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Abstract. The primary objective of the investigation was to synthesize biocomposite nanofibres by electrospinning

technique with different weight percentages of polycaprolactone (PCL) with chitosan (CS)–pectin (PEC) blend along with

the characterization and antimicrobial activity of the novel electrospun nanofibres. This article for the first time describes

the architecture of PCL–CS–PEC electrospun nanofibres along with its antimicrobial activity to the foremost of our

information. The present work used CS–PEC, a biocompatible and non-toxic polysaccharide. Electrospinning was used to

successfully produce CS–PEC nanofibres coupled with PCL polymer. The structural morphology of the PCL–CS–PEC

nanofibres clearly displays the presence of nanofibres. The distinct peaks for the corresponding primary functional groups

were clearly identified in the Fourier transform infrared characterization of PCL–CS–PEC nanofibres, as well. TGA

confirmed that PCL–CS–PEC nanofibres have greater thermal stability. The antibacterial activity (agar disc diffusion

method) of PCL–CS–PEC nanofibres was tested, and it was found to be effective against a wide range of microbial

organisms, which aids in wound healing. Nanofibres of 19% PCL–CS–PEC demonstrated better antimicrobial activity

against control than 15% and 17%, which might be attributable to concentration. Future studies will be conducted for the

validation of the analysed nanofibres using in vivo investigations for the purpose of the wound dressing.
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1. Introduction

Nanofibre membranes have gained popularity in recent

decades owing to their exclusive features, like huge precise

surface areas, great permeability, connected pores and

extraordinary functionality. Electrospun composite nanofi-

bres finds its application in tissue engineering [1–3], wound

therapeutic [4–6] and delivery of medicine [7–9], apart from

other uses magnetism [10], photonics [11], filtration [12],

composites [13], shape memory [14], and lithium batteries

[15]. It is well known that electrospun nanofibre’s diameter

has an impact on the biological individualities of non-

woven textiles [16,17]. Fibre diameter is critical and important

for cell characteristics (adhesion, proliferation and migration)

on the scaffold, according to various research [18].

Polycaprolactone (PCL) nanofibres, commonly applied as

aliphatic polyester electrospun nanofibres find their appli-

cation in wider areas (tissue engineering, delivery of drugs

and biosensor) due to their remarkable characteristics

(mechanical and biodegradability) [19–21]. Biomedical

applications of PCL have gained significance due to their

relaxed disintegration proportion, harmless biodegradation

elements and remarkable physicochemical capabilities for

chemical modifications [22]. Electrospun PCL nanofibres

are preferred for biomedical applications because of their

intrinsic hydrophobicity (surface coating, plasma treatment,

poly (dopamine) treatment, copolymer blending, alkali

treatment and polymer grafting), resulting in the amplified

product in biocompatibility and hydrophilicity [23]. Studies

on PCL nanofibres have demonstrated changes in physical

properties such as surface roughness to increase protein

adsorption, cell adhesion and cell spreading, apart from the

detection of single-stranded DNA (polypyrrole-coated) but

at the same time, it has limited biological activity [24–26].

A rapidly expanding global population and parallel

resource depletion have motivated further research into the

usage of sustainable materials such as pectin (PEC)

[27–29], lignin [30–32], cellulose [33] and chitosan (CS) in

the postindustrial period [34]. CS is a naturally occurring

cationic polysaccharide that is composed of glucosamine

and n-acetylglucosamine residues [35,36]. It is an exten-

sively known material for wound healing initiation process

as they have precise biological activity (hemostatic, gran-

ulation, epithelization and biodegradability) [37,38], which

can be processed into desired materials such as membranes,

sponges, meshes and scaffolds. Studies have proved already

that CS is biodegradable into non-toxic oligomers by a

series of enzymes such as lysozymes, chitinase, and
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chitosanase and that are capable to trigger the process of

wound healing [39,40]. Another benefit of CS is that it

resembles numerous glycosaminoglycans, which are dis-

tributed throughout the human body and are crucial for

maintaining the morphology and differentiation of cells

[41,42]. Other studies have also suggested that CS offers an

ideal microenvironment for cell differentiation and wound

healing through its extracellular matrix properties

[31,32,43–45]. CS also exhibited antimicrobial properties

against a different diversity of bacteria, fungi and algae,

inhibiting infection of wounds [46,47].

