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incorporated BGNPs exhibited broad range of anti-
microbial activity against gram negative and posi-
tive bacteria. The BGNP loaded CA nanofiber accel-
erated wound closure efficiently by the 10th day. 
The remaining wound areas for treated rats were 
95.7 ± 1.8, 36.4 ± 3.2, 6.3 ± 1.5 and 0.8 ± 0.9 on 1st, 
5th, 10th and 15th days respectively. Therefore, the 
newly prepared BGNP CA nanocomposite nanofiber 
could be used as a promising antibacterial and wound 
healing dressing for rapid and efficient recovery.

Keywords Cellulose acetate · Bioactive glass 
NPs · Wound healing · Electrospun nanocomposite 
nanofibers

Introduction

Bioactive glasses (BGs) are surface reactive ceram-
ics biomaterials that are biocompatible and hard. 
BGs were firstly discovered in 1969 by Hench (1991). 
They consist mainly of silicon dioxide, calcium oxide 
and phosphorous. Different forms of BGs can be for-
mulated by varying the percentages of their compo-
nents (Giannoudis et  al. 2005). The classical 45S5 
bioactive glass which was invented by Larry Hench 
is composed of 45%  SiO2, 24.5%  Na2O, 24.5% CaO 
and 6%  P2O5. It is the most widely studied glass for 
biomedical applications (Hench 1998). Silica- and 
phosphate-based glasses were extensively used as 
bioactive and biocompatible implants which have the 
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ability to generate bone-like apatite layer upon inter-
acting with the host medium and this in turn permits 
biomaterials interaction especially with mineralized 
tissue. For this reason, they have been widely imple-
mented in repair and/or replacement of bone archi-
tectures (Ahmed et  al. 2015; Jones et  al. 2007; Neo 
et al. 1993). Recently, BGs have attracted much inter-
est as novel biocompatible scaffold materials for mul-
tiple biomedical applications in tissue engineering, 
regenerative and therapeutic medicine (De Guevara-
Fernández et al. 2003; Knowles 2003).

BG bioactivity is not dependent only on its com-
position but is also affected by its size and shape as 
well. BGs have well interconnected pore structure 
varying in size from nanometers to micrometers. It is 
crucial to tailor morphology and pore architecture of 
BGs in order to control and improve textural proper-
ties before being used in any biomedical application. 
In general, BG porosity can be optimized by varying 
chemical constituents, reagent concentrations, reac-
tion temperature and also through adopting various 
synthetic and mechanical strategies such as the 3D 
scaffold structures, electro-spinning, foam replica-
tion, sol–gel foaming and/or ice-templating (Fu et al. 
2008; Wu et al. 2011).

Owing to the well-known stimulating effect of 
Boron on bone regeneration, addition of the clas-
sical network former of  B2O3 to the bioactive glass 
system has also been considered to enhance bioactiv-
ity of glass ceramic materials (Saranti et  al. 2006). 
 B2O3-containing bioactive glasses have then further 
attracted more attention for their potential role to be 
used in various biomedical applications owing to 
their lower chemical durability with rapid and more 
complete conversion to hydroxyapatite upon immer-
sion in simulated body fluid (Huang et al. 2006).

Nanotechnology and size reduction of biomaterials 
and fibers into nanoscale form generate nanostruc-
tured particles which exhibit novel and remarkable 
physicochemical properties not present in the bulk 
form. This change is due to the increase in surface 
area and the adsorptive capacity of such materials. 
This also offers the ability to utilize them to rein-
force nanopolymeric fibers to generate thin bioactive 
coatings (Alves et  al. 2010; Iqbal and Khera 2015). 
Nanofibrous materials have also attracted great atten-
tion in biomedical fields, tissue engineering, wound 
healing, tissue regeneration and controlled drug 
release devices (Cui et al. 2010; Meinel et al. 2012). 

In addition to the small fiber diameter, the nanofi-
brous scaffolds ensure high surface area with high 
porosity and interconnected pores which resemble the 
morphological structure of the extracellular matrix 
(Kouhi et  al. 2013). This makes nanomaterials ide-
ally suited for various biomedical applications such as 
bone tissue regeneration and wound healing. The lat-
ter is mainly initiated in presence of bacteria namely 
Staphylococcus aureus, Escherichia coli and Pseu-
domonas aeruginosa microorganisms which induce 
a complex series of biochemical processes that could 
ultimately lead to high mortality rates in developing 
countries with heavy economic burden (Berthet et al. 
2017; Naderi et al. 2018; Unnithan et al. 2014).

