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Herein, an antibiotic-loaded electrospun scaffold with improved drug delivery via acoustic stimulation has been developed.
Ultrasound stimulus with an intensity of 15 W/cm2, duty-cycle of 50% and duration of 10 min was repeatedly applied to
ciproﬂoxacin loaded alginate ﬁbers. Ultrasonication with the aforesaid conditions increased drug release from scaffold
probably due to disturbance of ionic crosslinks of alginate network. Scaffolds exposed to acoustic stimulus revealed higher
antibacterial activity compared to those with no stimulus. Interestingly, antibiotic release radically increased and
antibacterial function improved as ultrasound perturbed scaffold framework, but scaffold integrity was regained once the
ultrasound probe was retracted.
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1. Introduction
Bacterial infection seriously hampers wound healing process
and scaffold function at the wounded site. To cure skin
infectious diseases and to increase scaffold functionality,
local antibiotic delivery with scaffolding material is
promising. Antibiotic delivery in a local manner ensures
sufﬁcient content of drug at the target site and eliminates the
systemic side effect of antibiotics (Torres-giner et al. 2012;
Bayramov and Neff 2016).
Entrapped antibiotic within scaffolding materials can be
delivered simultaneously or with external stimulation. A
number of stimuli like chemical, mechanical, electrical, thermal, optical and acoustical have been already utilized to
increase drug delivery from drug depot (Sammeta et al. 2010;
Liu et al. 2014; Huebsch et al. 2014; Lajunen et al. 2016;
Rajamanickam et al. 2016; Xiong et al. 2017). The stimuli
should be selected scrupulously to promote drug release and
preserve scaffold properties. Ultrasonic stimulation precedes
other stimuli with respect to efﬁciency and safety (Boissenot
et al. 2016). Ultrasound stimulation not only can increase drug
liberation by depot agitation but also can promote drug
delivery by temporary skin disturbance. Moreover, the ultrasound stimulus can be pulsed on and off to render drug ondemand release and prohibit tissue irrevocable damages (Pitt
et al. 2006). If the shear stress produced by ultrasonication
surpasses the strength of the drug depot, it will perturb the
depot and release its contents. By using scaffold as drug depot,
the perturbation induced by ultrasound should be reversible.
http://www.ias.ac.in/jbiosci

There are a number of reports in which ultrasound stimulation substantially increased drug liberation from the
polymeric network, but to the detriment of polymer degradation (Kost et al. 1989; Huebsch et al. 2014; Baghbani
et al. 2017). In those works, ultrasonic stimuli encouraged
bursts of drug release from drug depot and not drug-loaded
scaffold with irreversible depot perturbation. There is no
report on an ultrasound triggered drug release from a drugloaded scaffold with preserved scaffold properties. Herein,
we have devised an ultrasound regulated drug release system
which switched between crosslinked and un-crosslinked
states in response to acoustic stimulus. This smart controlled
release vehicle remakes its structure once the stimulus
becomes off.
In the current study, we aimed to assess the effect of
ultrasound stimulation on drug release of a drug-loaded
nanoﬁbrous scaffold. To this end, ﬁrst, alginate was selected
as a polymer component which can be loaded with drug
molecules and be responsive to ultrasound stimulation. Next,
ciproﬂoxacin was opted as an intended drug to be enclosed
in electrospun ﬁbers. Thereafter, the scaffold was exposed to
ultrasonication with predetermined parameters. And ﬁnally,
the effect of ultrasonication on drug release and scaffold
attributes was examined. Especially, we seek to discern
whether scaffold integrity would be regained after ultrasound probe is removed. Drug release regulated by acoustic
stimuli brings together the beneﬁts of controlled and ondemand release. Considering the convenient use of ultrasound stimulation and trivial hazardous bio-effects of
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ultrasound, the ultrasound-responsive release of drugs opens
a new avenue towards the real-world clinical application.

2. Materials and methods
Sodium alginate (low viscosity grade), polyethylene oxide
(PEO, Mv 600,000), ciproﬂoxacin hydrochloride (CipHCl),
calcium chloride and phosphate buffered saline (PBS) were
all supplied from Sigma-Aldrich.