The most prevalent renewable polymer, PEC, is made by

the units of galacturonic acid linked together by a-(1?4)

linkages [48]. Industrial PEC is manufactured from the food

industries surplus product, including as apple pomace, citrus

peel, etc., which are acid extracted. In food industries, it is

commonly used as an emulsifier, glazing agent, etc.

Research has attributed that PEC has been employed as a

biomaterial in healthcare and biomedical applications due to

its non-toxic, biodegradable and biocompatible qualities

[48]. PEC’s typical insolubility in organic solvents prevents

it from being used in the synthesis of polymers but chemical

modification like methylation, acetylation, amidation,

quaternization, etc. is required to offset this disadvantage

[49,50]. These modified PECs have better-quality features

(solubility, gelling, etc.) like anticoagulation and bioadhe-

sion. Numerous studies have also identified that the derived

PECs showed properties of emulsion stabilizing, antimi-

crobial and antioxidant [51].

PCL nanofibres possess major limitations in a biological

activity that is mainly concentrated on hydrophobicity, and

microbial degradation properties, and therefore cannot

provide a suitable cell adhesion environment [24–26]. PCL

is recognized for its mechanical properties, but it lacks

ionizable side groups (–COOH and –NH2) that are found in

the CS and a variety of polysaccharides and proteins

(anionic). The chitin-derived CS (amino polysaccharide) is

identical to PEC and is also identified to possess similar

biological properties like biodegradability, hydrophilicity,

non-toxicity, biocompatibility along with the antimicrobial

and antithrombotic activity. Natural polysaccharide PEC

with an anionic nature was employed to cross-link the

cationic polymers. Furthermore, investigations have

demonstrated that CS cross-linked with PEC has enhanced

hydrophilicity, biocompatibility and mechanical strength at

pH levels ranging from 3 to 6 [52–55], making it suit-

able for the delivery of drugs and engineering of tissue.

Croisier et al [56] and Safari et al [57] successfully

demonstrated positive antibacterial activity with core–shell

nanofibres made of a PCL core coated with CS and

CS/polyvinyl alcohol-PEC/polyvinyl alcohol nanofibrous

film, respectively. Hence the primary objective of the

investigation was to synthesize biocomposite nanofibres by

electrospinning technique with different weight percentages

of PCL with CS–PEC blend. Further, the study assessed the

morphology, mechanical and biocompatibility properties of

the novel electrospun nanofibres using scanning electron

microscope (SEM), Fourier transform infrared spectroscopy

analysis (FT-IR), thermogravimetric analysis (TGA), and

tensile strength testing, and antimicrobial activity. This is

the first article that described the architecture of PCL-CS-PEC

nanofibres along with their antimicrobial activity to our

understanding.

2. Experimental

Pellet form of PCL (molecular weight: 80,000 g mol–1),

chitosan (molecular weight: 50,000–1,90,000 dalton

(Da)—deacetylated chitin) and pectin (citrus peel) were

procured from Sigma Aldrich, USA. Formic acid with a

density of 1.22 g ml–1 and acetic acid with a density of

1.050 g ml–1 were purchased from Fisher Scientific, Mumbai.

The microorganisms such as Bacillus subtilis (MTCC No.

2390), Escherichia coli (MTCC No.294), Staphylococcus
aureus (MTCC No. 9760) and Pseudomonas aeruginosa
(MTCC No. 4682) were obtained from MTCC, Chandigarh,

for antimicrobial assay. Mueller Hinton Agar (MHA) was

purchased from Hi-Media Laboratories, Chennai, and the

remaining chemicals were of analytical grade.

2.1 Sample preparation

2.1a PCL: To make 15% of PCL, 1.943 g PCL was mixed

with 3 ml of formic acid and 7 ml of acetic acid. Simi-

larly, 17 and 19% PCL were engendered by mixing the

solvents in quantities of 3 and 7 ml in 2.255 and 2.583 g of

PCL, respectively. A magnetic stirrer was used to agitate

the solutions for 3 h at room temperature until a homoge-

nous solution was achieved.

2.1b CS–PEC: CS (0.2 g) and 0.2 g of PEC were mixed

with formic acid and acetic acid (ratio of 3:7) and sus-

pended followed by continuous swirling for 1 h at room

temperature in a magnetic stirrer to fetch the uniform

mixture.