Plethora of studies have focused on developing 
wound dressings nanofibers from several polymers 
using various techniques (Qu et  al. 2019). Recently, 
electrospinning technique has attracted great attention 
in preparing ultrafine polymeric nanofibers with bet-
ter properties owing to higher surface area to volume 
and also length-to-diameter ratios. This technique 
depends on the use of electric field within a small 
capillary with particular voltage to be applied on 
polymer solutions previously prepared with particu-
lar viscosity to be ultimately ejected and deposited 
as a nonwoven fibrous mat with variable shapes and 
diameters. Yang et al. (2003) was the first to prepare 
polyacrylonitrile (PAN) ultrafibers containing silver 
nanoparticles as antibacterial mat. The electrospun 
produced mat exhibited stronger antibacterial activity 
as compared to conventional wound dressings. Since 
then, several synthetic and natural polymeric nanofib-
ers were prepared via electrospinning for wound heal-
ing purposes (Wang and Windbergs 2017). The elec-
trospun nanofiber mats with their nanoscale features, 
large surface area and porosity resemble the morpho-
logical structure of the extracellular matrix. Moreo-
ver, they can incorporate nanoparticles and biomol-
ecules of interest for extra added bioactivity (Li et al. 
2017; Teixeira et al. 2020). They have also excellent 
permeability for oxygen which is extremely required 
for rapid wound healing (Majd et al. 2016).

Cellulose is one of the most well-known naturally 
abundant polymers that are biodegradable, biocom-
patible and non-toxic with excellent chemical resist-
ance and thermal stability. It has been extensively 
used as renewable materials in various biomedical 
applications such as biosensors, scaffolds, chemosen-
sors, packaging filters and films (Lee et  al. 2018). 



4567Cellulose (2022) 29:4565–4577 

1 3
Vol.: (0123456789)

However, the main disadvantage of cellulose is its 
inability to dissolve in organic and aqueous solvents 
and this particularly makes it extremely challenging 
to prepare cellulose based nanofibers via electro-
spinning technique. The modified cellulose acetate 
(CA) derivative is instead soluble in several organic 
solvents and can be electrospun into films and fib-
ers with complex and intricate architecture which 
can be functionalized with various biomolecules for 
various biomedical applications (Ghorani et al. 2019; 
Hashem et al. 2017; Wang et al. 2020). The CA elec-
trospun dressing has excellent mechanical strength 
and breathability. Although CA lacks antibacterial 
activity if used alone, it has a good matrix for incor-
porating various antimicrobial agents and antibiot-
ics for prevention of microbial growth. For instance, 
CA nanofibers were used in combination with silver 
nanoparticles (Kalwar  and  Shen 2019), vancomycin 
(Buschle-Diller et  al. 2007; Felgueiras et  al. 2020), 
berberine (Samadian et  al. 2020), honey bee propo-
lis (Sharaf and El-Naggar 2018), gallic acid (Wut-
ticharoenmongkol et al. 2019) or curcumin (Tsekova 
et al. 2017) as effective and promising wound healing 
dressing.

Nanotechnology offers a novel approach for devel-
opment of nanostructured BGs with higher surface 
area and improved properties with greater bioactiv-
ity and biocompatibility. This applies also for BGs 
used for coatings on biomedical device or used in 
particulate form or as fillers in composite materials. 
For instance, BGs nanoparticles have been widely 
used as fillers in developing composite nanofib-
ers such as poly(epsilon caprolactone) (PCL)  and 
Poly(glycerol-sebacate) (PGS) polymers for various 
biomedical applications such as tissue engineering, 
wound healing and bone remodeling (Liverani et  al. 
2018; Luginina et al. 2020; Moura et al. 2017). It has 
been proven that synthetic implants of hydroxyapatite 
and  TiO2 which mimic the nanostructured features 
of bones increased bone cell adhesion and prolifera-
tion (Palin et al. 2005). In bone tissue engineering, a 
composite scaffolds of nanostructured polymer/bioac-
tive glass could be used to increase the surface area 
of the BGs allowing faster ion release and deposition 
in addition to higher adsorption of protein leading 
to improved regeneration (Boccaccini et  al. 2010). 
Combining nanostructured materials of both BGs and 
polymer matrices to form composites improves both 
mechanical and biological properties of scaffolds and 

could significantly improve attachment and behav-
ior of osteoblast cells (Rezwan et al. 2006; Yao et al. 
2005). This indeed could significantly enhance per-
formance in existing biomedical applications with the 
possibility of creating novel structures for versatile 
applications.

