

Results and discussion

Effect of flow rate on PVA/honey nanofiber 
morphology

Solution flow rate is an important parameter affecting for-
mation of nanofiber in the electrospinning process. The 
variation in solution flow rate modifies size and shape of 
droplets formed at the tip of needle inducing changes in 
morphology of fiber formed. To optimize the flow rate, 
it was initially tried with 0.06, 0.01, 0.005 and 0.001 ml/
min flow rates and recognized that a very low flow rate 
was suitable to form smooth and uniform nanofibers. Fig-
ure 2a–d shows the SEM images of PVA/honey nanofiber 
formed at 0.06, 0.01, 0.005, and 0.001 ml/min, respec-
tively. For the flow rate of 0.06 ml/min, large volume of 
solution was ejected from the spinneret and deposited over 
the collector as thick particles without fibrous nature. As 
shown in Fig. 2a, the higher flow rate of 0.06 ml/min led 
to the solution drop down as a normal fluid without form-
ing any fiber, which is indicated in SEM morphology as 
spherical-shaped particles. The decrease in flow rate of 
0.01 ml/min produced a chain-like structure of the par-
ticles deposited, whereas the slow rates 0.005 and 0.00 
L ml/min produced stable Taylor cone forming smooth 
and uniform collection of fibrous material on the collec-
tor plate (Fig. 2c, d). The very slow rate 0.001 ml/min 
revealed the formation of thin and smooth fiber as shown 
in Fig. 2d. Zargham et al. also experienced 0.001 ml/min 
as the optimum flow rate for smooth formation of fibers 
(Zargham et al. 2012). At the same time, too low flow rate 
is also not good to maintain the shape of Taylor cone and 

Fig. 1   Fabrication flowchart of 
PVA/honey organic nanoscaf-
fold
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not sufficient solution was ejected for Taylor cone for-
mation (Gupta et al. 2016). Morphology of cross-linked 
fibers uniformly distributed with less defect was shown 
at this slow flow rate justifying the optimum flow rate for 
formation of fiber. Hence, in this electrospinning process 
a minimum flow rate of 0.001 ml/min was used for further 
process of fibers.

Effect of collector and tip distance on nanofiber 
formation

The distance between collector and syringe tip has direct 
effect on the evaporation of solvent and jet ejection for 
the formation of uniform and well-formed fibers. Hence, 
an ideal distance between collector and tip of the needle 
is very important to regulate the solvent evaporation rate 
(SER). The SER plays a major role in fiber diameter and 
fiber morphology of nanofibrous scaffold formation. The 
distance was changed to 5, 10, 15 and 20 cm and their role 
in the formation of nanofibrous scaffold was observed. As 
shown in Fig. 3a, b, thick fibers with bead structure are 
formed for shortest distance 5 cm as observed. This is 

because, at a short distance (5 cm), solution was dropped 
onto the collector without forming fiber as there was no 
sufficient distance for solvent evaporation due to shorter 
distance, whereas a longer distance of 10 cm resulted in 
fiber structure without drop down of solvent, but web-
like defective structures (Fig. 3c). However, compared to 
5 and 10 cm distances, 15 and 20 cm distances produced 
better result in the formation of fiber without any residual 
solvent and defective morphological structures. Among 
15 and 20 cm distances, the 15 cm produced a smoother 
and continuously organized cross-linked fiber structures 
(Fig. 3d). This longer distance permits complete evapo-
ration of solvent before reaching the collector resulting 
good fibrous scaffolds. However, the very large distance 
of 20 cm resulted in uneven thick fiber structure with 
large breakage and dense coverage (Fig. 3e) compared to 
15 cm. This morphological analysis suggests that increase 
of distance between collector and tip to an optimum value 
would provide suitable time for solvent evaporation and 
proper ejection of fluid jet whereas increase or decrease 
of distance from optimum value would produce defects in 
morphology of electrospun nanofibers.