2.1c PCL–CS–PEC blends: Sample 15% PCS–CS–PEC

was prepared by adding drop by drop of 7 ml of 15% PCL

to 3 ml of CS–PEC solution and constantly swirled for 1 h

at room temperature in a magnetic stirrer to make a

homogenized solution of honey-like consistency. For all

other varied weight percentages, the samples were prepared

using the above-stated procedure.

2.2 Electrospinning

A syringe of plastic tube (5 ml) with a needle of 0.5 mm

internal diameter was filled with the desired percentage of

PCL–CS–PEC solution. A power source of high-voltage

was attached to the needle. A 17 kV was employed to
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electrospun the solution with a flow rate of 1 ml h–1 using

an electrospinning machine, following which fibres were

retrieved at a distance of 10 cm by spinning of the drum

through 450 rpm. Electrospun of the same settings were

kept for other percentages of PCL–CS–PEC mixes. All of

the tests were carried out at 25�C with a relative humidity of

30–50 weight percent.

2.3 FT-IR, SEM and TGA analysis

By convention, FT-IR is used to obtain the absorption and

emission of infrared spectra. Moreover, it gathers spectral

resolution of high intensity through a broad spectral range

and hence, proved to be better than a dispersive spectrom-

eter. 5 mg of sample was collected and evaluated using a

spectrophotometer at the University of Madras, India. The

morphological characterization of electrospun PCL nanofi-

bres, which include the scanning coils needed to raster the

beam onto the material, was studied using a Quanta 200

FEG SEM. From the synthesized nanofibres, a tiny portion

of 10 mm diameter was cut and put on an aluminium foil

sheet, which was then pierced on the stub. To produce a

vacuum, a suction pump is employed, and the sample is

then exposed to SEM examination. A thermal gravimetric

analyzer was used to measure phase transitions, absorption,

adsorption and desorption (physical phenomena) as well as

chemisorption, thermal decomposition and solid–gas reac-

tions (chemical phenomena) in the series of 30–10008C
with a flow rate of 20 ml min–1 through nitrogen atmo-

sphere. Weight (%) vs. temperature (8C) was displayed on

the graph.

2.4 Tensile strength testing

The electrospun of PCL–CS–PEC’s Young’s modulus was

measured using universal testing equipment at 23�C and

50% relative humidity. To evaluate the ultimate testing

strength, breaking strength, maximum elongation and

decrease in area, an increasing load was given to the

nanofibres up to the point of failure, i.e., until the fibres

reached their breaking point.

2.5 Antibacterial assay

Through a nutrient agar slant, microbial stock cultures were

preserved at 4�C. For experiments, active cultures were

prepared by transferring a loop full of culture from the stock

cultures into the nutrient broth test tubes that were incu-

bated for 24 h and maintained at 378C. The agar disc dif-

fusion method was used as per the standard procedure with

ampicillin as standard.

Nanofibre antibacterial properties were performed using a

disc diffusion technique through a medium of MHA. A Petri

dish is filled with MHA medium. A sterile swab with a

suspension of bacteria was dispersed onto the hardened

medium. The antibacterial (Ampicillin) discs were placed in

the centre of MHA plates in controls whereas, in other

plates, the desired percentage of PCL–CS–PEC to be

analysed was kept. At 37�C for 24 h, plates were incubated.

The zone of inhibition diameter was then noted to evaluate

the antibacterial activity in cm.

2.6 Statistical analysis

The investigated parameters were assessed using SPSS

version 23. A Student’s t-test was used to assess the sig-

nificance of the compared parameters. A p-value of 0.05

was regarded as significant.

3. Results

Under the influence of a high electric field, a solution of

polymer was ejected through a syringe during electrospin-

ning (involving voltages of up to several tens of kV). This is

an accelerated and extended surface-charged jet. The sol-

vent evaporated in the first few centimetres of the jet’s flight

through the air, making room for a nanometric fibre poly-

mer to settle on the metallic support. The solvent choice

was critical in this procedure and had a significant impact

on the dried fibre shape.

3.1 Electrospinning pure PCL nanofibre

PCL is not able to be processed directly by electrospinning,

hence a solvent system (formic and glacial acetic acid) was

added in different percentages of PCL to synthesize

nanofibres at particular PCL/solvent ratios. And nanofibre

formation was observed as represented in table 1.