In this study and for the first time we investigated 
the biological activities, antibacterial role, wound 
healing capabilities and the biomedical wound dress-
ing scaffold/application of fabricated cellulose acetate 
electrospun nanofiber composite loaded with bioac-
tive glass nanoparticles using in-vitro and in-vivo dia-
betic rat models.

Methodology

Nanocomposite nanofiber fabrication

Cellulose acetate (CA) (39.7 wt.% acetyl content, 
average Mn = 50,000 g/mol) and bioactive glass nano 
powder (Purity ≥ 98%) were purchased from Merck 
(Darmstadt, Germany). CA solution was prepared 
by dissolving 12% of CA pellets in mixed solvent 
system consisting of 1:3 of N,N-dimethylacetamide 
and acetone (DMAC/Ac). Different concentrations 
of BGs (1–3%), dissolved in the same mixed solvent 
of CA, were added drop by drop to CA solution until 
clear and homogenous solutions were obtained. Elec-
trospinning was performed at a feed rate of 0.3 ml/h 
with 25  kV high DC voltages with a distance of 
22 cm. The generated mat was collected on the rotat-
ing drum and then dried in a vacuum oven and kept in 
a desiccator.

Fourier transform infra-red spectroscopy (FT-IR)

FT-IR was carried out using the FTIR instrument 
model 460 plus Jasco (Micro Analytical Center, 
Cairo University) to validate the chemical structures 
of the composite nanofibers. KBr powder was used 
to mix and press samples under high pressure using 
a manual pellet maker. The DTGS (Globar) laser 
source was used to generate various wave lengths (ν) 
(4000–400  cm−1). The software scanned samples and 
background 64 scans with high resolution (4   cm−1). 
In order to obtain clear spectra without interference 
from moisture or carbon dioxide, 15 min were taken 
for this purpose.
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Morphological characterization

A scanning electron microscope (SEM) was utilized 
to assess the electro-spun fiber morphology using 
Quanta 250 FEG (Field emission Gun). Electrospun 
mat/samples were deposited on Aluminium sheet and 
were coated in gold layer in sputter coater vacuum 
machine (S150A Edwards-England) for nearly 200 s 
in order to generate conductive surface. Gold-coated 
mats were placed in the sample holder of the SEM 
chamber. SEM morphology images were taken at 
5–10 kV (Verreck et al. 2003). The ImageJ software 
was implemented to calculate nanofiber diameters for 
the generated SEM images (https:// imagej. nih. gov/ ij/ 
downl oad. html).

Viscosity and conductivity

The viscosity of the prepared polymer solutions was 
determined at room temperature using the rotation 
viscometer (Brookfield-DVBT). Electrical conduc-
tivity for the prepared electrospinning polymer was 
measured by the Myron L Ultrameter II, Model 6P.

In vitro measurement for antimicrobial activity

The antimicrobial activities of the prepared nanofiber 
mats were determined using the agar well diffusion 
method (Oxoid, UK). Antibacterial and antifungal 
activities were tested in vitro against different micro-
organisms including gram negative bacteria (Sal-
monella tyhimurium and Escherichia coli) and the 
gram positive (Bacillus cereus, Bacillus subtilis and 
Staphylococcus aureus). Briefly, a mixture of auto-
claved nutrient agar and broth were dissolved in dis-
tilled water (pH 7.2). Then in a laminar flow, the lat-
ter was cast into previously autoclaved Petri dishes. 
Nearly one hundred colony-forming units of bacteria 
were inoculated on Petri dishes and a fabric sample 
of 292  cm2 was planted onto the agar dishes. Petri 
dishes were incubated for 24 h at 37 °C and examined 
for inhibition zone formation around placed fabric 
samples. The prepared fabric mats were cut asepti-
cally into small circles of 6  mm diameter and were 
then placed on the centre of the Mueller Hinton agar 
(Oxoid, UK) plates inoculated with one of the speci-
fied microbes (one at a time). The plates were then 
incubated at 37 °C for 24 h and inhibition zones were 
determined according to AATCC 100 test method 

(Torlak 2008). A free zone of inhibition around the 
fabric appears as antimicrobial agent migrates from 
the fabric onto the agar and diffuses outward. All 
antimicrobial activity tests were carried out in tripli-
cate to ensure reproducibility.

