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a b s t r a c t 

The aim of this study was to elucidate the optimized fabrication factors influencing the for- 

mation and properties of shellac (SHL) nanofibers loaded with an antimicrobial monolaurin 

(ML). The main and interaction effects of formulation and process parameters including 

SHL content (35%–40% w/w), ML content (1%–3% w/w), applied voltage (9–27 kV) and flow 

rate (0.4–1.2 ml/h) on the characteristic of nanofibers were investigated through a total of 

19 experiments based on a full factorial design with three replicated center points. As a re- 

sult, the SHL content was the major parameter affecting fiber diameter. Another response 

result revealed that the SHL content would be also the most significant negative impact 

on amount of beads. An increase in the concentration of SHL leaded to a reduction in the 

amount of beads. From the results of characterization study, it was proved that ML might be 

entrapped between the chains of SHL during the electrospinning process exhibiting an ex- 

cellent encapsulation. According to the response surface area, small (˜488 nm) and beadless 

(˜0.48) fibers were obtained with the SHL and ML contents of 37.5% and 1.1% w/w respec- 

tively, at the applied voltage of 18 kV and the flow rate of 0.8 ml/h. In addition, the results of 

the kill-kinetic studies showed that SHL nanofibers loaded with ML exhibited an excellent 

antibacterial activity against Staphylococcus aureus , while Escherichia coli was less affected 

due to the hydrophilic structure of the its outer membrane. ML also exerted an antifun- 
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. Introduction 

ound is an injury which damages the skin, a protective bar- 
ier against the external environment. When a wound is ex- 
osed to the air, the scab, a crust of dried blood or serum,
ould be formed to cover the wound resulting in delayed 

ound healing [ 1 ]. Electrospun wound dressings work on the 
oncept of moist wound healing which retains fluid contact- 
ng with wounds. The benefits of moist wound healing in- 
lude inhibiting dry scab formation, decreasing the environ- 
ent pH, affecting bacterial growth, shortening of the inflam- 
atory phase of wound healing and providing an environ- 
ent rich in enzymes, white blood cells and growth factors 

avorable for wound healing [ 2 ]. Due to their ultrafine network 
tructures, electrospun nanofibers can be used for the replace- 
ent of extra cellular matrix (ECM) resulting in greatly rapid 

pithelialization and allowing the reduction of scar formation 

 3,4 ]. The porous nature of nanofibers dressings also enhances 
xygen and nutrients transferring to cells leading to an in- 
reased healing rate [ 5 ]. In addition, they can improve drug 
oading capacity, and release rate because of their high sur- 
ace to volume ratio properties [ 6 ]. 

With the aim of being placed in the biological and physio- 
ogical environment of a wound, nanofibers are mostly devel- 
ped from biopolymers. SHL is a nontoxic natural polymer se- 
reted by the lac insect, on some specific trees mainly in China,
ndia and Thailand. There were few studies on the applica- 
ion of SHL in wound healing management, especially through 

lectrospinning process [ 7 ]. Currently, SHL is widely used for 
nteric coating to protect drugs from acid degradation in the 
astrointestinal tract and fruit coating to prevent microbial 
ntry and water loss [ 8–10 ]. Due to the excellent film form- 
ng and protective properties, electrospun shellac nanofibers 
ould be used as potential wound dressings. 

Infection might cause a delay in wound healing. To pre- 
ent the multiplication of pathogens, an antimicrobial agent 
hould be incorporated. Apparently, antibiotic resistance has 
ecome an increasing worldwide problem for infection treat- 
ent. Therefore, safe and effective antimicrobials which are 

ot easily subject to resistance are greatly required. Among 
hese simple antimicrobial compounds, natural lipids seem 

o be an achievable choice [ 11 ]. Fatty acids and their corre- 
ponding esters might have little or no toxicity and also ex- 
rt antimicrobial activity. Isaacs, Litov and Thormar (1995) 
ound that fatty acids and monoglycerides with medium 

hain lengths yielded more biologically active than long chain 

onoglycerides in killing viruses and bacteria [ 12 ]. Among 
edium chain fatty acids (C8 to C14), lauric acid (C12) has 
ore antimicrobial activity than other fatty acids such as 
e number of Candida albicans colonies. Based on their structural

ies, SHL nanofibers containing ML could be potentially used as a

und treatment. 

