
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

1/
20

25
 1

1:
43

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Polyvinylpyrrolid
aDepartment of Physics, Faculty of Math

Teknologi Bandung, Jalan Ganesa 10, Band

.itb.ac.id; krijal@.itb.ac.id; Fax: +62 22 8
bResearch Center for Biosciences and Bio

Community Services, Institut Teknologi Ban

Indonesia
cDepartment of Pharmaceutics, School of Pha

Ganesa 10, Bandung 40132, Indonesia

† Electronic supplementary informa
10.1039/c9ra04072b

Cite this: RSC Adv., 2019, 9, 26351

Received 29th May 2019
Accepted 8th August 2019

DOI: 10.1039/c9ra04072b

rsc.li/rsc-advances

This journal is © The Royal Society of C
one/cellulose acetate electrospun
composite nanofibres loaded by glycerine and
garlic extract with in vitro antibacterial activity and
release behaviour test†

Dhewa Edikresnha, ab Tri Suciati, c Muhammad Miftahul Munir *ab

and Khairurrijal Khairurrijal *ab

The antibacterial activity of garlic (Allium sativum) is believed to be due to its organosulfur compounds,

which can supposedly be used further in biomedical applications. This paper reported the use of

electrospinning to encapsulate a garlic extract and glycerine in nanofibrous mats. Polyvinylpyrrolidone

(PVP) and cellulose acetate (CA) were the building blocks of the composite fibres that served as the

hydrophilic matrix to encapsulate the garlic extract with glycerine added mainly to improve the

mechanical characteristics of the composite fibres. The combinations of the fibres were PVP/CA, PVP/

CA/garlic, PVP/CA/glycerine, and PVP/CA/glycerine/garlic. The characterizations included the

morphology, chemical interaction, swelling degree, weight loss, acidity level, wettability, in vitro

antibacterial test, and release behaviour test. The composite nanofibrous mats were uniform, bead-free

with a size ranging from 350 nm to 900 nm. The Fourier-transform infrared spectra proved the presence

of the garlic extract and glycerine in the fibres. The swelling degree test showed that the fibrous mats

generally did have maximum swelling degrees above 100% except for the PVP/CA fibrous mat, whose

maximum value was not achieved within 48 hours. The fibrous mat with glycerine showed generally

larger weight loss compared to the fibrous mats without glycerine. The result of the contact angle

measurement proved that the composite fibres are all hydrophilic with the PVP/CA/glycerine/garlic fibres

being the least hydrophilic. The pH level of the fibre mats was from 3.7 to 4.0 due to the use of acetic

acid. The Young's modulus and ultimate tensile strength of the mats were significantly reduced due to

the presence of glycerine. The encapsulation of the garlic extract in the fibres did not eliminate the

antibacterial activity of the garlic extract, as proven in the in vitro antibacterial test. The release of the

garlic extract from the composite PVP/CA/glycerine/garlic fibres was found to be the largest due to the

large diameter of the fibres, while the blend of PVP with CA successfully reduced the rate of release due

to the insolubility of CA. We successfully encapsulated the garlic extract and glycerine in the PVP/CA

nanofibrous mats with antibacterial activity.
1. Introduction

It is known that garlic (Allium sativum) has many health benets
because it has antibacterial,1 antioxidant,2 antibiotic,3 anti-
cancer,4 and antiviral5 activities. The antibacterial activity of
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garlic is due to its organosulfur compounds, which are soluble
in both water and oil.6 Hence, garlic can be applied in
a biomedical device to prevent bacterial growth. A garlic extract-
encapsulated nanobrous matrix can hinder the bacterial
growth physically and chemically. Since the bacterial size is
usually at the microscale, it should not be able to penetrate the
pores of the nanobrous mats.7 Additionally, the growth of
bacteria on the surface of the nanobrous mats can be pre-
vented chemically by the release of the encapsulated garlic
extract from the bres.

The antibacterial activity of garlic is assumed to come from
the allicin compound in it, which has a different mechanism
from other antibacterial agents such as silver, copper, and gold
nanoparticles. Silver nanoparticles use physical means to
destroy the bacteria by attaching themselves to the wall and
RSC Adv., 2019, 9, 26351–26363 | 26351
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penetrate it. Additionally, silver nanoparticles create abundant
free radicals and reactive oxygen species, thus preventing the
growth of cells.8 Copper nanoparticles create reactive oxygen
species in the bacterial cells, thus peroxidizing the cellular
lipids, oxidizing proteins, and degrading DNA.9 Gold nano-
particles disrupt the membrane potential of the cell, thus
weakening the metabolism of the cell.10 On the other hand,
allicin in garlic inhibits the thiol-containing enzymes such as
cysteine proteinases, alcohol dehydrogenases, and thioredoxin
reductases, which are important to sustain the metabolism and
balance inmicroorganisms.11 However, the antibacterial activity
degrades when stored at room temperature.12 Hence, a good
encapsulant is needed.

In previous research, silver nanoparticles still maintained
their antibacterial activity when encapsulated in polydopamine,
a mussel-inspired chemical.13 In other reports, the release of
silver nanoparticles from polydopamine was enhanced by
involving graphene oxide14 or MoS2.15 In a previous experiment,
gold nanoparticles still possessed antibacterial activity against
Staphylococcus aureus and Escherichia coli when encapsulated in
polyurethane.16 Additionally, copper nanoparticles coated with
a polyurethane foam also exhibited antibacterial activity against
Escherichia coli used in a water lter application.17 The results
prove that the encapsulation of an antibacterial agent does not
reduce the antibacterial activity itself.

In environmental and biomedical applications, many types
of nanomaterials have been thoroughly researched with
various strategies. Surface-modied SiO2 nanoparticles can
adsorb the organic dye Congo red and hence can be used in
wastewater treatment.18 Also, the dye adsorption capability of
MoS2 can be signicantly improved by surface modication
with self-polymerized levodopa (DOPA).19 Other than dye
adsorption, the removal of a metal ion such as Cu2+ is possible
using a functionalized composite of carbon nanotubes.20

Additionally, the degradation of some pollutants can be cata-
lysed by gold nanoparticles trapped inside a shell made of
Fe3O4 polydopamine.21 Beside environmental applications,
nanomaterial advancement also contributes to various
biomedical elds, such as biomedical imaging,22–24 biosens-
ing,24 cancer treatment,25 anti-diabetic materials, wound
healing,26 and drug delivery.27–29 Hence, there is no limit to the
types of nanomaterials that can be synthesized as well as their
applications.