In vivo measurement for biological and wound 
healing capability

Eight male Sprague Dawley rats (nearly 100–120 g) 
were obtained from the animal house facility at the 
National Research Centre (NRC, Egypt). All experi-
mental procedures for the animal study were con-
ducted in compliance with the international guide-
lines especially the NIH guide for the care and use 
of Laboratory animals (NIH Publications No. 8023, 
revised 1978). They were approved by the animal 
ethics committee of the NRC. Rats were kept in con-
trolled temperature (22° ± 2 °C) and 12 h photoperiod 
throughout the study. They were fed standard labora-
tory diet and water for one week to adapt to labora-
tory conditions. Each rat was housed in polypropyl-
ene cage in standard environmental conditions and 
fed with standard diet and water on a daily basis.

All rats were injected intraperitoneally with strep-
tozotocin at 40 mg/kg for 5 consecutive days to induce 
diabetes mellitus. Rats are considered to be diabetic if 
their levels of blood glucose exceed 16.7 mmol/l for 3 
consecutive days. Prior to wound creation, rats were 
generally anesthetized through intraperitoneal injec-
tion of Ketamine and Xylazine mixture. Using a hair 
clipper, razor and shaving cream, rats back hair was 
removed and then the skin was disinfected with 70% 
alcohol. A biopsy puncher of 9  mm diameter was 
used to obtain uniform wounds with equal depth on 
the rat dorsal side. Rats were then randomly divided 
into two groups (n = 4 rats to negate for any biologi-
cal difference if any). Each rat within the two groups 
has been punched in two sites to create two wounds 
for minimization of any technical differences. The 
first rat group was dressed with the un-fabricated fiber 
meanwhile the second rat group was dressed with the 
CA electrospun nanofiber with BGNP incorporation. 
The samples were applied as a wound dressing on the 
wound site precisely. In order to secure the wound 
dressing, an elastic adhesive bandage was applied 
and changed on a daily basis to ensure adequate air 
exposure. Each rat was kept in separate cages with 
full access to water and diet. Changes in the wound 

https://imagej.nih.gov/ij/download.html
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diameter were monitored by a digital caliper for each 
rat over the treatment period (15  days). Successful 
healing would decrease wound diameter with burn 
edge contraction. The latter was calculated according 
to the following equation;

where, Wt is the wound area at certain time point 
meanwhile Wi is the initial wound at day 0.

Skin irritation test

In order to assess skin irritation effect for the pre-
pared nanofibers, the prepared nanofibers were 
applied topically on the surface of normal rat with 
hair cut for 3  days. The following symptoms were 
clearly observed as a sign for skin irritation; itching, 
erythema, scaring, edema, escher and blisters.

Statistical analysis

Data was analyzed using SPSS software v-15 (SPSS, 
USA) and GraphPad Prism software V5 (GraphPad, 
California, USA). Results were expressed as a mean 
value with its standard deviation (mean ± SD). At 
least three replicated were conducted for each experi-
ment set. Statistical analysis was performed with Stu-
dent’s t-test and samples were considered significant 
with P value ≤ 0.05.

Results and discussion

Formation and characterization of cellulose acetate 
nanofibers containing BG nanoparticles (BGNPs)

After stirring cellulose acetate solution for 2  h, dif-
ferent concentration of BG  (SiO2) nanoparticles 
(BGNPs) (1–3%) were added drop wise with continu-
ous stirring for another 2 h. Several characterization 
approaches were implemented to evaluate properties 
of the BG fabricated CA nanofibers. SEM imaging 
was performed to determine the surface morphol-
ogy of the prepared BGNP fabricated CA nanofibers 
(Fig.  1). SEM images showed that the BGNP fabri-
cated CA nanofibers were uniform, straight with flex-
ible and smooth interconnected porous mats with no 
beads or any deformation at all. It was also obvious 

Wound area % = (Wt∕Wi) × 100 (Powell and Boyce 2009),

that incorporation of BGNPs had no negative impact 
on the fabricated CA nanofiber morphology. ImageJ 
software analysis revealed that the majority (83%) of 
the 1% BGNP fabricated CA nanofibers had average 
diameters of 100–300  nm. Nearly 40% of the fabri-
cated nanofiber had average diameter of 100–200 nm. 
It was also noticed that the major diameter of the fab-
ricated electrospun nanofiber decreased significantly 
with increased percentage for BGNP incorporation. 
Increasing BGNP incorporation to 2 and 3% resulted 
in CA fabricated nanofibers with major diameter 
(50%) of 100–200 nm (Fig. 1).