2.1

Drug-loaded electrospun scaffold preparation

To fabricate ciproﬂoxacin loaded ﬁbers, ﬁrstly, 4% (w/v)
alginate and 4% (w/v) PEO solutions were prepared and
blended in 50:50 mass ratio. Then, ciproﬂoxacin was added
to the blended content at 0.05% (w/w) ratio and stirred for 3
h. Next, the drug containing solution was transferred to a 5
mL plastic syringe and delivered through a 20 G blunt
needle at a constant ﬂow rate of 0.5 mL/h. The needle was
placed 13 cm from an aluminum foil covered static collector
and the spinning voltage was kept constant at 24 kV. The
drug-free scaffold was fabricated in the similar manner.
Thereafter, drug-free and drug-loaded scaffolds were ionically crosslinked by immersing nanoﬁbers specimens in 2%
(w/v) CaCl2 solution in 80% v/v ethanol for 10 min. Then,
ﬁbers were repetitively rinsed in PBS and dried at room
temperature.

2.2

Drug-loaded scaffold characterization

2.2.1 Scanning electron microscopy (SEM): Morphology of
the ﬁbers following electrospinning, crosslinking and drug
release was evaluated via scanning electron microscopy
(SEM; AIS2100, Seron Technology) at an accelerating
voltage of 20 kV after being sputter coated with Au particles.
2.2.2 Fourier transform infrared (FTIR) spectroscopy:
Polymer-drug chemical interaction was studied using a FTIR
(Bruker Equinox 55) in the range between 4000 and 400
cm-1, with a resolution of 4 cm-1.
2.2.3 Inductively coupled plasma mass spectrometry (ICPMS): To assess whether drug release condition would affect
crosslinked structure of scaffold, calcium trace of incubation
ﬂuid before and after drug release was analyzed with ICP
spectrometry (Optima 7000 DV ICP-OES, PerkinElmer).
The instrument detects elemental traces from 1 part per
million (ppm) to 100 ppm.
2.2.4 Energy dispersive X-ray spectroscopy (EDX): Calcium content of scaffold after drug release with or without

ultrasonic stimulus was studied by energy dispersive X-ray
spectroscopy (EDX; INCA, Oxford Instrument).
2.2.5 Drug release study: To assess the effect of sonication
on drug release, nanoﬁbers specimens (1 cm 91 cm) were
submerged in 3 mL of 0.03% calcium chloride solution
(calcium concentration is tantamount to its concentration in
physiological ﬂuid) and exposed to ultrasonication for 10
min. The sonication was repeated after 1, 2, 3, 4, 5 and 24 h.
Similarly, drug release assessment without sonication was
performed by immersing specimens in CaCl2 solution for
duration of 1, 2, 3, 4, 5, 24 and 48 h. At each time point, the
medium was collected and transferred to a UV–Vis spectrophotometer. The optical absorbance of the collected media
was then read at 340 nm and correlated to the ratio of the
released drug. The absorbance was transformed to drug ratio
by means of calibration curve of the drug in CaCl2 solution.
2.2.6 Cell culture study: Cell-scaffold interactions were
visually assessed by a ﬂuorescence microscope. To this end,
at ﬁrst, scaffolds undertook drug release with or without
ultrasonic stimuli. Thereafter, scaffolds were sterilized under
UV irradiation for 1 h and seeded with ﬁbroblasts (L929 cell
line). To observe with a ﬂuorescence microscope, following
48 h culture, cell-scaffold constructs were ﬁxed with acetone
for 30 min, rinsed three times with PBS, incubated in
Hoechst labeling solution (0.1 mg/mL) for 30 min, again
rinsed with PBS and ﬁnally viewed with a ﬂuorescence
microscope. To assess whether drug released from scaffold
would affect cell viability, MTT assay was carried out. For
this purpose, scaffolds were left to liberate drug molecules
into CaCl2 medium with or without ultrasonic stimuli. Drug
release was carried on for 1, 5 and 24 h in both conditions.
Then media were collected and used as scaffold extracts.
Extracts obtained under sonication were labeled as S1, S5
and S6 and those without sonication named as D1, D5 and
D 6.
The cells were seeded in 96-well plate at a density of
5,000 cells per well and incubated for 24 h. After which, the
media were exchanged with scaffold extracts and left in an
incubator for 24 h. The extracts were aspirated and MTT
solution (0.5 mg/mL) was dropped into each well. Thereafter, MTT solution was replaced by acidiﬁed isopropanol
and incubated for 15 min. Finally, absorbance was measured
at 570 nm using a plate-reader.
2.2.7 Antibacterial evaluation: The antibacterial activity of
the ciproﬂoxacin loaded mats with or with ultrasonic stimuli
was determined by minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) tests against
two strains of bacteria, i.e., Staphylococcus aureus and
Escherichia coli according to the following procedure.
Firstly, scaffolds extract either with or without ultrasonic
stimuli were serially diluted with a dilution factor of 5. Then
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50 lL of bacterial suspension (1.5 9 108 cfu/mL) were
added to each dilution and incubated at 37 °C for 24 h. MIC
was determined by examining turbidity of the test tubes as
the lowest concentration where no growth was visually
observed and no turbidity was discerned. Thereafter, 100 lL
of test tubes with no evident bacterial growth were sampled
and cultured. After 24 h, the cultures were assessed with
respect to viable bacterial colonies. And MBC was donated
to dilation in which major decrease in bacterial numbers was
noticed compared to control.
2.2.8 Statistical analysis: Statistical study of the quantitative data was performed using one-way ANOVA and
Tukey’s post hoc analysis with statistical package software
(IBM SPSS Statistical 19.0). The level of signiﬁcance was
considered at p \ 0.05.