Recently, there has been a huge development in the appli-
cation of electrospun nanobres in the biomedical sector. The
brous structure can sustain the migration and proliferation
of the cells to allow tissue growth.30 Electrospun nanobres
have been widely applied in ltration,31,32 tissue culture, scaf-
folding,33 and drug carriers.34 Due to the large surface area of
the nanobres, a natural extract can be encapsulated and its
stability is maintained within the polymer matrix.35 By
adjusting its dimensions and morphology, the pharmaceutical
aspects and pharmacokinetics of the encapsulated drug can be
controlled.36

In many previous studies, it has been found that polyvinyl
alcohol (PVA) has oen been used as the building block of bres
since it has relatively good mechanical strength as well as
26352 | RSC Adv., 2019, 9, 26351–26363
excellent chemical resistance, hydrophilicity, and biocompati-
bility; therefore, it ts the requirements of biomedical appli-
cations.37 Nevertheless, PVA is not suitable as a carrier matrix
for garlic extract since the dissolution of PVA requires a high
temperature, while allicin present in the garlic extract is
degraded at a temperature above 40 �C.38,39 Hence, the polymers
used in this research were PVP40 and CA41 since they do not
require a high temperature for dissolution. PVP is also non-toxic
and biocompatible; hence, it is suitable for biomedical appli-
cations.42 Previously, PVP has been used as a carrier matrix for
antibacterial agents such as cinnamon essential oil,43 cellulose
nanocrystals/silver nanoparticles,44 quaternized chitosan
derivatives,45 and the extract of Tecomella undulata.46 However,
PVP can decompose rapidly when in contact with a humid
environment, thus making it unsuitable for some biomedical
applications such as wound dressing.47,48 To prevent rapid
decomposition, it is then mixed with CA, which is water-
insoluble; hence, it will not degrade when in contact with
water or a humid environment. CA is an ester of cellulose and
acetic acid, which has been traditionally applied for lamina-
tion.49 In biomedical applications, CA has been used in tissue
engineering, nutraceutical delivery, crop protection, cigarette
lters, and antimicrobial mats.41 Similar to PVP, CA is also non-
toxic and biocompatible.41,50 In previous reports, the blend of
PVP/CA has been studied and successfully used as a carrier
matrix for ibuprofen with acetone/DMAc as the solvent.51,52

However, the large Young's modulus of the blend composite
nanobres may limit the number of possible applications.

In this research, glycerine was used as an additive in the
composite electrospun bres although glycerine is not known
to possess signicant antibacterial activity. There is even
a report stating that the incorporation of glycerine into iso-
propyl alcohol reduces the inhibition zone diameter of
a substance.53 Another report also states that pure glycerine
does not inhibit the growth of the Clostridium butyricum
bacteria under 90 g L�1.54 Nevertheless, glycerine (or its
derivatives) can be used to improve the mechanical properties
of a material such as increasing the ultimate tensile strength
or the failure strain.55 These properties are quite signicant for
certain applications such as for patients with cardiac condi-
tions as a material that is too stiff can cause danger or
discomfort.56 In general, more exible materials, especially the
biomaterials made of electrospun bres, will have a broader
range of applications, which is why glycerine is used.

Although it has been researched to a small extent in
a previous paper,6 to the best of our knowledge, no detailed
research has been conducted to further examine the charac-
teristics of an electrospun composite brous mat with an
encapsulated garlic extract and glycerine. Therefore, this
research aimed to develop and characterize some properties of
the composite bres with an encapsulated garlic extract and
added glycerine using conventional electrospinning in the
blend of PVP and CA polymers. The characterizations involved
a morphological examination by employing a scanning electron
microscope, Fourier-transform infrared spectrometer, swelling
degree/weight loss, contact angle measurement, mechanical
tensile strength, antibacterial assay, and release behaviour test.
This journal is © The Royal Society of Chemistry 2019
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2. Experimental
2.1 Materials

PVP with a molecular weight of 1300 kg mol�1 and CA with
a molecular weight of 50 kg mol�1 were purchased from Sigma-
Aldrich. The glycerine and glacial acetic acid used in this
experiment were obtained from PT. Brataco, while distilled
water was bought from the Department of Chemistry, ITB.
Garlic was acquired from a local market, which was grown
locally in West Java Province, Indonesia; it was stored at 4 �C.
Glacial acetic acid was mixed with water to make a 98% (v/v)
acetic acid solution.
2.2 Extraction of garlic

For the extraction process, garlic was rstly crushed by
a blender machine until the texture became so. The crushed
garlic was then macerated in ethanol at a weight ratio of garlic
to ethanol of 1 : 1 for two nights at an ambient temperature of
4 �C. Aerward, the crushed garlic was centrifuged at 4600 rpm
for 30 minutes. The supernatant of the centrifuged garlic was
then ltered using a qualitative lter paper of diameter 110 mm
produced by Xinxing to lter any insoluble solid particles in the
extract. This ltered liquid was then designated as the garlic
extract used throughout the experiment. The extraction method
was similar but with a slight modication to the previous
experiment.57
2.3 Precursor solutions

The precursor solution was made rstly by dissolving each PVP
and CA in 98% acetic acid. The solutions of PVP and CA were
made at the concentrations of 9 wt% and 9.6 wt%, respectively.
The CA solution was thenmixed with PVP solution in the weight
ratio of PVP : CA ¼ 8 : 5, which made the ratio of the dry weight
of PVP to CA to be 3 : 2. The mixed solution was stirred at room
temperature until it became fully homogenous. Subsequently,
for every 13 grams of PVP/CA solution, one gram of glycerine
was added to produce the solution PVP/CA/glycerine, or one
gram of garlic extract was added to produce the solution PVP/
CA/garlic. The solution of PVP/CA/glycerine/garlic was made
by adding both one gram of garlic extract and one gram of
glycerine to the PVP/CA solution. Therefore, there were four
precursor solutions produced in this study; they were PVP/CA,
PVP/CA/garlic, PVP/CA/glycerine, and PVP/CA/glycerine/garlic.
Fig. 1 Schematic diagram of the electrospinning apparatus.
2.4 Characterizations of solution properties

Before undergoing the electrospinning process, glycerine, garlic
extract, and all precursor solutions were characterized for their
viscosity using an Ostwald–Fenske viscometer (Fisher Scientic,
Surface Tensiomat model 21); the conductivity was determined
using a conductometer (Mettler Toledo AG, 8603 Schwerzen-
bach), and the surface tension was measured using a du Nöuy
tensiometer (Fisher Scientic, 50 A643).
This journal is © The Royal Society of Chemistry 2019
2.5 Electrospinning process

The precursor solution was inserted into a syringe equipped
with a 21G needle with an inner diameter of 0.80 mm. Aer
everything was set in place, the electrospinning process took
place (Nachriebe, Nachriebe 601) (Fig. 1). The electrospinning
apparatus is the same as that used in a previous experiment.32

The solutions PVP/CA, PVP/CA/garlic PVP/CA/glycerine, and
PVP/CA/garlic/glycerine were electrospun at an applied voltage
of 15 kV, ow rate of 10 mL per minute, and gap distance of
12 cm. The environmental parameters including the relative
humidity and temperature of the electrospinning chamber were
kept at 50–60% and 25 �C, respectively.