EDX spectra and quantitative elemental composi-
tions are shown in Fig. 2. As seen in Fig. 2, the EDX 
of the prepared CA/BGNP nanofibers with different 
concentrations of BGNP (1–3%) are characterized by 
various distinctive peaks for the elements C, Si, O and 
P. The weight percentages for silicon in CA fabricated 
nanofibers with 1, 2 and 3% of incorporated BGNPs 
were found to be 1.56, 2.51 and 7.74% respectively.

Electrospun solution properties and electrospinning 
processing parameters

It is well known that, morphology, density and diam-
eter of the electrospun nanofibers depend on several 
parameters such as molecular weight, solution con-
centration, solution viscosity, electrical conductiv-
ity, surface tension, dipole moment and dielectric 
strength. Moreover, processing parameters such as 
tip-to-collector distance, electric field strength, flow 
rate, geometry, needle shape, collector composition, 
temperature, humidity and air flow are main factors 
affecting electrospinning and mat formation. In order 
to achieve desirable morphology and fiber diameter, 
all those parameters should be perfectly managed. 
Therefore, the effects of those parameters on nanofib-
ers electrospinning have been widely studied to 
enhance fiber structures, quality and properties. The 
processing parameters for the electrospinning process 
were optimized at a flow rate of 0.3 ml/h using a high 
DC voltage of 25 kV at a distance of 22 cm and the 
nanofibers were collected on the rotating drum.

As seen in Table  1, incorporating 1% BGNP to 
CA nanofiber significantly increased solution vis-
cosity mean from 455 to 857cP with an increase in 
conductivity mean from 4.9 to 6.59µS/cm. This also 
resulted in increasing fiber diameter from 50–90 
to 200–300  nm. Further increase in percentage of 
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Fig. 1  SEM images and histogram of cellulose acetate nanofibers containing different concentrations of bioactive glass nanoparti-
cles (BGNPs) a 1%, b 2% and c 3%
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incorporated BGNPs (2 and 3%) resulted in remark-
able decrease in viscosity mean to 585cP and 357cP 
in 2 and 3% CA incorporated BGNP, respectively 
(Table 1). There was also significant increase in con-
ductivity mean to 9.68 and 37.7µS/cm in 2 and 3% 
CA incorporated BGNP, respectively. Increasing 
percentage of incorporated BGNPs also resulted in 
reduced fiber diameter range (100–200 nm) (Table1). 
Such reduction in fiber diameter was also noticed in 
Fig. 1. This could be attributed to enhanced conduc-
tivity and decreased viscosity of the electrospinning 
solution following incorporation of increasing amount 
of BGNPs. A possible reason for nanofiber diameter 
size reduction could be that the incorporation of BG 
nanoparticles increased the solution charge density 
which in turn enhanced the self-repulsion of the jet 
and the stretching forces which led to fiber diameter 
decrease. Moreover, the presence of BGNP in the fib-
ers increased polymer solution conductivity. The 3% 
BGNP incorporated CA solution exhibited the high-
est conductivity and the least viscosity among all pre-
pared solutions with the formation of the most spin-
nable and finest nanofiber nanocomposite and was 
therefore selected for further biological and chemical 
investigations.

FT-IR analysis for the fabricated nanofibers

Fourier transform infrared spectroscopy (FT-IR) 
was conducted to determine chemical structures of 
the composite nanofibers. Figure 3 shows the FT-IR 
spectra for BGNPs  (SiO2), CA and CA containing 
BGNPs. The FT-IR absorption spectra of glass matrix 
shows the 2 bands located at 676 and 459  cm−1 which 
correspond to the vibrational mode of the bending of 
Si–O–B and Si–O–Si (Fig. 3). The 805  cm−1 absorp-
tion band corresponds to the Si–O symmetric stretch 
of bridging oxygen atoms between tetrahedrons. The 
955  cm−1 absorption band which was attributed to the 
Si–O-bond in (2NBO) was also observed. The band 
at ~ 1093  cm−1 was assigned to the asymmetric stretch 
vibrations of Si–O bonds in (1NBOS) tetrahedral 
units. Additionally, two more bands were observed at 
1028  cm−1 and 560  cm−1 where they can be ascribed 
to the P–O stretching vibration and the P–O bending 
vibration of amorphous calcium phosphate (ACPs), 
respectively. The 546   cm−1 band is due to the glass 
structure itself. In addition, the 1152  cm−1 band was 
assigned to the P=O stretching vibration (Fig.  3). 