Fig. 2   SEM image of nanofib-
ers formed at a 0.06 ml/min, b 
0.01 ml/min, c 0.005 ml/min 
and d 0.001 ml/min flow rates
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Effect of applied voltage on PVA nanofiber 
formation

The applied electrospinning voltage also should be within an 
optimum level, and at any other value, the formation would 
be disturbed, producing unevenly distributed fibers with dif-
ferent shapes. A critical applied voltage is required to initiate 
ejection of polymeric jet by overcoming the surface tension 
at the Taylor cone. The shape and stability of Taylor cone 
formation is varied affecting quality of scaffolds produced 

(Li et al. 2008). The applied voltage was varied to 10, 12, 
14 and 16 kV in the formation of PVA/honey hybrid scaf-
folds keeping a constant optimal distance 15 cm between 
tip and collector distance. At the applied voltages of 10 and 
12 kV, solution was formed as bubbles and held stable at 
tip of capillary because of surface tension. These applied 
voltages were not beyond surface tension of the solution. 
Therefore, Taylor cone was not formed causing no forma-
tion of fiber. For an applied voltage of 14KV, though it is 
beyond critical voltage and surface tension of the solution, 

Fig. 3   SEM image of PVA nanofibers prepared keeping the collector to syringe tip distance as 5 cm (a, b), 10 cm (c), 15 cm (d) and 20 cm (e)
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the formed Taylor cone was not stable resulting in irregular 
deposits (Fig. 4a). However, applied voltage of 16 kV pro-
duced a stable Taylor cone ejecting smooth jet of solution 
producing defect-free uniform nanofibers on the collector 
plate (Fig. 4b). Hence, this particular optimal voltage was 
used for the further formation of PVA nano-fiber.

Effect of solution concentration on the morphology 
of PVA/honey nanofiber

Solution concentration regulates fiber size and extrusion effi-
ciency of the fiber from spinneret. Molecular weight, molec-
ular density, and steric repulsion of molecules jointly deter-
mine the concentration property of the solution. It is also 
associated with other parameters such as needle size, applied 
voltage, and flow rate that determine the property of formed 
fiber. Concentration of honey in PVA solution was varied as 
1, 2, 3 and 4 ml to form PVA/honey nanofibers at 16 kV with 
a flow rate of 0.001 ml/min. As shown in Fig. 5, the size of 
fibers formed has increased with the increase of honey con-
centration in PVA solution. This increase in fiber diameter 
exhibits the increased presence of honey in nanofibrous scaf-
folds. At higher concentration of honey (4 ml) with applied 
voltage (16 kV), a thicker and smooth nanofibrous scaffold 
was produced, indicating that there is no degenerative effect 
on honey due to higher voltage. Hence, a concentration of 
4% (4 ml) honey was considered for further fabrication and 
application of PVA/honey nanofibrous scaffolds.

UV–Vis spectrum of PVA and PVA/honey

UV–visible spectrum of PVA (Fig. 6) shows no absorption in 
the range of 400–1000 nm. This spectrum correlates with the 
work of Shipra Pandey team (Pandey et al. 2011), whereas 
UV spectrum of pure honey shows absorbance at 306 nm, 
which is slightly different from previous reports. This might 

be due to the variation of origin of honey. The spectrum of 
PVA/honey reveals the absorption at 300 nm depending on 
the concentration in the fabricated PVA/honey scaffolds. The 
variation of absorption with honey concentration indicates 
the inclusion of honey in the PVA/honey hybrid scaffolds 
fabricated using the optimized condition. The UV–visible 
spectrum expressed the presence of honey in polymer scaf-
fold that indicates the honey was not degenerated by highest 
applied voltage of 16KV given during electrospinning.

FTIR spectroscopic analysis

Physicochemical properties of prepared samples were ana-
lyzed using Fourier transform infrared spectroscopy (FTIR) 
in 4000–400 cm−1 wavenumber range as shown in Fig. 7. 
The PVA sample shows absorption bands at 2861 (-CH2), 
1660 (-OH), 1456 (CH2), 1309 (-C–O–H), 3233 (alcohol 
OH stretch), which is in good agreement with the litera-
ture (Abd El-aziz et al. 2017; Awada and Daneault 2015)]. 
Honey incorporated PVA scaffolds also showed absorb-
ance peaks similar to PVA bands, but with increased inten-
sity. The absorption bands of PVA/honey hybrid scaffolds 
observed at 3320/cm and 2900/cm indicate the O–H stretch-
ing of water and C–H bonds of sugar molecules respectively, 
whereas the band obtained at 3169 cm−1 infers amide N–H 
bond of honey. The C–O bond of protein molecules in honey 
was observed at 1857 cm−1, C–N stretching and deforma-
tion of C–C–H of PVA molecules showed bands, respec-
tively, at 1313/cm and 1240/cm. The band of PVA at 1097/
cm was shifted to 1082/cm due to the stretching of C–O 
bond of honey. Similarly, the bands located at 710 (C–H), 
705 (C–H), 741 (C–H) are the C–H bending of sugar mol-
ecules indicating the presence of honey in the fibre. Honey 
incorporated scaffolds showed increased absorption peaks 
directly depending on honey concentration. The increase of 
absorption peaks for honey-incorporated scaffolds indicates 