2.6 Scanning electron microscopy and Fourier-transform
infrared spectroscopy

The morphology and diameter of the bres were investigated by
analyzing the images taken from a scanning electron micro-
scope (SEM) (JEOL, JSM-6360LA) with the excitation voltage of
15 kV. The existing functional groups and the intermolecular
interaction in the composite brous mats were identied by
a Fourier-transform infrared (FTIR) spectrometer (Bruker,
Alpha) in the wavenumber range from 500 to 4500 cm�1.

2.7 Wettability test

To examine the wettability of the brous mats, a contact angle
test was performed at room temperature using a contact angle
meter (Nachriebe, Nachriebe 320), which is similar to the
apparatus in a previous research.32 A 5 mL water droplet was
dropped on the mat under testing (MUT), whose shape was
expected to be atter with time due to the hydrophilicity of the
brous mats. The image of the water droplet on the surface of
the MUT was then captured and analyzed.

2.8 Swelling degree/weight loss test

The swelling degree of the brous mats was examined by
placing the brous mats inside a phosphate buffer saline (PBS)
solution at the physiological pH of 7.4 at approximately 37 �C.
The weight of the mats was then measured at 0, 3, 6, 12, 24, and
48 hours. Before weighing, the brous mats were blotted onto
a lter paper to absorb the water le on the surface of the mats.
RSC Adv., 2019, 9, 26351–26363 | 26353
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The swelling degree of the brous mats could then be deter-
mined from the following eqn (1):

Degree of swelling ð%Þ ¼
�
Mt �Mi

Mi

�
� 100 (1)

here,Mt is the weight of the brous mat aer t hours of soaking
and Mi is the initial mass.

The weight loss test of the mats is basically complementary
to the swelling degree test. The soaked bres were warmed in an
oven set at 40 �C until a constant weight was achieved. The
weight loss could be determined from eqn (2):

Weight loss ð%Þ ¼
�
Mi �Md

Mi

�
� 100 (2)

here,Md is the weight of the dried mats aer immersion in PBS
for t hours, while Mi is the initial weight of the mats before
being soaked in water.6

2.9 Tensile test

The tensile strength and Young's modulus of the mats were also
investigated by conducting a tensile test on all the brous mats.
The measurements were carried out using a tensile tester
apparatus (Textechno, Favigraph). The mats were cut into
rectangular shapes with the dimensions of 2.5 mm � 25 mm
and the thickness was measured by a screw micrometer. The
cross-sectional area of the rectangular cuts was needed to
determine the stress of the mats. Young's modulus is the slope
of the linear part of the stress–strain curve, while the ultimate
tensile strength is the maximum stress on the curve. The load
cell was 100 cN, the extension rate was 0.6 mm min�1, and the
gauge length was 10 mm. The test was conducted in triplicate.
The extension rate and the gauge length were similar to that in
a previous experiment.44

2.10 pH test

The pH level was examined to determine the level of acidity of
the brous mat. The pH level of the composite nanobrous
mats was investigated using a pH meter (Mettler-Toledo, FE20-
Kit). About 100 mg brous mats were stirred for three hours in
ten mL deionized water. This method is similar to a previous
experiment.58

2.11 In vitro antibacterial test

The antibacterial activity of the garlic extract and the composite
nanobrous mats was investigated against Staphylococcus
aureus (ATCC 6538) and Pseudomonas aeruginosa (ATCC 9027).
The antibacterial activity of the garlic extract was examined
using the microdilution method, while the antibacterial activity
of the composite nanobrousmats was inspected using the disk
diffusion method based on the Clinical Standard Laboratory
Institute method.59,60 The antibacterial test of the garlic extract
was conducted in a 96-well microtiter plate, in which the
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) were to be determined. The
plate consisted of 96 wells with twelve columns (labeled 1–12)
and eight rows (labeled A–H). The wells in rows A to C were
26354 | RSC Adv., 2019, 9, 26351–26363
reserved for Pseudomonas aeruginosa, while the wells in rows F
to H were used for Staphylococcus aureus. The wells in column 1
were lled with 200 mL Mueller–Hinton broth (MHB) medium,
while the wells from column 2 to column 11 were lled with 100
mL MHB medium. The wells in column 12 were initially lled
with 200 mL garlic extract solution. Aerwards, one hundred mL
of garlic extract from column 12 was taken and mixed with the
MHB in the eleventh column. Then, one hundred mL of the
mixed solution of garlic extract and MHB in the eleventh
column was again taken and mixed with the MHB in the tenth
column. The procedure was repeated until the third column.
Therefore, the concentrations of the garlic extract in MHB (v/v)
from the twelh column to the third column were 100%, 50%,
25%, 12.5%, 6.25%, 3.125%, 1.56%, 0.78%, 0.39%, and 0.195%.
Subsequently, 10 mL of the bacterial suspension was added and
mixed in each well from column 2 to 12. In this test, column 2
functioned as the positive control for all the samples, where
there was only the growth medium and the bacteria. Therefore,
the growth of the bacteria was expected in column 2. On the
other hand, column 1 served as the negative control, where
there was only the growth medium inside. The microtiter plate
was subsequently incubated aerobically for 24 hours at 37 �C.
The MIC of garlic extract was determined from the well in which
the visible growth of bacteria was totally inhibited aer incu-
bation. Aer observation, the solution from each well was
swabbed onto a Mueller–Hinton agar (MHA) plate and incu-
bated for another 24 hours. The MBC of the garlic extract was
determined from the lowest concentration of garlic extract at
which no visible growth occurred on the swabbed plates.