7 Shenyang Pharmaceutical University. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license.

( http://creativecommons.org/licenses/by-nc-nd/4.0/ )

yristic acid (C14), capric acid (C10) or caprylic acid (C8) [ 13 ].
t could be found in human breastmilk, skin surface and other 
atural foods such as coconut oil and palm kernel oil [ 13 ]. ML,
nown as glycerol monolaurate, is a monoester form of lauric 
cid. It has many times greater antibacterial and antiviral ac- 
ivity than lauric acid. Tangwatcharin and Khopaibool (2012) 
evealed that minimum bactericidal concentrations (MBC) of 
auric acid and ML were 3.2 mg/ml and 0.1 mg/ml, respectively 
 14 ]. The lower MBC value of ML indicated the stronger antimi-
robial activity than that of lauric acid. ML has Generally Rec- 
gnized As Safe (GRAS) status considered to be nontoxic [ 13 ]. It
s approved in the US as a food emulsifier and has been used to
ontrol growth of pathogenic organisms and spoilage in food 

rocessing industries [ 15 ]. ML exhibits a broad-spectrum bac- 
ericidal activity against Grampositive bacteria from superfi- 
ial skin infections and also has an antifungal effect by in- 
ibiting spore germination and preventing the radial growth 

 13,16–18 ]. Previous studies revealed that the topical use of 
L could inhibit the growth of Staphylococcus aureus , a signif- 

cant cause of skin and mucosal infections [ 18 ]. Besides the 
illing effect, ML might stabilize mucosal and skin surfaces,
hus avoiding inflammation and further infection [ 18 ]. In ad- 
ition to S. aureus , Streptococcus pyrogenes , Clostridium perfrin- 
ens , Mycobacterium terrae , Listeria monocytogenes , Streptococcus 
galactiae , and Groups C, F, and G streptococci could be killed 

y ML [ 13,18 ]. Fungi, yeast, and protozoa were also reported 

o be inactivated by ML. Candida albicans , an opportunistic hu- 
an yeast pathogen found in the oral pharynx, gut, genito- 

rinary tract and skin, was potentially affected by ML [ 19 ]. Ad-
itionally, the development of microbial resistance to ML was 
lso considered rare to occur [ 18 ]. However, there are few stud-
es exploring the possibility of ML as an alternative antimi- 
robial agent in the pharmaceutical dosage forms, including 
ound dressing. 

The morphology of electrospun nanofibers and other re- 
ated properties could be affected by various parameters 

hich are broadly divided into formulation parameters, pro- 
ess parameters and ambient parameters [ 20 ]. Experimental 
esign techniques have been applied to determine the main 

ffects and interaction between parameters, and also to re- 
uce development time and the numbers of experimental tri- 
ls [ 21 ]. 

The aims of this research were to investigate which fac- 
ors (SHL and ML concentrations, applied voltage and flow 

ate) and interaction effects between these factors would have 
he most impact on the morphology of SHL nanofibers loaded 

ith ML as well as the interaction among these factors. The 
abrication conditions were optimized by using a full factorial 
esign with three replicated center points. Various instrumen- 
al analyses including powder X-ray diffraction, differential 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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scanning calorimetry and FTIR spectroscopy were also em-
ployed in order to investigate the physicochemical character-
istics of ML in SHL matrix. 

2. Materials and methods 

2.1. Materials 

SHL (Lot No. 55) and ML (Lot No. 150520) were purchased from
Mahachai Shellac Part., Ltd. (Samut Sakhon, Thailand) and
Shanghai Terppon Chemical Co., Ltd., respectively. The fol-
lowing microbial strains obtained from Department of Med-
ical Sciences, Thailand were performed in the antimicrobial
assay: S. aureus DMST 8013, Escherichia coli DMST 4212 and C.
albicans DMST 5815. The media including tryptic soy broth and
agar (TSB, Lot No. VM229958 and TSA, Lot No. VM221159) were
purchased from Merck KGaA (Germany) and sabouraud dex-
trose broth and agar (SDB, Lot No. VM331339 and SDA, Lot No.
3200237) were purchased from Merck KGaA (Germany) and
Becton, Dickinson and Company (USA), respectively. Sterile
powders of streptomycin (Lot No. 9/2015) and ketoconazole
(Lot No. KT/14/08/18514) were obtained from General Drugs
House Co., Ltd. and Greater Pharma Co., Ltd., respectively, and
used as positive controls for antimicrobial test. Ethanol (95%
v/v) used as a solvent for preparing spinning solutions was of
reagent grade. 

2.2. Physicochemical characterization of monolaurin 

loaded shellac films and fibers 

The SHL-based polymeric films containing different concen-
trations of ML were initially prepared by dissolving definite
amount of SHL (40% w/w) and varied amounts of ML in the
range of 3%–15% w/w in 95% v/v ethanol under overnight stir-
ring at room temperature followed by solvent evaporation.
The highest level of ML loading in the obtained films was
accordingly analyzed using powder X-ray diffraction (PXRD).
Consequently, SHL nanofibers loaded with the maximum
amount of incorporated ML were fabricated and further evalu-
ated for the physicochemical characteristics using powder X-
ray diffraction (PXRD), differential scanning calorimetry (DSC)
and Fourier transformed infrared spectroscopy (FTIR). 

2.2.1. Powder X-ray diffraction (PXRD) 
The crystalline or amorphous characteristic of the samples
was evaluated using powder X-ray diffractometer (MiniFlex II,
Rikaku, Japan). The scan was performed at 30 kV and 15 mA in
the 2 θ range of 5 ° to 40 ° with the speed of 4 °/min using Cu K α

radiation ( λ = 0.154 nm). 