Moreover, according to Luz and Mano (2011), the 
existence of bands on 1400–1300   cm−1 is related 
to calcium nitrate precursor due to the N=O bend-
ing. The FT-IR spectrum of pure cellulose acetate 
nanofiber showed three intense peaks at 1373, 1730 
and 1222   cm−1 which corresponded to the stretch-
ing vibration of C–CH3, C=O and C–O–C groups, 
respectively (Fig. 3). These bands also appear in the 
FTIR of CA containing BG without presence of any 
further new peaks. Figure 3 also indicates that there 
were no chemical reactions occurred in the loading 
process of nanoparticles.

Antibacterial activity

The antimicrobial effects for the CA and CA/BGNP 
fabricated nanofiber mats were determined using the 
in-vitro agar well diffusion method against different 
bacteria. The prepared nanofibers were incubated 
for 1 day with the microbial strains on agar plates in 
order to determine the inhibition zone (halo width). 
Table  2 shows the reported antimicrobial activity 
for CA and CA containing BGNP nanofibers. Those 
results disclose that the BGNP containing CA mat 
had superior antimicrobial properties as compared 
to un-fabricated CA mats with wide range of activ-
ity against the gram positive (Bacillus cereus, Bacil-
lus subtilis and Staphylococcus aureus) and the gram 
negative (Salmonella tyhimurium and Escherichia 
coli) bacteria. Worth notably, the BGNP containing 
CA nanofibers were also effective against Staphylo-
coccus aureus and Escherichia coli strains which rep-
resent the most isolated strain from burn and wounds 
(Berthet et al. 2017; Naderi et al. 2018; Scalise et al. 
2015; Unnithan et al. 2014; Zahedi et al. 2010).

It was reported that BGs have antimicrobial activ-
ity in aqueous solutions due to the release of their 
ionic compounds over time. The release of the dis-
solution products results in high pH environment 
capable of killing microbes (Waltimo et  al. 2007). 
In addition, the release of silica has been linked to 
the antibacterial effect of bioactive glass material 
(Zehnder et al. 2006).

In vivo wound healing experiment

Diabetes mellitus (DM) is one of the major chronic 
and metabolic disorders which results from uncon-
trolling blood glucose level. DM is characterized by 
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various complications such as s nephropathy, neu-
ropathy, retinopathy and delayed wound healing effi-
ciency. The latter is a multiphase process which is 
dependent on blood circulation, angiogenesis and re-
epihelialization (Wynn and Freeman 2019). It is also 
severely affected by inflammation and limited nutri-
ents (Dow et  al. 2018). Therefore effective cure for 
diabetic wounds still remains a great challenge (Jef-
fcoate et al. 2018).

The most efficient and the most spinnable solution 
of 3% BGNP incorporated CA was tested for the in-
vivo diabetic wound study. All rats recruited in this 
experiment had very high glucose levels exceed-
ing (16.7 mmol/l equivalent to 300 mg/dl) following 
intraperitoneal injection of streptozotocin for 3 suc-
cessive days.

The 9 mm biopsy puncher created uniform wound 
injuries for each rat with equal depth on the rat dor-
sal side with no infection, necrosis or exudates on the 
wound site/area. The firs rat group was dressed with 
the un-fabricated CA fiber meanwhile the second 
rat group was dressed with the 3% BGNP incorpo-
rated electrospun CA nanofiber. Wound dressing was 
applied and changed on a daily basis to ensure ade-
quate air exposure. The healing process and wound 
diameter was monitored over 15 days. Figure 4 illus-
trates the wound photographs and the healing process 
on 1st, 5th, 10th and 15th day following wound crea-
tion. The diabetic rats which were dressed with the 
BGNP incorporated electrospun nanofiber initiated 
the wound healing process from day 1 with signifi-
cant reduction in wound diameter by day 5 with com-
plete closure by day 10 with uniform adherence to the 
wound surface with no exudates or necrosis (Fig. 4). 
By day 15, the wound was completely healed with no 
marks left. On the other hand, rat group which was 
treated with the un-fabricated wound dressing did not 
achieve absolute and efficient wound healing by day 
15.