When formic and glacial acetic acid is in 3:7 proportion,

15% PCL nanofibre formation was established than in other

ratios of the solvent. Similarly, 17% of PCL nanofibres

formed when formic and glacial acetic acids are supple-

mented in 3:7 and 5:5 ratios individually. The maximum

Table 1. Fibre formation in PCL blend biocomposites with

varying solvent ratios at various PCL weight %.

Weight %

Solvent system

(formic acid:glacial acetic acid ratio)

1:9 3:7 5:5 7:3 9:1

15% No Yes No No No

17% No Yes Yes No No

19% No Yes Yes Yes No

Note: Presence of nanofibre formation is represented by Yes.

Bull. Mater. Sci.           (2023) 46:23 Page 3 of 11    23 



frequency of nanofibres is synthesized in 19% PCL when

formic acid and glacial acetic acid are mixed in different

ratios of 3:7, 5.5 and 7:3 separately, except for 1:9 and 9:1

ratios of solvent. In other ratios of formic and glacial acetic

acids with PCL percentages, nanofibres were not formed.

Hence, PCL of 15%, 17% and 19% was selected for

forming a blend with CS and PEC combined together.

Hence, the desired percentage of 15%, 17% and 19% PCL

nanofibres in the ratio of 3:7 of formic and glacial acetic

acids was taken.

Chitosan readily dissolves by binding to hydrogen ions

with weak organic acids (formic and glacial acetic acids)

and hence, chitosan-bound hydrogen ions undergo greater

tension under electric force during electrospinning [58].

Moreover, as the concentration of chitosan increases in

the formic and glacial acetic acids, conductivity linear

behaviour can be observed. The conductivity of samples

may be adjusted by combining natural and synthetic

polymers. The process of electrospinning and, the sub-

sequent nanofibre was also impacted by the viscosity of

polymer solutions. Nanofibre cannot form with low vis-

cous polymer solution. Conversely, if the thickness is too

high, propelling the polymer solution through the needle

remains challenging. As a result, the concentration of

PCL in the current study was chosen as 15, 17 and

19 wt%, and the ratio of PCL to CS–PEC was in the

ratio of 7:3, as indicated in table 2, with the value of

conductance and viscosity, since the success of nanofibre

manufacturing using the process of electrospinning is

determined by polymer solution conductivity.

The study result demonstrated that nanofibre may be

successfully spun through 70cp viscous polymer solution

or higher polymer solution may improve when the

amount of PCL–CS–PEC is increased, but still, the con-

ductivity of the polymer solution would diminish. This

could be explained by the fact that reducing the amount

of PCL–CS–PEC in the mixture tends to decrease the

amount of ions present. Additionally, the PCL–CS–longer

PEC’s polymer chain limits molecular mobility and prone

to increase the mixture’s viscosity. Hence, the preliminary

result indicated that the concentration of PCL with 15,

17, and 19 weight %, and the ratio of PCL to CS–PEC

selected in 7:3 ratios individually were determined to be

optimal and ideal for nanofibre formation for assessing

the morphological characterization using the process of

electrospinning.

3.2 Morphological description

Figure 1 showed the nanofibre sample morphology of var-

ious PCL–CS–PEC concentrations in SEM. It demon-

strated that when the concentration of PCL–CS–PEC

increases, the diameter of the nanofibre increases. In com-

parison to nanofibres with lower PCL–CS–PEC concentra-

tions, it also produces more voids, increasing porosity. In

comparison to lower PCL–CS–PEC concentration nanofibre

samples, the higher PCL–CS–PEC concentration nanofibre

diameter distribution of samples is likewise further homo-

geneous. Samples with varying PCL–CS–PEC concentra-

tions, on the other hand, revealed that beads formed as well

observed with 15% and 17% and not with 19%, and the

beads might be related to the concentration of CS and PEC

of PCL–CS–PEC in all samples, as perceived in figure 1. It

illustrated that adding PCL to a CS and PEC solution

changes the structure of the generated nanofibre. Because

the addition of PCL lowers the CS and PEC concentration

in the mixture, the high surface tension is reduced [59]. As a

result, the formed nanofibres can be more uniform.