2.2.2. Differential scanning calorimetry (DSC) 
The thermal characteristic of materials was investigated us-
ing differential scanning calorimeter (Sapphire, Perkin Elmer,
Germany) under nitrogen gas flow with the rate of 20 ml/min.
Samples were sealed in standard liquid aluminum pans and
heated from 25 to 200 °C with the rate of 10 °C/min. 

2.2.3. Fourier transformed infrared spectroscopy (FTIR) 
The molecular behavior and interaction of ML in SHL ma-
trix was examined using FTIR spectrophotometer (Nicolet
Avatar 360, USA). During the process, each sample was ground
and triturated with dry potassium bromide (KBr), and conse-
quently compacted by hydraulic press machine to form pellet.
The obtained pellet was placed in the sample holder. The scan
was processed from 4000 to 400 cm 

−1 at 4 cm 

−1 resolution. The
FTIR spectrum of each sample was obtained and analyzed us-
ing the OMNIC FTIR software. 

2.3. Fabrication of monolaurin loaded shellac fibers 
through electrospinning process 

2.3.1. Preparation and evaluation of shellac-monolaurin solu-
tions 
The solutions at selected SHL-ML ratios were prepared by
dissolving finely ground SHL and ML in 95% v/v ethanol
and then magnetically stirring for overnight at room tem-
perature before adjusting to the desired content. In order
to eliminate insoluble contamination, the homogenous so-
lution was centrifuged at 8000 rpm for 30 min. The obtained
solution was further subjected to study solution property,
and fiber morphology after fabrication via electrospinning
process. 

The properties of SHL-ML solutions including viscosity, sur-
face tension and conductivity were examined by rheometer
(Malvern Kinexus, UK), drop shape instrument (FTA 1000, USA)
and electrical conductivity meter (Extech EC500, USA), respec-
tively. 

2.3.2. Preparation and evaluation of shellac-monolaurin fibers
In this process, each SHL solution with ML was filled in a sy-
ringe linked with a high-voltage power supply. An electric field
was performed between the metallic needle tip of the syringe
and the collector. When the voltages were applied, nanofibers
were then produced on the surface of a target drum wrapped
with an aluminum sheet which stored at the controlled con-
ditions (23–26 °C and 40%–60% RH). The morphology of the ob-
tained fibers was investigated using scanning electron micro-
scope (SEM) (LEO 1450 VP, UK). Based on SEM images, J Micro-
Vision 1.2.7 software was utilized to measure the diameter of
the fibers and the amount of beads. The influence of indepen-
dent factors; formulation and process parameters including
viscosity, surface tension, conductivity, applied voltage and
feed rate, on the morphological characteristics of fibers were
determined in order to find the significant factors for further
design of experiment. 

2.4. Experimental design 

A 2 4 full factorial design with three replicates at the center
point was performed in order to find the optimized signifi-
cant independent factors for the multiple responses of fiber
properties. The diameter of fibers and the amount of beads
(bead-to-fiber ratio) were the observed responses. The criti-
cal variables and their levels considered in the design of ex-
periment are shown in Table 1 . The Design Expert 8.0.4 soft-
ware (Stat-Ease Inc., USA) was used for the analysis of the
resultant data. In addition, the optimum conditions for the
fabrication of nanofibers with desired morphology were also
determined. 
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Table 1 – Experimental range and levels of independent 
parameters. 

Parameters Symbol Variable levels 

Low 

( −1) 
Central 
point (0) 

High 
(+1) 

SHL content [% w/w] X 1 35 .0 37 .5 40 .0 
ML content [% w/w] X 2 1 .0 2 .0 3 .0 
Applied voltage [kV] X 3 9 .0 18 .0 27 .0 
Flow rate [ml/h] X 4 0 .4 0 .8 1 .2 
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Fig. 1 – Powder X-ray diffraction patterns of SHL, ML, their 
physical mixture, nanofibers and films in the weight ratio 

of 40:3. 
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.5. Time–kill kinetics 

ime–kill assays were performed in order to study the phar- 
acodynamics of antimicrobial agents, showing a profile of 

ntimicrobial activity over time. Prior to the kinetic test, S. au- 
eus and E. coli were cultured in TSB media. Whereas C. al- 
icans were cultured in SDB media. After overnight incuba- 
ion at 37 °C, the density of inoculation was further diluted 

o 10 4 CFU/ml. For the kinetic test, 30 min UV-sterilized SHL 
anofibers loaded with ML and ML in a solution form were 
dded in the media broth to give the same final concentra- 
ion of ML (2 mg/ml). SHL fibers without ML were used as the 
egative control, while streptomycin and ketoconazole were 
sed as positive controls for antibacterial and antifungal test,
espectively. All tubes were shaken and incubated at 37 °C. At 
ifferent time points (0, 15, and 30 min, 1, 3, 6 and 9 h), 100 μl of
ach sample was taken and spread on a media agar. All plates 
ere then incubated for 24 h at 37 °C. The number of colonies 
as counted and calculated for the percentage of living mi- 

robial cells as following equation. 

he percentage of living microbial cells = ( C t × 100 ) / C 0 (1) 

here C 0 and C t are the number of colonies at initial time (be- 
ore adding the sample) and each time point, respectively. 