There was significant acceleration for wound 
healing in the diabetic rats dressed with the BGNP 

fabricated CA nanofiber as compared to the un-fab-
ricated one. The mean remaining wound areas for 
the first group treated with BGNP incorporated CA 
nanofiber were 95.7 ± 1.8, 36.4 ± 3.2, 6.3 ± 1.5 and 
0.8 ± 0.9 on 1st, 5th, 10th and 15th days, respectively. 
It was obvious that the 3% BGNP incorporated CA 
electrospun nanofiber is a promising wound healing 
dressing for the prolonged diabetic wound.

Unlike un-fabricated CA nanofibers, the BGNP 
incorporated CA nanofibers exhibited excellent and 
efficient wound healing in diabetic rats. This is attrib-
uted to the presence of bioactive bioglass. The latter 
was reported to promote fibroblast proliferative activ-
ity and also to accelerate the vascularization process 
needed for the development and growth of granula-
tion tissue to ensure wound closure and healing. 
Moreover, the bioactive bioglass was reported to be 
capable of adsorbing fibroblast, epidermal cells and 
various growth factors such as vascular endothelial 
growth factor (VEGF) and fibroblast growth factor-2 
(FGF-2) in addition to several other proteins for qucik 
and efficient cutaneous wound healing (Lin et  al. 
2012).

Moreover, the prepared BGNP fabricated CA 
nanofibers that were applied topically on the surface 
of normal rats for 3 days, following haircut, did not 
show any signs of erythema, itching, infection, scars, 
edema, exudates, escher or blisters (Data not shown). 
This indicates that the prepared nanofibers were safe 
and does not cause skin irritation to the recruited rats 
in this study. They were therefore found to be bio-
compatible with good interaction with fibroblast and 
skin. Owing to water absorption capability of CA 
nanofiber, its biocompatibility and its soft interaction 
with fibroblast cells, CA nanofibers have been consid-
ered as excellent wound dressing candidate (Liu et al. 
2012).

Conclusion

These newly fabricated CA electrospun nanofiber 
nanocomposite with incorporated BGNPs were 
fully characterized in terms of its morphology, IR 
and elemental composition along with its physical 

Fig. 2  EDX for of bioactive glass nanoparticles (BGNPs) a 
1%, b 2% and c 3%. Cellulose acetate nanofibers containing 
different concentrations

◂
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parameters for electrical conductivity and viscosity 
as well. They demonstrated improved antibacterial 
activity against wide range of microbes including 
gram negative and gram positive bacteria with sig-
nificant reduction of induced wound in diabetic rats 
with complete healing over limited period. This novel 
nanocomposite nanofiber could be further applied 
as a dressing against microbial infection with effi-
cient and rapid wound healing capabilities. Its role 
in other biomedical applications should be further 
investigated.

Table 1  The effects of 
bioactive glass nanoparticle 
(BGNP) concentrations 
on solution viscosity and 
conductivity along with 
diameter of the produced 
nanofibers

Samples Viscosity (cP) Conductivity (µS/cm) Nanofiber pro-
duced diameter 
(nm)

CA 455 ± 23 4.90 ± 0.2 50–90
CA/1%–BG 857 ± 47 6.59 ± 0.4 200–300
CA/2%–BG 585 ± 31 9.68 ± 0.5 100–200
CA/3%–BG 357 ± 14 37.7 ± 1.3 100–200

Fig. 3  FT-IR spectra for 
CA, SiO2 Bioglass (BG) 
and CA containing BG 
nanofibers
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Table 2  Antimicrobial activity of cellulose acetate (CA) and 
CA nanofiber containing BG against Escherichia coli, Salmo-
nella tyhemurum, Bacillus subtilis, Bacillus cereus and Staphy-
lococcus aureus 

Microorganism Inhibition Zone (mm)

CA only CA containing BG

Escherichia coli 8739 – 34 ± 3.2
Salmonella tyhemurum 14,028 – 31 ± 2.1
Bacillus subtilis 6633 – 29 ± 4.6
Bacillus cereus 33018 – 33 ± 3.4
Staphylococcus aureus 25,923 – 35 ± 2.3
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