To investigate the antibacterial activity of the composite
nanobrous mats, each mat was cut into a circle with a diam-
eter of about 2 cm. The mass of the circular mats varied due to
the different components in the mat. All the mats were irradi-
ated under UV light for 20 minutes for sterilization. Each circle
was placed on top of the MHA solid in a Petri dish. The inoc-
ulum of Staphylococcus aureus (1.3 � 106 cfu mL�1) and Pseu-
domonas aeruginosa (4.5 � 105 cfu mL�1) was mixed with MHA
and then subsequently poured on top of the circular mat.
Aerwards, the samples were incubated for 24 hours at 37 �C.
Aer 24 hours of incubation, 10 mL agar from the top of the
circular mat was diluted in sodium chloride solution several
times to obtain a calculated concentration of bacteria. Next,
one mL of the diluted bacterial suspension was swabbed on
MHA in a Petri dish and then incubated for 24 hours at 37 �C.
Aer the second incubation, the number of bacterial colonies
was counted to determine the activity of bacterial growth inhi-
bition. The samples used in this test were the composite mats of
PVP/CA, PVP/CA/glycerine, PVP/CA/garlic, and PVP/CA/
glycerine/garlic. As a positive control, the number of bacterial
colonies in the MHA without any composite nanobrous mat
was also counted. The antibacterial activity of the brous mat
specic to its mass was determined through eqn (3):

Antibacterial activity

¼ ½ðlog control ðcfu mL�1ÞÞ � ðlog fibers ðcfu mL�1ÞÞ�
mass ðgramÞ � ðlog control ðcfu mL�1ÞÞ (3)
This journal is © The Royal Society of Chemistry 2019
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The log10 reduction over the unit of area (cm2) of the bacterial
colony was found through eqn (4):

Antibacterial activity

¼ ½ðlog control ðcfu mL�1ÞÞ � ðlog fibers ðcfu mL�1ÞÞ�
area of membrane ðcm2Þ (4)
2.12 Release test

Before conducting the release test, glycerine and the garlic
extract were calibrated rst using a UV-Visible spectrophotom-
eter (Beckman Coulter, DU 7500i). The garlic extract was diluted
in PBS at the physiologic pH of 7.4 and a peak occurred at
203 nm. On the other hand, glycerine was diluted in 0.1 M
NaOH in PBS at pH 7.4 since no peak occurred when only PBS at
pH 7.4 was used. The peak for glycerine appeared at 217 nm
when diluted in 0.1 M NaOH in PBS at pH 7.4.61 The calibration
curve is needed to determine the concentration of garlic extract
and glycerine in the solution. Aerwards, the maximum content
of garlic and glycerine in the brous mat was determined. The
weighed brous mat was stirred in a magnetic stirrer lled with
the corresponding solutions until it was fully dispersed. The
solution was then scanned using the UV-Visible spectropho-
tometer. The total content of garlic and glycerine could be
determined from the calibration curve and the absorbance.

Aer determining the total content of garlic and glycerine,
the release proles of garlic extract and glycerine were examined
using a paddle dissolution test apparatus (Hanson Research,
SR8 Plus). The rotational speed of the paddle was 50 rpm and
the temperature was maintained at 37 �C � 0.5 �C. The release
of garlic was obtained from the PVP/CA/glycerine/garlic and
PVP/CA/garlic brous mats, while glycerine was released from
the PVP/CA/glycerine/garlic and PVP/CA/glycerine brous mats.
The release study of garlic was conducted at 400 mL of PBS at
the physiological pH of 7.4, while the solution for the release of
glycerine was 0.1 M NaOH in PBS at pH 7.4. Each slice of the
nanobrous mat was weighed and added into PBS. At 5, 10, 15,
30, 45, 60, and 120 minutes, a solution of approximately 5 mL
was taken out and the medium was substituted by an equal
amount of the buffer solution. The amount of garlic and glyc-
erine released at the mentioned intervals of time was measured
by using the UV-Visible spectrophotometer at 203 nm for garlic
and at 217 nm for glycerine. The method was similar to the
previous experiments.47,62
3. Results and discussion
3.1 Solution properties

As listed in Table 1, the composition of the precursor solutions
affects the density, viscosity, surface tension, and conductivity
of solutions. Glycerine is known to have large viscosity and
surface tension since it contains three hydroxyl groups; hence,
the intermolecular forces will be greater due to many hydrogen
bonds within a single molecule. The result obtained in this
experiment did not differ much from that of a previous
This journal is © The Royal Society of Chemistry 2019
experiment.63 The garlic extract, on the other hand, has very low
viscosity since it is an ethanol-mixed solution with some oily
garlic compounds. Hence, a solution system containing glyc-
erine has signicantly larger viscosity than the solution without
glycerine. Meanwhile, the conductivity of the garlic extract is
signicantly large, which may be due to the organosulfur
compounds of garlic as sulphur generally has large conduc-
tivity.64 Consequently, the solution systems containing garlic
extract have signicantly larger conductivity than the solutions
without the extract. Lastly, the surface tension of glycerine is
relatively high albeit numerically not as signicant as the other
two properties, but it matches quite well with that observed in
a previous experiment.65 The surface tension of the garlic extract
itself, although macerated by the mixed solvents of ethanol–
water, seemed to be affected by the essential oils of garlic as the
surface tension is found to be much lower than the surface
tension of water.66
3.2 SEM images

SEM images were taken to examine the morphological charac-
teristics of the mats. The morphology of the electrospinning
products usually appears in the form of ne bres, beaded
bres, or simple beads. In this study, the morphology of the
bres was investigated for the bres made from different
precursor solutions (Fig. 2). The homogeneity of the bres was
investigated by calculating the coefficient of variance (CV) of the
bres, which is dened as the ratio of the standard deviation
over the average diameter. Homogenous bres have CV smaller
than 0.3, with a lesser CV number indicating a larger degree of
homogeneity.67 The composite brous mat built up from pure
polymers (PVP/CA) was the most uniform with CV of 0.10, fol-
lowed by the brous mats made from PVP/CA/garlic (0.19), PVP/
CA/glycerine/garlic (0.22), and lastly PVP/CA/glycerine/garlic/
glycerine (0.23). As the polymer is the building block of the
bres, the existence of non-polymeric substances usually
reduces the homogeneity of the bres, as seen in the case of the
composite bres with glycerine and garlic extract.68 Since glyc-
erine served as the plasticizer of the brous mats, the bres
tend to be sticky. Furthermore, the bres with glycerine have
a certain amount of branches and the edge of one bre cannot
be differentiated clearly from that of another bre, as also found
in a previous research.6 This condition leads to the situation
where the bres seem to be collected in a cluster with the
branches of the bres coming out from the knot (Fig. 2c and d).