. Results and discussion 

.1. Evaluation of physical state and compatibility of the 
omponents in monolaurin loaded shellac matrix 

he physicochemical characterizations of ML loaded SHL ma- 
rix including crystallinity property, thermal characterization 

nd molecular behavior and interaction were determined by 
sing PXRD, DSC and FTIR as described below. 

.1.1. Powder X-ray diffractometry (PXRD) 
he PXRD patterns of SHL powder, ML powder, their physi- 
al mixture, nanofibers and films in the weight ratio of 40:3 
re illustrated in Fig. 1 . The crystalline peaks as indicated by 
he diffraction peaks at 2 θ values of 9.6 °, 19.6 °, 20.5 ° and 23.0 °
ere clearly observed in the PXRD pattern of ML powder while 
HL powder was in amorphous state as presented in a halo 
XRD pattern. After encapsulation of ML in SHL nanofibers or 
lms, the characteristic crystalline peaks of ML were absent 
ssuming that ML might be entrapped in the SHL matrix. It 
as also noted that fast drying rate during electrospraying 
as not the cause of disappearance of ML diffraction peak 

amorphization) since slow evaporation during the film cast- 
ng also demonstrated the similar PXRD pattern as that ob- 
ained from electrospraying. In this case, the ML molecules 
hould be molecularly dispersed among the polymer chains 
f SHL, resulting in the disappearance of crystalline structure.

The SHL films containing various amounts of ML were de- 
eloped aiming to investigate the highest level of incorpo- 
ated ML. Based on Fig. 2A , the diffraction peaks due to crys-
alline ML were clearly observed in the PXRD patterns of all 
HL-ML physical mixtures, especially at high fraction of ML.
owever, the peak intensity due to ML in PXRD patterns of 
HL-ML films ( Fig. 2B ) became obviously decreased as com- 
ared to that of the corresponding physical mixtures. Accord- 

ng to the PXRD profiles of SHL-ML films at the ratios of 40: 5
nd 40: 3, the diffraction peaks completely disappeared and 

hanged to halo pattern, suggesting the complete encapsu- 
ation or monomolecular dispersion of ML into SHL matrix 
lms at these ratios. Thus, the suitable ratio of SHL to ML 
hould be 40: 5 in which ML could be completely loaded in 

HL nanofibers. Nevertheless, after preliminary investigation 

y electrospinning process, nanofibers containing 40: 5 weight 
atio of SHL to ML could not be performed because of tack- 
ness. Therefore, the combination of SHL with ML at the ra- 
io of 40: 3 was found to be the maximum loading amount 
f ML. 
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Fig. 2 – Powder X-ray diffraction patterns of (A) SHL-ML physical mixtures with different amounts of ML and (B) their 
corresponding films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2. Differential scanning calorimetry (DSC) 
DSC is one of the common tools for studying the interaction
between the active drug and excipients and also assessing
the possible incompatibilities which is significantly involved
in the dosage form development [ 22 ]. In this study, DSC was
employed to study the interaction between SHL and ML. The
DSC thermograms of SHL, ML and their corresponding sam-
ples are illustrated in Fig. 3 . Based on the DSC curve of ML,
a large endothermic peak was obtained at about 66 °C indi-
cating the melting temperature of ML. Meanwhile, pure SHL
displayed the melting peak at about 69 °C which was almost
the same position as ML. The physical mixture showed the
broad endothermic peak, presumably due to the overlapped
melting peaks of ML and SHL, at 68 °C. However, the films and
nanofibers demonstrated the different results as compared to
those found in the physical mixture. The loss of endother-
mic peaks of ML and SHL was obviously observed in the DSC
Fig. 3 – DSC thermograms of SHL, ML, their physical mixt
thermograms of the films and nanofibers which suggested the
strong interaction between SHL and ML. The ML crystals might
be changed from crystal state to molecular level and inter-
acted with polymer structure of SHL during processing which
was in accordance to the XRD results. 

3.1.3. Fourier transform infrared spectroscopy (FTIR) 
In order to provide more insight into the chemical interac-
tion between components, FTIR was used for studying the
molecular behavior of ML in SHL matrix. As illustrated in
Fig. 4 , ML showed a broad peak with the maxima around
3314 cm 

−1 which was assigned as O 

–H stretching of the hy-
droxyl groups at the glycerol backbone while the peaks at
1731 and 1182 cm 

−1 were attributed to carbonyl (C 

= O) stretch-
ing and C 

–O stretching of lauryl ester, respectively [ 23 ]. SHL
also demonstrated the peak due to O 

–H stretching of hy-
droxyl groups and C 

= O stretching but in the different posi-
ure, nanofibers and films in the weight ratio of 40:3. 
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Fig. 4 – FTIR spectra of SHL, ML, their physical mixture, nanofibers and films in the ratio of 40: 3. 
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ions of 3420 cm 