Figure 2 demonstrates the sample’s average diameter that

was estimated using Image software from a higher magni-

fication SEM image [60]. Table 3 shows the ranges of novel

PCL–CS–PEC nanofibres with different percentages of

PCL. It indicated that once the proportion of PCL in the

mixture improved, nanofibre diameter also increased. PCL

addition to CS–PEC polymer might have increased the

mixture viscosity, causing large diameter nanofibres to form

[61].

3.3 FT-IR data

Spectrum of FT-IR samples with different percentages of

PCL–CS–PEC blend are shown in figure 3. It is observed at

399 to 6000nm wavelength, all the samples of different

percentages of PCL–CS–PEC showed similar peaks at a

different wavelength. The presence of the C=O functional

group in PCL is denoted by the observed peak at 1700 nm in

all the three percentages of PCL–CS–PEC [59]. The peak at

2900 to 2800 nm indicated the presence of functional group

(N–H and O–H) of CS due to hydrogen bond, whereas the

peak at 1120 to 990 nm indicated the presence of galac-

turonic acid in pectin molecules [59]. Hence, the presence

of PCL–CS–PEC blend composition is confirmed through

Table 2. Preliminary sample nanofibre formation.

Weight % Ratio of PCL:CS:PEC Conductance (mS) Viscosity (cp)

15% 7:3 0.33 ± 0.13 70.60 ± 1.14

17% 7:3 0.25 ± 0.02 77.90 ± 1.9

19% 7:3 0.19 ± 0.01 92.4 ± 2.3
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FT-IR analysis. The maximum peak absorbance of 2.35 to

4.1 at 1399 and 1899 nm was an indicative of PCL–CS–

PEC presence in the nanofibre.

3.4 Thermogravimetric analysis

PCL–CS–PEC blend under nitrogen atmosphere can be

observed in figure 4. The degradation of PCL–CS–PEC

initiated at 235.03�C with an initial weight of 99.02%,

reaching a maximum degradation at 696.9�C with 1.3%

weight and leaving a residue at 800�C (0.9%) in 15%

PCL–CS–PEC blend. Similarly, 17 and 19% also showed an

initial melting temperature and maximum degradation

temperature at 280�C (99.24%), 186�C (99.71%) and

536.2�C (1.9%), 539.2�C (2.6%).

3.5 Tensile strength testing

The tensile properties of scaffolds must be determined since

they must be robust, stress-resistant, flexible, and pliable in

order to withstand the stresses imposed by various regions

of the body and their diverse forms [62]. The nanofibrous

scaffold’s Young’s modulus and strain at break of

PCL–CS–PEC were measured, and the results are displayed

in figure 5.

Sample 19% PCL–CS–PEC showed higher Young’s

modulus and elongation at break (%) of 4.71 megapascal

(MPa) and 54.7% than 15% and 17% PCL–CS–PEC with nil

level of statistical significance (p [ 0.05) between them.

Studies had already established that the addition of pectin in

nanofibres is always associated with stronger and increased

elastic stiffness in a similar study [63]. In our study, a higher

Figure 1. SEM pictures of nanofibre samples with varied concentrations of PCL–CS–PEC 15%,17% and 19% in wt%: (a) 15% PCL,

(b) 17% and (c) 19% in high resolution.
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Figure 2. Mean diameter of analysed samples.

Table 3. Novel PCL–CS–PEC nanofibre range with different

percentages of PCL.

Weight % Range of nanofibre diameter (lm)

15% 0.11–0.22

17% 0.11–0.29

19% 0.12–0.28
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percentage of PEC may be responsible for stronger and higher

elastic stiffness properties. Table 4 represents the thickness of

different percentages of PCL–CS–PEC blend nanofibres and

shows that the least thickness was observed with 19% of

PCL–CS–PEC blends followed by 17% and then 15% with no

statistical significance between them (p[0.05).

3.6 Antibacterial activity of nanofibres

Antibacterial activity was found to be good with all

pathogenic bacteria in different percentages of PCL–CS–

PEC. It was determined that the antibacterial activity was

based on concentration. In positive controls, no zone of

inhibition activity was observed. In 19% PCL–CS–PEC, the

maximum zone of inhibition with a 2.1 cm diameter clear

zone was observed in E. coli, 1.9 cm against Pseudomonas
aeruginosa, and 2 cm in Staphylococcus aureus and

Bacillus subtilis individually, as shown in figure 6.