The bres made from PVP/CA/glycerine/garlic exhibited the
largest diameter since the precursor solution showed the largest
viscosity. For the precursor solution with large viscosity, it is
more difficult for the electrical force to stretch the jet; hence,
the bres generally have a larger diameter.69 Also, it appeared
that conductivity did play a role in the size determination of the
electrospun bres. The solutions of PVP/CA and PVP/CA/garlic
did not differ much in their viscosities, and the PVP/CA solu-
tion had slightly less viscosity. The precursor solution of PVP/
CA/garlic, however, had much greater conductivity. Therefore,
the average diameter of PVP/CA/garlic was signicantly less as
compared to that of the bres of PVP/CA. Conductivity is related
RSC Adv., 2019, 9, 26351–26363 | 26355
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Table 1 The characteristics of the precursor solutions

No. Name of solution Density (g mL�1) Viscosity (centipoise)
Conductivity at
25 �C (mS cm�1)

Surface tension
(dyne per cm)

1 Glycerine 1.26 927.47 � 0.47 0.78 � 0.01 62.50 � 0.10
2 Garlic extract 0.98 1.47 � 0.01 1279.01 � 0.01 29.47 � 0.06
3 PVP/CA 0.93 354.69 � 0.27 8.76 � 0.01 36.73 � 0.15
4 PVP/CA/garlic 0.94 356.91 � 0.01 60.20 � 0.01 35.03 � 0.06
5 PVP/CA/glycerine 0.94 496.80 � 0.06 16.48 � 0.01 38.20 � 0.20
6 PVP/CA/glycerine/garlic 0.94 516.33 � 0.32 61.11 � 0.01 37.13 � 0.15

Fig. 2 The size distribution of the fibres and the SEM images of the
fibres made from the solutions of (a) PVP/CA, (b) PVP/CA/garlic, (c)
PVP/CA/glycerine, and (d) PVP/CA/glycerine/garlic.
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to the number of induced charges in a solution when a high
voltage is applied. Higher conductivity leads to a larger number
of charges; hence, the electrical force becomes larger and the
diameter becomes smaller.70 The effect of conductivity, never-
theless, was less profound than the effect of viscosity as the
signicantly larger conductivity of PVP/CA/glycerine/garlic
compared to that of PVP/CA/glycerine did not prevent the
latter from having a smaller diameter.
26356 | RSC Adv., 2019, 9, 26351–26363
Based on the empirical result of a previous study reported by
Munir et al., the viscosity and the conductivity of the PVP/CA/
garlic solution far exceeded the minimum number to form
smooth and bead-free bres.71 Hence, no beads were found, as
observed in the SEM images.
3.3 FTIR spectra

FTIR analysis was conducted to observe the functional groups of
the composite bres affected by the presence of the garlic
extract and glycerine in the electrospun composite nanobrous
mats (Fig. S1†). The peaks for the PVP powder were found at
3448, 2954, 1660, 1430, and 1290 cm�1. The PVP powder was
characterized by the peaks at 1660, 1430, and 1290 cm�1, which
were attributed to C]O stretching, asymmetric stretching of
C–H deformations, and C–N stretching, respectively, for the
pyrrolidone rings. The broad peak at 3448 cm�1 was due to the
hygroscopic nature of PVP as it can form hydrogen bonds with
the C]O groups in a humid environment. The peak at
2954 cm�1 represents the asymmetric stretching of CH2

deformation.40

The spectrum of cellulose acetate powder shows a widening
peak located around 3487 cm�1, indicating the stretching of
O–H in unacetylated cellulose, while the peak at 1751 cm�1 is
attributed to the stretching of C]O in the acetyl group. The
bending vibration of C–H of CH3 in the acetyl group is shown by
the peak at 1377 cm�1. The peaks at 1236 and 1039 cm�1

represent the stretching of C–O in the acetyl group and the
stretching vibration of C–O–C from the cellulose backbone.72

The FTIR spectrum of glycerine shows a broad peak around
3414 cm�1, indicating the stretching mode of O–H. The peaks at
2937 and 2883 cm�1 prove the existence of the asymmetrical
and symmetrical stretching modes of CH2, respectively. The
peak at 1413 cm�1 indicates the bending vibration of CH2. The
sharp peak at 1043 cm�1 is related to the C–O stretching, while
the C–O–H stretching is represented by the peak at 924 cm�1.73

The FTIR spectrum of the liquid garlic extract has a similar
peak to the other results, which is a broad peak appearing at
3415 cm�1. This peak represents the stretching vibration of O–H
from the hydroxyl group, which indicates the presence of
polyhydroxy compounds, including avonoids, non-avonoids,
and saponins. These compounds are responsible for the anti-
oxidant activity of garlic or any plant in general. The peak at
2951 cm�1 is related to the asymmetric stretching of C–H in the
aromatic compounds. The peak at 1643 cm�1 represents the
This journal is © The Royal Society of Chemistry 2019
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stretching of C]O from the carbonyl and carboxylate groups,
while the peak at 1406 cm�1 is due to the bending vibrations of
O–H in carboxylic acids, which indicate the presence of avo-
noids, tannins, saponins, and glycosides. Tannins, saponins,
and glycosides are known to be responsible for the antibacterial
activity of extracts. The sharp peak at 1016 cm�1 is the charac-
teristic peak of a garlic extract, which indicates the S]O group
and proves the existence of organosulfur compounds such as
alliin, allicin, and diallyl disulde.74

The existence of the components in the composite bres was
conrmed (Fig. 3). The characteristic peaks for PVP are repre-
sented by the peaks at 1662, 1425, and 1290 cm�1 for the
composite PVP/CA bres, by the peaks at 1664, 1438, and
1292 cm�1 for the composite PVP/CA/garlic bres, by the peaks at
1662, 1438, and 1292 cm�1 for the composite PVP/CA/glycerine
bres, and by the peaks at 1662, 1435, and 1294 cm�1 for the
composite PVP/CA/glycerine/garlic bres. The characteristics
peaks of CA (1751 and 1377 cm�1) were observed for all the
composite bres at almost identical wavenumbers. The charac-
teristic peaks are indicated by the wavenumbers 1751 and
1371 cm�1 for the composite PVP/CA bres, wavenumbers 1753
and 1371 cm�1 for the composite PVP/CA/garlic bres, wave-
numbers 1751 and 1373 cm�1 for the composite PVP/CA/
glycerine bres, and wavenumbers 1751 and 1373 cm�1 for the
composite PVP/CA/glycerine/garlic bres. The characteristics
peaks of glycerine (1043 and 924 cm�1) were observed for both
Fig. 3 FTIR spectra of the composite fibres.