−1 and 1716 cm 

−1 , respectively. Additionally,
he peaks assigned to alkenyl (C 

= C) and C 

–O stretching band 

ere observed at 1636 and 1255 cm 

−1 , respectively [ 24 ]. For 
he physical mixture, the superimposed spectrum between 

HL and ML was observed. However, the FTIR spectrum of ML 
oaded SHL fibers was clearly changed as compared to that of 
he physical mixture. After the incorporation of ML into SHL 
bers, the shift of broad O 

–H bands of ML (3314 cm 

−1 ) and SHL
3420 cm 

−1 ) to the maxima around 3446 cm 

−1 was observed 

hile the peaks assigned to C 

= O stretching of ML (1731 cm 

−1 ) 
nd SHL (1716 cm 

−1 ) were shifted to 1717 cm 

−1 . Additionally,
he peak intensity of ML was clearly decreased after loading 
nto the SHL fibers. Besides, a characteristic peak assigned to 
 

= C stretching (1636 cm 

−1 ) of SHL in SHL-ML fibers was not 
hanged which suggested that only some functional groups 
f SHL was involved in the interaction. Similar results were 
bserved in the FTIR spectrum of SHL-ML films and therefore 
onfirmed the specific interaction between SHL and ML after 
ncorporation into the matrix of either SHL fibers or films. In 

his case, the intermolecular hydrogen bonding among the hy- 
roxyl groups and carbonyl groups of SHL and ML might be a 
ossible explanation. 

.2. Evaluation of SHL-ML solution properties 

he solution property might play a significant role in the elec- 
rospinning process affecting the morphology of the obtained 

anofibers. During the electrospinning process, the solution 

as ejected from the needle tip depending on the stretching 
apacity of the solution which would be influenced by con- 
uctivity, viscosity and surface tension [ 20 ]. Obviously, as il- 

ustrated in Table 2 , the increased concentration of SHL led to 
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Table 2 – Effect of SHL and ML concentrations on the so- 
lution properties. 

SHL 
content 
(% w/w) 

ML 
content 
(% w/w) 

Solution properties 

Viscosity 
(mPa �s) 

Conductivity 
(μS) 

Surface 
tension 
(mN/m) 

35.0 1 .0 454 .2 26 .41 2 .24 
35.0 2 .0 335 .4 26 .33 2 .18 
35.0 3 .0 251 .5 26 .29 2 .16 
37.5 1 .0 676 .7 23 .75 2 .20 
37.5 2 .0 561 .9 23 .27 2 .21 
37.5 3 .0 411 .8 23 .05 2 .13 
40.0 1 .0 750 .8 22 .23 2 .24 
40.0 2 .0 705 .3 20 .97 2 .18 
40.0 3 .0 643 .4 20 .64 2 .16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 – Full factorial design and experimental responses 
for each design point. 

Run X 1 X 2 X 3 X 4 

Fiber 
diameter 
(Y 1 ) [nm] 

Bead 
amount 
(Y 2 ) 

1 −1 −1 −1 −1 297 0 .76 
2 +1 −1 −1 −1 554 0 .05 
3 −1 +1 −1 −1 378 1 .04 
4 +1 +1 −1 −1 741 0 .02 
5 −1 −1 +1 −1 309 0 .80 
6 +1 −1 +1 −1 774 0 .03 
7 −1 +1 +1 −1 448 1 .04 
8 +1 +1 +1 −1 695 0 .02 
9 −1 −1 −1 +1 315 1 .20 
10 +1 −1 −1 +1 714 0 .16 
11 −1 +1 −1 +1 549 0 .43 
12 +1 +1 −1 +1 830 0 .03 
13 −1 −1 +1 +1 357 0 .96 
14 +1 −1 +1 +1 783 0 .03 
15 −1 +1 +1 +1 544 0 .42 
16 +1 +1 +1 +1 888 0 .03 
17 0 0 0 0 394 0 .75 
18 0 0 0 0 411 0 .65 
19 0 0 0 0 335 0 .78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a remarkable increase in viscosity, a slight decline in conduc-
tivity, but no significant change in surface tension. The viscos-
ity was directly related to SHL content. As the concentration
of SHL was increased, the amount of polymer chain entangle-
ment was also increased resulting in a significant elevation
in viscosity [ 20 ]. Generally, SHL is a non-ionic polymer with
dielectric constant ( ε) of 3.6 [ 25 ]. When the SHL content was
increased, the electrical conductivity of a solution seemed to
decline as a result of the decreased charge carrier mobility.
Meanwhile, the surface tension of a solution was not signifi-
cantly different. This could be explained by the dispersed dis-
tribution of SHL molecules in the solution which was not pro-
jected to the surface. 

In addition, the introduction of ML into the SHL solutions
could also affect the solution properties. When the content
of ML was increased, the solution tended to have a slight
reduction in viscosity which was presumably owing to the
change in chain conformation of SHL. As discussed earlier,
ML could be entrapped between the chains of SHL during the
process of electrospinning, thus reducing the entanglement
of SHL chains and resulting in a slight decreased in viscosity.
A slight decrease in conductivity might be induced by an in-
crease in the amount of ML due to the non-ionic property of
ML [ 26 ]. However, the surface property of a solution was not
changed after incorporating ML in the same manner as de-
scribed above. 