Fig. 4   SEM image of PVA scaffold formed at different applied voltages



1646	 Applied Nanoscience (2020) 10:1639–1652

1 3

Fig. 5   SEM images of PVA/honey hybrid nanofibrous scaffolds of different honey concentrations
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the increased amount of hydrogen-bonded hydroxyl groups 
due to the presence of sugar molecules in it. Hence, honey-
incorporated PVA scaffolds show increased absorption of 
hydroxyl group in response to the different concentration of 
honey. These changes in absorption spectra show the better 
affinity between PVA and honey in PVA/honey membrane. 
A similar increase of absorbance due to inclusion of honey 
with PVA was also reported by Santos et al. (Neres Santos 
et al. 2019). Different absorbance bands of PVA, pure honey 
and PVA/honey hybrid are shown in Table 2.

X‑ray diffraction analysis

Crystalline and structural properties of prepared PVA and 
PVA/honey nano-fibrous scaffolds were determined using 
XRD diffraction spectrum of nanofibers and it is shown 
with smoothed curve in Fig. 8. The sharp spike-like peaks 
observed at 2θ = 11.2°, 12.5°, 19.4°, 20.7°, 23.4°, 25.2° and 
28.6° are correspond to PVA, and other two high-intensity 
peaks were at 37.92° and 44.26°are from aluminum foil 
used as support (Elkomy et al. 2016; Park et al. 2012; Tang 
et al. 2015). The honey-included sample additionally shows 

Fig. 6   UV–visible absorption spectrum of PVA, honey and PVA/
honey scaffold with different honey concentrations

Fig. 7   a FTIR spectrum of PVA and PVA/honey scaffolds for different honey concentration, b magnified view of 3 ml honey-employed scaffold

Table 2   PVA and PVA/honey 
nanofiber FTIR absorption 
wavenumbers

Functional groups PVA Pure honey PVA + 1 ml 
honey

PVA + 2 ml 
honey

PVA + 3 ml 
honey

PVA + 4 ml 
honey

-O–H 3233 3272 3305 3230 3320 3414
-C–H 2861 2932 2939 2923 2900 2980
-O–H 1660 1643 1689 1656 1657 1693
-CH2 1461 1416 1419 1414 1414 1407
-O–H 1309 1344 – 1312 1313 1325
-C–O 1097 – – – – –
-C–H (sugar) 775 – 710 705 741
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a wide peak at around 20º indicating the inclusion honey. 
Moreover, this wide peak was increased and slightly shifted 
to lower angle for the increase of honey concentration. This 
justifies the inclusion of honey and its increased content in 
the fabricated scaffolds.

Conductivity of PVA/honey hybrid fiber and pH 
variation of honey

To check the effect honey with PVA, the conductivity of 
honey extracted from honey/PVA hybrid fiber of different 
honey concentration was measured. Figure 9 indicates the 
conductivity change of honey solution with respect to con-
centration of honey. As seen in the figure, conductivity of 
the PVA/honey solution was increased with the increase in 
honey concentration, indicating that the increased releas-
ing profile of honey at higher concentration. That is, the 
higher concentration honey-incorporated PVA nanofibrous 
scaffolds might have higher releasing kinetics. The pH value 
of honey is also playing a role in wound healing process. 
Usually, the pH value of honey is in between 3.4 and 6.1 
depending on the condition formed, but the honey that was 
used showed a pH of 5.9, this high-pH honey was highly 
suitable for the inhibition of bacterial growth. Moreover, 

this acidic pH of honey can also play a significant role in the 
chronic wound healing mechanism.

In vitro releasing kinetics analysis

Honey release from the electro-spun PVA nanofibers of 
two different thickness samples as a function of immersion 
duration is shown in Fig. 10. As seen, the releasing behav-
iors of the samples are similar for the first two intervals 
of duration. Honey release from 2-h-spun nanofibers was 
gradually increased up to 4th day and then the release was 
saturated from the 5th day onwards. Releasing profile of 
4-ml 4-h-spun fiber was high compared to releasing kinetics 
of 2-h-electrospun nanofibers. The burst release of honey 
from the fibers with 5 days of immersion was due to high 

Fig. 8   XRD spectrum of PVA, honey, PVA + 1 ml honey, PVA + 2 ml 
honey, PVA + 3 ml honey and PVA + 4 ml honey