This journal is © The Royal Society of Chemistry 2019
PVP/CA/glycerine (at 1114 and 924 cm�1) and PVP/CA/glycerine/
garlic (at 1045 and 921 cm�1). Lastly, the characteristic peak for
the garlic extract was found at 1049 cm�1 for PVP/CA/garlic, while
it coincided with the peak for glycerine at 1045 cm�1 for PVP/CA/
glycerine/garlic, forming a shoulder beside the sharp peak.
Therefore, it can be concluded that the garlic extract and glyc-
erine were well included in the composite bres.
3.4 Swelling degree/weight loss

The investigation of the swelling degree is important for certain
applications in biomedicine. For example, it is useful to predict
whether a mat is capable of absorbing the exudate of the
wound.6 A careful examination of the degree of swelling showed
that each brous mat generally did have maximum swelling
before being reduced again (Fig. 4). The exception was the
brous mat of PVP/CA as the maximum point of swelling was
not reached within 48 hours, and the swelling degree was about
800% aer 48 hours. In general, the maximum swelling degree
of the composite bres was high (all of them were above 100%)
due to the hydrophilic nature of the carrier matrices, PVP, and
CA. During immersion, the brous mat absorbed the PBS
liquid; thus, it was swollen up until a certain degree. Aerwards,
the bres started to disintegrate in the liquid, making them not
in one full piece as before; hence, there was a decrease in the
weight, which was also observed in a previous study.75 The
addition of glycerine into the bres signicantly lowered the
maximum degree of swelling, where the degree of swelling was
120% in the case of PVP/CA/glycerine bres and 170% for the
PVP/CA/garlic/glycerine bres. Glycerine lled in the voids
between the bres, decreasing the porosity of the brous mat
and reducing the contact area between the bres and the water;
hence, less absorption of liquids occurred, as can be observed
from the SEM images. Additionally, the adhesive characteristics
of glycerine also contributed to the low swelling degree of the
brous mat since it hampers the intermolecular motion and the
extrication of PVP/CA chains.6 When the garlic extract was
added into the brous mat of PVP/CA, the maximum swelling
Fig. 4 The swelling degree of the composite fibrous mats.
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Fig. 6 The contact angle with its respective sessile drop pictures for
(from left to right) PVP/CA/garlic, PVP/CA/glycerine, PVP/CA/glyc-
erine/garlic, and PVP/CA.
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degree was near 1000% aer one and a half hours of immersion,
aer which the degree of swelling decreased rapidly. According
to this study alone, PVP/CA/garlic and PVP/CA/glycerine/garlic
are expected to be able to absorb body liquids without any
problem, and they are suitable for some biomedical applica-
tions such as wound dressing.

The weight loss experiment conrmed that a longer duration
of immersion increased the weight loss of the bres, which was
expected since more bres were dissolved (Fig. 5). However, the
bres with glycerine generally show a larger weight loss
compared to the bres without glycerine. It was expected that
glycerine was lost during the evaporation of the wet bres. The
bres without glycerine, on the other hand, did not have any
glycerine from the beginning. Therefore, the percentage of loss
was smaller. The garlic extract did not show any signicant
effect on the weight loss and it was expected that the extract
molecules formed bonds with the polymer molecules.

3.5 Wettability test

The wettability of the surface of the brous mat must be
investigated to examine how the mat interacts with water
droplets in a humid environment. A hydrophilic mat will easily
absorb the water droplets, causing the mat to decay. Conversely,
a hydrophobic mat does not experience any decay during the
interaction with water droplets and no wetting occurs on the
surface.32 The contact angles for the mats of PVP/CA/garlic, PVP/
CA/glycerine, PVP/CA/glycerine/garlic, and PVP/CA and also the
images of a water droplet resting on the surface of each mat
were recorded (Fig. 6). The contact angles for PVP/CA/garlic,
PVP/CA/glycerine, PVP/CA/glycerine/garlic, and PVP/CA mats
were 10.94�, 29.72�, 69.19�, and 13.75�, respectively. For all the
mats, the contact angle was found to be under 90�, hence
proving that all themats are hydrophilic (note: the contact angle
of a hydrophobic surface will be larger than 90�).76 The low
contact angles were predictable since the backbone of the
brous mats was made up of polyvinylpyrrolidone and cellulose
Fig. 5 The weight loss of the fibres composed of, from left to right,
PVP/CA/glycerine/garlic extract, PVP/CA/garlic, PVP/CA/glycerine,
and PVP/CA.

26358 | RSC Adv., 2019, 9, 26351–26363
acetate, both of which are hydrophilic.77 It is worth mentioning
that there were different degrees of hydrophilicity among the
mats. It is highly likely that the wettability of the bres is closely
related to the average diameter of the bres. PVP/CA/garlic,
which exhibited the smallest average diameter, showed the
lowest contact angle. Conversely, the PVP/CA/glycerine/garlic
mat exhibited the largest contact angle. Since the mat was
very hydrophilic, the lower diameter indicated a larger total
surface area between the bres; hence, there was more contact
between the droplet and the mat, making it more hydrophilic.
Compared to a previous experiment, some measured contact
angles of the materials used for biomedical applications were
found to be between 54� (alginate) and 90� (polyethylene
terephthalate).78
3.6 pH level of mats

The investigation of the pH level of the mats is important since
there is a tolerable range of pH in which the mats can be used
for biomedical applications. The growth of bacteria is rapid
when the pH is above 6.0. Therefore, the pH of the mats should
be low to hinder the growth of bacteria. However, a very acidic
mat may have limited applications. As such, healthy skin has
a pH between 4.0 and 6.0 and thus, the aim should be to obtain
mats with pH within the same range.79 In this experiment, the
acidity levels of the mat, glycerine liquid, deionized water, and
garlic extract are shown in Table 2.

As expected, the PVP/CA mat has the lowest pH or, in other
words, it is the most acidic, while the PVP/CA/glycerine/garlic
mat has the highest pH since the pH value of acetic acid as
the solvent of the precursor solution is very low, which is about
2.4.80 The PVP/CA mat was synthesized from a precursor solu-
tion with the least concentration of the solute; hence, the
content of acetic acid as the solvent was the largest, while the
opposite case was observed for PVP/CA/glycerine/garlic. The pH
values of the PVP/CA/garlic and PVP/CA/glycerine mats were in
This journal is © The Royal Society of Chemistry 2019
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Table 2 The pH of the composite nanofibrous mats, glycerine,
deionized water, and garlic extract

Samples pH

PVP/CA 3.70 � 0.11
PVP/CA/garlic 3.96 � 0.13
PVP/CA/glycerine 3.85 � 0.11
PVP/CA/glycerine/garlic 4.01 � 0.07
Glycerine 4.26 � 0.00
Deionized water 6.09 � 0.02
Garlic extract 6.92 � 0.01

Table 3 The Young's modulus and the ultimate tensile strength for all
the composite mats

Samples Young's modulus (MPa)
Ultimate tensile
strength (MPa)

PVP/CA 51.75 � 2.57 2.94 � 0.35
PVP/CA/garlic 161.23 � 18.50 8.20 � 1.58
PVP/CA/glycerine 19.04 � 1.95 2.43 � 0.38
PVP/CA/glycerine/garlic 14.6 � 2.23 2.05 � 0.50
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the middle. The pH of the PVP/CA/garlic mat was slightly higher
since, experimentally, the garlic extract has a larger pH
compared to glycerine. Therefore, it can be concluded that the
composite nanobrous mat with an encapsulated garlic extract
has a pH slightly below that of healthy skin, which is conducive
for hindering the growth of bacteria.
3.7 Tensile properties of the nanobrous mats