The uppermost microbial inhibition zone was found in

E. coli and S. aureus (1.9 cm) with 17% PCL–CS–PEC

blend, followed by 1.8 cm for B. subtilis and 1.7 cm for

P. aeruginosa. E. coli and S. aureus were maximally sup-

pressed by 1.7 cm and B. subtilis and S. aureus by 1.6 cm,

respectively, in the presence of 15% PCL–CS–PEC

nanofibres. The overall mean zone of antimicrobial inhibi-

tion was 1.5 ± 0.8 cm in control, but the mean of 15%,

17%, and 19% PCL–CSPEC was 1.65 ± 0.06, 1.8 ± 0.1 and

2.0 ± 0.08 cm, respectively. As a result, antibacterial

activity was shown to be highest in 19% PCL–CS–PEC.

4. Discussion

Literature has already documented the application of benign

solvents in electrospinning [64–67], hence more research

into the fibre qualities generated by associating diverse

benign solvents with normal solvents is required. Several

research investigated the electrospinning of PCL using

various solvent systems, and diverse nanofibres were gen-

erated from conventional organic solvents, while with

specific benign solvents also. Either a single or mixtures of

multiple solvents have been used to dissolve PCL [68]. PCL

solubility with benign solvents including water, acetic acid,

formic acid, acetone and ethanol has been well described in

the literature [66–70]. Hence, this study employed formic

acid and glacial acetic acid for dissolving PCL and identi-

fied that 15%, 17% and 19% of PCL dissolved well with 3:7

ratios.

Electrospinning was used to create a composite

PCL/chitosan/pectin nanofibrous scaffold. Different

parameters were modified to generate bead-free smooth

fibres, including voltage, needle distance (spinneret) and

collector, rate of flow of polymer solution, and PCL/CS/

PEC solution proportion according to the study [71]. The

above-mentioned parameters have been found to influence

the shape of electrospun nanofibres. Nanofibrous scaffolds

were created with different parameters to study cell sur-

vival, degradation and other factors. This study observed

beads formation predominantly in 15 and 17% PCL–CS–

PEC and Gautam et al [71] defined the underlying principle

behind the bead formation in PCL blends and suggested that

Figure 3. FT-IR spectra of different percentages of PCL–CS–PEC.
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Figure 4. TGA outcome of nanofibre samples with varied concentrations of PCL–CS–PEC: 15% PCL, 17% PCL and 19% PCL–CS–

PEC blend.

Figure 5. (a) Tensile strength and (b) elongation at break of nanofibre samples with varied concentrations of

PCL–CS–PEC 15, 17 and 19%.
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beaded structure morphology could be converted to smooth

fibre morphology through altering or decreasing the con-

centration of ionic polymers (PEC and CS). Moreover, the

study proved that PCL when dissolved in the proportion of

3:1 volume/volume of chloroform and methanol cannot

generate any ions in the solution is a non-ionic synthetic

polymer, whereas PEC and CS are ionic polymers with

various ionizable groups. Henceforth, this study ignored the

bead formation in 15% and 17% PCL–CS–PEC, as reducing

the ionic polymers concentrations of CS and PEC will offer

the advantage of producing bead-free nanofibres. Moreover,

the present investigation had not identified any bead for-

mation in 19% PCL–CS–PEC. Hence, the study has con-

sidered 15, 17 and 19% PCL–CSPEC for the analysis of

antimicrobial activity.

It is well known that the diameter of nanofibres and the

size of pores play a role in cell proliferation over the

scaffold [72,73]. It was proved that human skin fibroblast

proliferation was regulated by the diameter of fibre

according to Kumbar et al [72]. The study established that

with 250–1,200 nm fibre diameter range of nanofibrous

scaffold had a well-defined fibroblast morphology. The

interaction between the scaffolds and their environment

depends on the pore size scaffolds since excellent cell

proliferation would occur only when there is an effective

metabolic exchange between the scaffold and its sur-

roundings. Another study showed that PCL/CS/PEC indi-

cated that 6.6 ± 1.9 lm of average pore size ranging from

3.6 to 10.6 lm showed better results for cell proliferation

[71]. The current investigation had projected that 0.16, 0.18,

0.19 lm for 15, 17 and 19% PCL–CS–PEC nanofibres

Table 4. Thickness of different percentages of PCL–CS–PEC

blend nanofibres.