Fig. 9   Variation honey conductivity with concentration

Fig. 10   Releasing kinetics of PVA + 4  ml honey nanofibers of two 
different thickness with different spinning duration of 2 h and 4 h
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diffusion of honey in the scaffolds. The releasing behavior 
of nanofiborous scaffolds were based on the swelling prop-
erty of the fiber as reported by Maleik et al. (Maleki et al. 
2013). In this experiment, it was inferred that the molecules 
of honey were released from the fibers immediately after the 
swelling of PVA nanofibers. The honey concentration in the 
immersion medium was increased with the increase in thick-
ness of the nanofibrous scaffolds. The diffusion of honey and 
its increased osmolality was the main factor for its releasing 
behavior. Therefore, high concentration of honey-incorpo-
rated thicker PVA nanofiber scaffolds might have higher 
releasing kinetics as inferred in the conductivity study.

Swelling property analysis

When concentration of honey in scaffold was increased, 
its releasing rate from scaffold was also increased. This 
honey release attributes weight loss in the scaffolds due to 
the breakdown of polymeric network and release of active 
components. Osmolality property of honey enhances water 
uptake capability of scaffolds as a result of hydrolysis of 
PVA causing swelling of scaffolds (Tavakoli and Tang 
2017). PVA polymeric network breakdown results in 
mechanical properties loss causing weight loss of the syn-
thesized scaffolds. Therefore, the weight loss occurred in 
PVA/honey nanofibers because of hydrolysis and leaching 
of PVA. It appeared that the release of a drug was mainly 
controlled by the swelling behavior of the fibers (Maleki 
et al. 2013). When fibers start to swell, the drug molecules 
were dissolved and released from the fiber. Therefore, the 
measurement of swelling ratio gives the capability of 
wound dressing in infection control and wound healing; 
it depends on biological properties of wound and wound 
dressing robustness against its environment. Swelling 

behavior analysis of PVA/honey of two different thick-
ened samples is shown in Fig. 11. As it shows reduction 
of swelling ratio, the prepared scaffold is stable for longer 
time.

MTT cytotoxicity assay

Cell growth and its proliferation on the nanofibrous scaf-
folds were determined using MTT assay. The percentage of 
cell viability and its growth rate had been evaluated using 
MTT assay on L929 cells for 3 days of incubation. The dis-
solved MTT produced the formazan crystals in the culture 
well through the enzyme formation in the mitochondria 
of the viable cells. L929 mouse fibroblast cell line was 
cultured at different concentrations of honey-incorporated 
nanofiber (500–1.95 µg) extract solution and the toxicity 
of cells on the nanofibers was evaluated by measuring the 
percentage of viable cells present after 48 h of incubation. 
It was observed that honey-loaded nanofibers exposed cell 
viability in the range of 99–90% for lower to higher con-
centration, respectively. The four different concentrations 
of honey/PVA nanofibrous scaffolds showed highest cell 
viability of 85–90% for highest concentration in all the 
experiments and revealed that there were not any lethal 
cells found. The MTT results comprehended that honey-
loaded electrospun nanofibrous scaffold is proposed to be 
the appropriate substrate for the cellular adhesion, growth, 
and proliferation primarily by its biomimicking property 
of ECM. Hence, we suggest that the highest cell viability 
of PVA/honey nanoscaffolds was mainly due to the pres-
ence of the honey which is an organic compound and it 
could be a worthy and more suitable Band-Aid for the 
treatment of chronic wounds. The MTT assay mechanism 
graph is shown in Fig. 12

Fig. 11   Swelling behavior of 
PVA/honey nanofiber for differ-
ent time intervals
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Conclusion

Polyvinyl alcohol nanoscaffolds were synthesized using 
electrospinning after optimizing the process and solution 
parameters to incorporate honey in it. Based on the experi-
mental results, the distance between collector and syringe 
tip, applied voltage and solution flow rate selected for the 
preparation of honey/PVA scaffolds were 15 cm, 16 kV and 
0.001 mL/min, respectively. High concentration of honey 
(4%) produced good results with increased releasing profile 
in in vitro analysis. Swelling analysis inferred high concen-
tration of honey is desirable for weight loss of scaffolds due 
to the release of active components and hydrolysis of PVA. 
The inclusion of honey with PVA scaffold can show inhibi-
tion activity for proteases in chronic wounds and prevent the 
bacterial infection that occurred over the wound site, and 
inhibit biofilm formation. This work suggests that the honey-
incorporated nanofibrous scaffold activates the prevention of 
biofilm formation and fast healing of chronic wounds due to 
efficient osmolality effect.
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