A set of graphs and a table providing the relationship between
the stress and strain for all the mats as well as the average
ultimate tensile strength and the Young's modulus of the mats
are presented (Fig. 7 and Table 3). The addition of garlic into the
composite PVP/CA bres, however, signicantly increased both
the Young's modulus and the ultimate tensile strength (UTS),
indicating that the bres had become less exible. The reason
for this substantial increase was the reduction in the bre
diameter. For a given mass of a nanobrous mat, the reduction
in the diameter generally increases the Young's modulus and
UTS of the bre mat because a larger number of parallel chains
can result in a higher number of bonds.81 Thus, since the
diameter of the PVP/CA/garlic composite bres was smaller
than that of the PVP/CA composite bres, the Young's modulus
and UTS of PVP/CA/garlic were higher. Nevertheless, the
Fig. 7 The graphs describing the relation between stress and strain for
all the fibrous mats.

This journal is © The Royal Society of Chemistry 2019
addition of glycerine successfully decreased the Young's
modulus and UTS signicantly, as observed for the PVP/CA/
glycerine and PVP/CA/glycerine/garlic brous mats, due to the
plasticization of the bres by glycerine, causing the brous
mats to be more exible.82 Microscopically, the reduction in
Young's modulus was caused by the formation of hydrogen
bonds between glycerine and the polymer chains; hence, the
attraction between the polymer chains weakened, while there
was easier sliding between the polymer chains once the chains
were greased by glycerine.83 On the other hand, the reduction in
UTS by the addition of glycerine was caused by the highly
amorphous structure of bres.82

3.8 Antibacterial activity of the garlic extract and the
composite bres

The antibacterial assay test of the garlic extract was conducted
using the microdilution method. The turbidity of the MHB
media aer 24 hours of incubation from column 2 to column 12
decreased as the concentration of the garlic extract increased
(Fig. S2†). Column 1 was the negative control, where there was
only the growth medium inside; therefore, the solution was
clear. It was indicated that MIC for the Pseudomonas aeruginosa
bacteria was 6.25% (v/v), while for the Staphylococcus aureus
bacteria, it was 12.5% (v/v) as the solutions were quite clear for
these concentrations. The columns related to these two
concentrations are shown inside the red rectangles.

Aerwards, the minimal bactericidal concentrations (MBCs)
were determined by inspecting the growth of bacteria when one
dose of the MHB solution was scratched onto MHA in a Petri
dish and incubated for 24 hours. The results conrmed that
there was no bacterial growth at the zone scratched by the MHB
solution at the tenth column, which represented the garlic
concentration of 25% (v/v) for both the types of bacteria
(Fig. S3†). The microdilution method is similar to the broth
dilution method and it has already been tested for an aqueous
garlic extract.84 From a previous experiment, the MBC and MIC
values of the garlic extract were similar to the MBC and MIC
values of garlic juice when tested against Pseudomonas aerugi-
nosa using the same method although the results differed for
Staphylococcus aureus.85

The antibacterial activity of the composite nanobres PVP/
CA, PVP/CA/glycerine, PVP/CA/garlic, and PVP/CA/glycerine/
garlic was investigated using total plate count (TPC). Each
mat was cut into circles with a diameter of around 20 mm and
then weighed (Table 4). Each type of bacteria was tested on the
circular cuts. Aer 24 hours of incubation, the zones of
RSC Adv., 2019, 9, 26351–26363 | 26359
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Table 4 The weight of the circular cut of the mats

Composite nanobres

Weight (mg)

S. aureus P. aeruginosa

PVP/CA 13.9 15.9
PVP/CA/garlic 8.8 14.1
PVP/CA/glycerine 42.8 46.6
PVP/CA/glycerine/garlic 17.3 21.7
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inhibition against Pseudomonas aeruginosa were clearly formed
around the PVP/CA/glycerine and PVP/CA/glycerine/garlic mats,
while it was not so well dened for the PVP/CA/garlic mat
(Fig. 8). The reason might be that the weight of the PVP/CA/
garlic circular cut was not sufficient to provide signicant
antibacterial activity. This was further conrmed by the fact that
no zone of inhibition appeared for the mats in contact with
Staphylococcus aureus.

As the weight of PVP/CA/garlic was too low, the zone of
inhibition was so small that it could not be observed clearly
from the digital image alone. To conrm whether the mat
possessed antibacterial activity, a further test was done. The
total count plate method was carried out by taking the agar
above each mat, swabbing into an MHA, and then incubating
for another 24 hours.

Aer incubation, the bacterial colonies for the control and
for all the mats were observed (Fig. S4 and S5†). The results of
the test can be used to observe the inhibition capability of the
mat towards bacteria. For log10 reduction/cm

2, the antibacterial
test results are as follows: for Pseudomonas aeruginosa, the mat
with the highest ability to inhibit the growth of bacteria was
PVP/CA/glycerine/garlic, followed closely by PVP/CA/garlic and
Fig. 8 Images of the zones of inhibition against Pseudomonas aeru-
ginosa observed after 24 h contact of (a) PVP/CA, (b) PVP/CA/glyc-
erine, (c) PVP/CA/garlic, and (d) PVP/CA/glycerine/garlic.
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then PVP/CA/glycerine, while the PVP/CA mat did not show
signicant antibacterial activity (Table 5). For the Staphylococcus
aureus bacteria, the PVP/CA/garlic mat had larger antibacterial
activity than the PVP/CA/glycerine/garlic mat. The antibacterial
activity of the mats can be conrmed by the smaller number of
the bacterial colonies formed compared to the control. It was
also found that for all the bres, log10 reduction/cm

2 of themats
was smaller against Staphylococcus aureus, which might be due
to the weight of the bres being lesser. When the weight of the
mat was put into consideration, some signicant changes
occurred in the result. The antibacterial activity of the PVP/CA/
garlic nanobrous mat was found to be very powerful against
both Staphylococcus aureus and Pseudomonas aeruginosa. On the
end of the spectrum, the PVP/CA/glycerine bres had the lowest
antibacterial activity for both the types of bacteria. Thus, glyc-
erine acted as the antithesis of garlic as the antibacterial agent,
which was also reported in a previous experiment.53 Although
no garlic was included, the PVP/CA bres still possessed anti-
bacterial activity due to their acidic nature. When tested against
Staphylococcus aureus, PVP/CA/glycerine/garlic exhibited lower
antibacterial activity than PVP/CA due to the low antibacterial
action of glycerine. The antibacterial activity of glycerine was
slightly improved when tested against Pseudomonas aeruginosa;
therefore, the PVP/CA/glycerine/garlic bres had higher anti-
bacterial activity, which was even higher than that of PVP/CA. At
this point, the antibacterial action of garlic exceeded the reverse
action of glycerine. Overall, it can be concluded that garlic was
the main contributor to the antibacterial activity of the bres,
while glycerine worked in the opposite way. The acidity of the
bres still played an important role, as shown by the antibac-
terial activity of PVP/CA, which coincidentally exhibited the
lowest pH, as proven in the acidity test.