Thickness (mm) Mean

15% PCL–CS–PEC 0.34 ± 0.005

17% PCL–CS–PEC 0.33 ± 0.01

19% PCL–CS–PEC 0.023 ± 0.005

Figure 6. Various percentages of PCL–CS–PEC against different antimicrobial activity through zone of inhibition

(cm) along with control.
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coincide with the earlier reports, which had defined the

\5 lm pore size to be the lower cutoff limit for ideal cell

penetration and migration, which would result in the wound

healing process [71,74]. Hence, the pore size obtained in the

present investigation was found to be ideal for cell prolif-

eration to be investigated in future studies. The result of the

pore sizes identified in this study was almost inconsistent

with the previous studies [59]. In all three PCL–CS–PEC

percentages tested, two weight loss drifts were found in

PCL–CS–PEC nanofibres. The initial step of nanofibre

disintegration occurred at roughly 186 to 286�C on

PCL–CS–PEC polymers of various percentages. After the

loss of water, the second breakdown stage took place at

temperatures ranging from 536 to 696�C. When the test was

completed at 700 to 800�C, the sample lost its moisture

content and had a residual mass of 0.86 to 2.2%. Santos

et al [75] recorded a residual mass of 29.7 ± 0.5% in lit-

erature for polysaccharides/polyvinyl alcohol blend

nanofibrous, but the present investigation was a novel fab-

rication of nanofibres with PCL, CS and PEC and hence,

there would be a disparity. Moreover, there was a complete

degradation of nanofibre witnessed in the present study.

On the permeability of bacterial membranes, PCL, CS

and PEC based nanofibres generated by electrospinning

have been well established to possess an

antimicrobial effect [76,77]. Therefore, our study also

proved to have an antibacterial activity, which might be

attributable to a synergistic effect. The significance of each

individual PCL–CS–PEC nanofibres with concern to its

clinical role for suitability in human use has been presented

in table 5. In addition, the previous literature had already

discussed each component of PCL–CS–PEC nanofibres

with regard to the nanofibre’s properties and suitability for

electrospinning [78–80].

5. Conclusion

The present work used CS–PEC, a biocompatible and non-

toxic polysaccharide. Electrospinning was used to success-

fully produce CS–PEC nanofibres coupled with PCL poly-

mer. The structural morphology of the PCL–CS–PEC

nanofibres clearly displays the presence of nanofibres. The

distinct peaks for the corresponding primary functional

groups were clearly identified in the FT-IR characterization

of PCL–CS–PEC nanofibres, as well. TGA confirmed that

PCL–CS–PEC nanofibres have greater thermal stability.

The antibacterial activity of the studied nanofibre proved to

be effective against a wide range of microbial organisms,

which aids in wound healing. Sample 19% PCL–CS–PEC

Table 5. Clinical application of individual components in PCL–CS–PEC in nanofibres.

Nanofibre components Application Suitability of nanofibres

PCL 4 Tissue engineering
–Scaffolds in bone repair, cell repair, modulating

gene expression in disease modelling and

cancer, cardiac, bone, stem cell research, etc.

4 Wound healing
–Embedded with placental-derived bioactive

molecules, etc.

4 Drug delivery
–Superior drug delivery of anticancer therapeutics

–Drug-delivering materials encapsulating herbal

antibacterial agents and are efficiently applied

to treat skin bacterial infections or wound

healing

The materials possess the following advantages:

• Non-cytotoxic

• Biocompatible

• Bioabsorbable

• Biodegradable

CS with other blended

nanofibres

4 Drug delivery
–Antibiotics, chemotherapeutic agents, proteins

and anti-inflammatory analgesic drugs

4 Wound healing
–Treat skin bacterial infections and thereby aids

in wound healing,

4 Tissue engineering
4 Enzyme immobilization

The materials possess the following advantages:

• Non-cytotoxic

• Biocompatible

• Bioabsorbable

• Biodegradable

PEC with other blended

nanofibres

4 Cell encapsulation

4 In-vitro synthesis of red blood cells

4 Bioprinting

4 Drug delivery

The materials possess the following advantages:

• Non-cytotoxic

• Biocompatible

• Bioabsorbable

• Biodegradable
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demonstrated better antimicrobial activity against control

than 15% and 17%, which might be attributable to con-

centration. Future studies will be conducted for the vali-

dation of the analysed nanofibres using in vivo
investigations for the purpose of a wound dressing.
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