3.3. Experimental design 

The morphology of electrospun nanofibers could be influ-
enced by various parameters including formulation param-
eters, process parameters and ambient parameters [ 20 ]. As
mentioned earlier, the solution property could affect the
stretching capacity of the solution leading to the change of
fiber morphology. Besides, studying all of the parameters in
a single framework simultaneously seemed to be impossible
and therefore needed the experimental design to reduce the
number of experimental trials [ 21 ]. In this work, a two-level
full factorial design along with three replicates at the cen-
ter point was adopted in order to evaluate all possible com-
binations of parameter levels providing an accurate interpre-
tation, along with an experimental error estimate [ 21 ]. Refer-
 

ring to the results obtained from preliminary experiments, the
most significant factors affecting the morphology of electro-
spun nanofibers were the contents of SHL (X 1 ) and ML (X 2 ),
applied voltage (X 3 ) and flow rate (X 4 ). Meanwhile, some vari-
ables might be held constant. In this procedure, the distance
between the tip and collector was maintained at 20 cm. The
process of electrospinning was conducted at the controlled
conditions (23–26 °C and 40%–60% RH). In addition, the desired
level of each factor was selected. Due to preliminary investi-
gation, the concentration of SHL should be between 35% and
40% w/w. With the reduced content of SHL below 35% w/w,
polymeric beads were generated instead of continuous fibers,
and with the increased amount of SHL above 40% w/w, the
nanofibers could not be fabricated resulting from the hard
ejection of polymer solution. The optimum concentration of
ML was in a range of 1% to 3% w/w. At a content of ML above
3% w/w, the loaded nanofibers found to be liquefied. In case of
processing parameters, the effective range of applied voltages
for the fabrication process was between 9 and 27 kV. The high
voltages (over 27 kV) might produce electrical arcs, while the
drawing capacity of polymer solution from the tip was poor
with the applied voltages below 9 kV. The appropriate flow rate
was in a range of 0.4 to 1.2 ml/h. 

3.3.1. Effects of the independent parameters on the morphol-
ogy of SHL-ML nanofibers 
A series of 19 experiments based on a 2 4 full factorial design
with three replicated center points was performed ( Table 3 ).
Pareto charts were presented via a series of ordered bar graphs
in order to determine the most significant factors and their
interactions. In the presented plot, there were two different t
limits including the Bonferroni-corrected t and the standard t .
The factor effects might become certainly significant as pre-
sented above the Bonferroni limit. The effects were possibly
significant as displayed above the t value limit while the influ-
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Fig. 5 – Pareto charts of the response values of (A) nanofiber diameter and (B) bead amount. 
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nces seemed to be not significant as shown below the t value 
imit [ 27 ]. As demonstrated in Fig. 5A and Fig. 6 , Pareto charts
nd the diameter distributions of nanofibers at different con- 
entrations of SHL and ML revealed that the SHL content (X 1 ) 
ad a tremendous effect on the diameter of fibers while the 
L level (X 2 ) was the minor factor. For examples, electrospun 

bers prepared from 40% w/w SHL ( Fig. 6D, 6E ) indicated the 
arger diameter as compared to those prepared from 35% w/w 

HL with the same concentration of ML ( Fig. 6A, 6E ). Simi- 
arly, the electrospun fibers prepared from a higher concen- 
ration of ML ( Fig. 6A, 6B ) demonstrated the larger fiber size 
s compared to those prepared from a lower concentration of 
L ( Fig. 6D, 6E ) although less extent was observed. As men- 

ioned earlier ( Table 2 ), the increased concentration of SHL re- 
ulted in the significant increase of viscosity and the slight 
ecrease of conductivity leading to a reduction in the stretch- 

ng capacity of the solution. As a result, nanofibers with large 
iameters might be obtained [ 20 ]. Another factor affecting the 
ber diameter was the concentration of ML. Based on theoret- 

cal expectation, an increase in the viscosity of electrospun 

olution contributes to an increase in the resultant fiber di- 
Table 4 – Results of ANOVA for different responses. 