When compared to some commercial wound dressings, the
bre mats containing garlic have larger log10 reduction/cm2

than the commercial wound dressing Mepilex® Ag (at 0.2 cm�2)
when tested against Staphylococcus aureus. For the antibacterial
testing against Pseudomonas aeruginosa, the garlic-loaded bres
showed better antibacterial activity compared to PolyMem® Ag
(at 0.1 cm�2). It must be admitted, however, that the garlic-
loaded bres were still below the much superior Aquacel® Ag
dressing for both the types of bacteria. The large antibacterial
activity of Aquacel® Ag is related to its rapid release of silver due
to its non-woven fabric substrates. It is then possible to acquire
the level of the antibacterial activity of Aquacel® Ag by
increasing themass of themat since the structures are similar.86
3.9 In vitro release study

A release study was conducted to examine the release pattern of
glycerine and garlic from the bres, which is a signicant aspect
of the drug delivery system and thus can affect the antibacterial
activity of the composite bres.47 The release of a drug is
affected by many parameters; hence, predicting the release rate
is quite complicated. The parameters are the structure of the
bres, the properties and the amount of the loaded drug, the
wetting and the solubility of the carrier and the existence of
additional excipients or treatments during the synthesis of
This journal is © The Royal Society of Chemistry 2019
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Table 5 The number of bacterial colonies formed after being incubated for 24 hours

Composite nanobres

Bacterial colonies (cfu mL−1)
aer 24 hours incubation log10 reduction/cm

2
Antibacterial activity of
nanobres (% per gram)

S. aureus P. aeruginosa S. aureus P. aeruginosa S. aureus P. aeruginosa

PVP/CA 13.74817 12.25355 0.4636 0.5406 6.89 7.66
PVP/CA/garlic 13.27676 11.07088 0.6136 0.9170 14.41 14.46
PVP/CA/glycerine 13.91638 11.07995 0.4100 0.9141 1.98 4.41
PVP/CA/glycerine/garlic 13.7096 11.02518 0.4759 0.9316 5.68 9.67
Controla 15.20457 13.95182

a Without bres.

Fig. 9 The release patterns of garlic extract from the composite fibres
of PVP/CA/glycerine/garlic and PVP/CA/garlic and also for glycerine
from PVP/CA/glycerine/garlic and PVP/CA/glycerine.
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nanobres. From the interactions among the parameters, the
types of release can thus be categorized as immediate release,
sustained release with initial burst release, and sustained
release.87 In immediate release, the drug is released within
a short time, typically hours, with the drug mainly located on
the surface of the bres.88 On the other hand, sustained release
is basically achieved through a complex combination of
processes, including the diffusion of the drug through the
bres, polymer degradation in the buffer solution, partition
between the drug and the polymer, and the dissolution of the
drug in the buffer solution, in which the release rate of the drug
can be steady for days.89 There is a very rapid release of the drug,
where all the drug content is released within less than one hour;
this is usually called burst release. The porous structure and the
hydrophilic nature of the carrier are suspected to be the reason
behind burst release.90 In this experiment, PBS was at the
physiological pH of 7.4, which is the average pH of the human
body. While the release pattern was not identical to sustained
release, it was clearly not burst release either. The pattern of
release inclined towards immediate release at different rates
between the bres. As depicted, the release rate of garlic and
glycerine was larger in the brous PVP/CA/glycerine/garlic mat
This journal is © The Royal Society of Chemistry 2019
compared to the release rates of glycerine and garlic extract
from PVP/CA/glycerine and PVP/CA/garlic (Fig. 9). The release
rate of garlic extract from the brous PVP/CA/glycerine/garlic
mat was the fastest among all. The large rate of release of
glycerine and garlic extract from PVP/CA/glycerine/garlic was
expected due to the larger diameter of bres as compared to
that for PVP/CA/glycerine and PVP/CA/garlic. The bres with
a small diameter generally have a denser structure, making the
medium harder to penetrate; therefore, there is less interaction
between the bres and PBS solution.91 This result also agreed
with a previous nding, in which glycerine could increase the
release rate of the drugs by expanding the channel of release
when immersed in solution.92 The release of glycerine was
found to be relatively slower compared to that of garlic. This
might be caused by the adhesive nature of glycerine, which was
conrmed by the low swelling degree of the PVP/CA/glycerine/
garlic and PVP/CA/glycerine bres. The release rate of the
active agent, i.e., the garlic extract was slower compared to that
in a previous experiment, where PVP was the sole backbone of
the bres.91 The blend of CA with PVP clearly reduced the
release rate since CA is insoluble in water, which is the main
ingredient of the PBS solution. The erosion of the composite
bres was thus slower. For all the cases, one-hundred percent
release was not fully achieved within the rst 120 minutes.
However, more than 60% of the garlic extract was released
within the measured time and therefore, the amount of the
garlic extract released should already be signicant to inhibit
the growth of bacteria, as proven by the result of the antibac-
terial test. For certain applications that require immediate
release of drugs, the composite bres of PVP/CA/glycerine/garlic
or PVP/CA/garlic should be appropriate.

4. Conclusion

We successfully prepared different combinations of composite
bres involving glycerine and garlic extracts with PVP and CA as
the building blocks using the electrospinning method. Bead-
free bres of size under one mm, conrmed from their SEM
images, showed adequate composition of materials in the
precursor solutions. Glycerine and the garlic extract were
present in the composite bres, as indicated in the FTIR
spectra. The composite bres PVP/CA/glycerine/garlic and PVP/
CA/garlic had maximum swelling degrees above 100%, while
RSC Adv., 2019, 9, 26351–26363 | 26361
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the existence of glycerine signicantly reduced the degree of
swelling. The pH level of the bres ranged from 3.7 to 4.0 with
some difference due to the content of acetic acid in the
precursor solution. The addition of glycerine successfully
decreased the Young's modulus and UTS of the composite
bres. The antibacterial activity of the garlic extract aer being
encapsulated in the bres was still maintained, as proven from
the in vitro antibacterial test. The results of the drug release test
proved that the release pattern of the garlic extract and glycerine
was that of immediate release.
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