Responses Coefficients P value Std. D

Y 1 (nanofiber diameter) 106 .8
X 1 173 .81 < 0 .0001 
X 2 60 .69 0 .0373 
Intercept 542 .89 
Model < 0 .0001 
Lack of fit 0 .1157 
Y 2 (bead amount) 0 .2
X 1 −0 .39 < 0 .0001 
Intercept 0 .48 
Model < 0 .0001 
Lack of fit 0 .0827 
meter due to a decrease in the stretching capacity during 
he electrospinning process [ 20 ]. By contrast, the fabricated 

anofibers appeared to be thicker with the presence of in- 
reased ML, although the reduced viscosity was clearly indi- 
ated. In this case, the influence of viscosity as well as the 
tretching capacity might be presumably dominated by an- 
ther factor. As explained in the section 3.1 , the possible in- 
eraction between SHL and ML was observed. We therefore as- 
umed that the interaction of ML seemed to be the likely cause 
f the reduced stretching ability of solutions and thus increas- 

ng the fiber diameter. ML might interact with the SHL by in- 
ercalating among the polymeric chains and thus impeding 
he elongation or stretching capacity (as postulated in Fig. 7 ).
dditionally, the slight decrease of solution conductivity as in- 
reasing ML contents also reduced the charge density of elec- 
rospun solutions leading to the impaired elastic force within 

he jet [ 20 ]. Nevertheless, the impacts of applied voltage and 

eed rate on the fiber morphology tended to be not important 
s apparently displayed below the t value limit ( Fig. 5 ). 

The occurrence of beads on the electrospun fibers is con- 
idered as defect. As indicated by Pareto chart in Fig. 5B , only
ev. % CV Mean value R 2 F value 

7 19 .68 542 .89 0 .7480 

23 .74 
8 .06 

2 45 .08 0 .48 0 .7527 

51 .73 
11 .52 
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Fig. 6 – SEM images and diameter distribution of SHL-ML nanofibers at the weight ratio of (A) 35: 1, (B) 35: 3, (C) 37.5: 2, (D) 
40: 1 and (E) 40: 3. 

 

 

 

 

 

 

 

 

 

 

the content of SHL (X 1 ) had a remarkable impact on the ap-
pearance of beads. The number of beads had a tendency to de-
crease with increasing concentration of SHL while the smooth
fibers were obtained from 40% w/w SHL and 3% w/w ML ( Fig. 6 ).
Based on Table 2 , an increase in the viscosity of SHL might
lead to the high interaction between the polymers and sol-
vent molecules. The aggregation probability of the solvent
molecules was thus reduced. As a result, the beaded fibers
were gradually changed to smooth fibers [ 20 ]. In order to pre-
dict the impact of independent factors on the diameter of fiber
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Fig. 7 – Schematic diagram representing the influence of ML on fiber diameter. 
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Y 1 ) and the amount of bead (Y 2 ) represented by bead-to-fiber 
atio, mathematical models were performed as presented in 

he following equations. The Equation 2 and 3 referred to ac- 
ual factors with R 

2 values of 0.7480 and 0.7527, respectively 
ndicating the good fit of the model. 

Diameter = 69 . 525 ( SHL content ) + 60 . 6875 ( ML content ) 

−2185 . 66776 . (2) 

ead amount = 6 . 37171 − 0 . 157 ( SHL content ) . (3) 

According to the results of ANOVA shown in Table 4 , the 
rediction of the models would be reliable referring to the 
ig. 8 – Two-dimensional contour plots presenting the effects of S
mount. 
 values of the models which were less than 0.05. Moreover,
he lack of fit was not significant with P values of 0.1157(Y 1 )
nd 0.0827(Y 2 ) indicating that these models were suitable.
he coefficients represented the magnitude and direction of 

he factor effects. As presented in Table 4 , SHL content (X 1 )
as the most influential parameter on the nanofiber diameter 

nd bead amount with positive and negative relationships re- 
pectively, corresponding to the results from Pareto diagrams 
 Fig. 5 ) and two-dimensional contour plots ( Fig. 8 ) which were
lso displayed in order to estimate the effect of each factor on 

he responses. Based on Fig. 8A , the small fibers could be gen-
HL and ML contents on (A) fiber diameter and (B) bead 
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Fig. 9 – Normal probability plots of nanofiber (A) diameter and (B) bead amount. 

Fig. 10 – Overlay plot for optimization of SHL nanofibers 
loaded with ML. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

erated from the low amounts of SHL and ML. Meanwhile, the
beadless fibers might be obtained from the high concentration
of SHL regardless of the amount of SHL as depicted in Fig. 8B .

The normal probability plots of residuals are illustrated in
order to explain the validity of the obtained data. Referring
to Fig. 9A and 9B , the residuals seemed to fit a straight line
indicating that the errors were normally distributed; thus, the
data were acceptable. 

3.3.2. Optimization of SHL-ML nanofibers 
The graphical model was presented with the aim of explor-
ing the optimal region leading to the fabrication of the de-
sired nanofibers. There are two types of the represented graph
which are generally displayed as the three-dimensional re-
sponse surface and the contour plot illustrated by the plane
surface [ 28 ]. In this study, an overlay contour plot was depicted
as shown in Fig. 10 . The chosen desirable ranges of fiber di-
ameter and bead-to-fiber ratio were 300–500 nm and 0–0.5, re-
spectively. Based on the overlay plot, the example of the opti-
 

mum conditions for the fabrication of SHL-ML nanofibers with
thinner diameter (˜488 nm) and beadless (˜0.48) was attained
at the SHL and ML contents of 37.5% and 1.1% w/w respec-
tively, with the applied voltage of 18 kV and the flow rate of
0.8 ml/h. 

3.4. Time–kill kinetic study 

In this work, time–kill kinetic study was carried out in order
to determine the pharmacodynamics of ML, providing a profile
of antimicrobial effect against S. aureus , E. coli and C. albicans
which represented Gram-positive and Gram-negative bacteria
and fungi, respectively, at different time periods. The percent-
age of living cells of S. aureus , E. coli and C. albicans over a pe-
riod of time was presented in Fig. 11 . With regard to Fig. 11A ,
the number of S. aureus exposed to SHL-ML nanofibers gradu-
ally decreased as compared to those treated with ML solution
which provided immediate killing potential, estimating that
the release of ML from SHL nanofibers was dependent on the
solubility of SHL in liquid media. Thus, the antibacterial ac-
tion of SHL-ML nanofibers tended to be relatively sustained.
The mode of action was previously reported. ML, a lipophilic
compound, might be accumulated into the membrane bilayer,
and consequently disintegrates the microbial membrane by
fluidizing the lipids and phospholipids in the envelope of the
organism, changing of the hydrogen bonding and the dipole–
dipole interaction between acyl chains exerting bactericidal
effects [ 14 ]. 

Nevertheless, many studies reported that E. coli was found
to be less affected by ML [ 29 ]. The difference in the killing ef-
fects of lipids against Gram-negative bacteria might depend
on the differences in the outer membrane. Based on the struc-
ture of E. coli , the external membrane consists of proteins
and lipopolysaccharides (LPS) which are composed of the O-
polysaccharide chains demonstrating a hydrophilic surface
property. Therefore, lipids, which are hydrophobic molecules,
could have difficulty in entering the bilayer, and be hardly dif-
fused in the cytoplasm [ 30,31 ]. This was consistent with the
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Fig. 11 – Kill kinetics of nanofibers for (A) S. aureus , (B) E. coli and (C) C. albicans over a period of 9 h. 
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esult as shown in Fig. 11B . Both of SHL nanofibers loaded with 

L and ML solution did not display activity against E. coli . The 
umber of living cells was significantly increased over time. 

As mentioned before, ML also has an antifungal effect by 
nhibiting spore germination and preventing the radial growth 

 17 ]. Fig. 11C demonstrated that some of C. albicans were killed 

y the ML released from fibers. However, after a period of 3 h,
he amount of C. albicans then slightly increased, while the 
umber of C. albicans exposed to ML in a solution form obvi- 
usly declined without re-increasing. This might be explained 

y the effect of pH media on the solubility of SHL. According 
o the study of Limmatvapirat et al. [ 32 ], SHL with a pK a of 6.9–
.5 could be dissolved at pH above 7. Therefore, the solubility 
imitation of SHL in SDB media, which has an approximate 
H value of 5.6, might occur. The release of ML from SHL car- 
ier seemed to be incomplete which was due to the low pH 

f the liquid medium. During the initial period of exposure,
nly some of ML, especially at the surface of nanofibers was 
apidly released and partially eradicated the C. albicans while 

ost of ML was expected to be trapped in the SHL matrix and 

lowly released which was considered as the prolonged expo- 
ure time. As a result, the concentration of ML was not enough 

o inhibit the regrowth of living microorganisms after a 3-h ex- 
osure to SHL-ML nanofibers. Thus, the application of SHL-ML 
anofibers in chronic wound management might be effective 
ue to the predominant alkaline pH of chronic wounds (7.1–
.9), while treatment of acute wounds, which have low pH val- 
es of 5–6, seems to be restricted [ 33 ]. 

. Conclusion 

HL nanofibers loaded with ML could be developed for wound 

ressing application in order to prevent the delayed wound 

ealing resulting from microbial infection. The main and in- 
eraction effects of factors on the morphology of nanofibers 
ere investigated by using a full factorial design with three 

eplicated center points. According to the results, the SHL con- 
ent was the major parameter affecting the fiber diameter,
hile the loaded ML content might be the minor parameter.
he study of parameters on bead amount was evaluated re- 
ealing that the SHL content was the most significant neg- 
tive impact on bead amount. The optimum conditions for 
he fabrication of small and beadless nanofibers were studied.
he desired fibers could be obtained at the SHL and ML con- 
entrations of 37.5% and 1.1% w/w respectively, with the ap- 
lied voltage of 18 kV and the flow rate of 0.8 ml/h. Moreover,
ime–kill assays were performed in order to study the phar- 

acodynamics of antimicrobial agents, showing a profile of 
ntimicrobial activity over time. The results showed that SHL 
anofibers loaded with ML provided an excellent antibacte- 
ial activity against S. aureus whereas E. coli was less affected.
L also exhibited antifungal effect against C. albicans . How- 

ver, the release of ML might depend on the solubility of SHL 
arrier. Therefore the effect of pH in wound environment was 
onsiderable. The application of SHL-ML nanofibers in chronic 
ound management might be effective due to the predomi- 
ant alkaline pH of chronic wounds, while treatment of acute 
ounds, which have low pH values, seems to be restricted. 
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