3. Results and discussion
For acoustically regulated drug delivery, drug molecular
weight is an imperative consideration. It should be pondered
that therapeutic molecules with high molecular weight are
less probable to deliver with ultrasonication. Those molecules are not amenable to pass through either drug depot or
skin. Ciproﬂoxacin is a pharmacological component with a
low molecular weight and accordingly it is conceivable to
increase its release through sonication. Ultrasonic power is a
potential stimulator to increase drug liberation from scaffold
depot. However, this question remains as to whether the
sonication irreversibly disturbs molecular and physical
structure of the drug-loaded scaffold or not. To address this
question, ciproﬂoxacin was loaded into alginate nanoﬁbers,
drug-loaded scaffold were exposed to ultrasonication and
effect of process was studied on scaffold attributes.
SEM micrographs and ﬁber diameter distributions of
drug-free and drug-loaded scaffold are represented in ﬁgure 1. Figures revealed that the dimensionally homogeneous
and defect-free ﬁbers are obtained either from drug-depleted
or drug-loaded solution. Once drug-loaded to ﬁbers, mean
diameter of as-spun ﬁbers was reduced from 142 ± 24 nm to
118 ± 24 nm. Drug association with polymer fraction
inﬂuences the electrospinning solution properties such as
viscosity and conductivity, both of which determine the
extent of solution elongation and in turn the overall ﬁber
diameter. As drug was added to the solution, viscosity
decreased most likely due to plasticizing impact of entrapped
drug molecules, whereas conductivity increased owing to
drug molecule ionization. Lower viscosity and higher conductivity affected the ﬁber diameter synergistically, both of
which tended to decrease it. Scaffold morphology after
incubation in PBS in the absence and presence of ultrasound
stimulus are illustrated in ﬁgure 2. The ﬁgures revealed that
scaffold morphology remained unchanged. The specimens
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remained porous and nanoﬁbrous with subtle variation in
ﬁber morphology and dimension. Sonication did not impair
ﬁber morphology.
To corroborate chemical structure of drug-loaded and
drug-free scaffolds, infrared spectroscopy was carried out
and the results are displayed in ﬁgure 3. For drug depleted
scaffold, peaks appeared at 3437, 2892, 1634 and 1230
cm-1, are assigned to O-H stretching, C-H stretching, C=O
vibration and C–O stretching, respectively (Khorshidi and
Karkhaneh 2016; Lawrie et al. 2007; Valentin et al. 2005).
Drug-loaded ﬁbers spectrum almost exhibited the peaks
similar to those of drug-free ﬁbers owing to propinquity
between functional groups of alginate and ciproﬂoxacin.
However, the peak at 1634 cm-1 shifted to 1622 cm-1 due
to the presence of quinolone structure. Moreover, small
peaks at 2165 cm-1 and 1126 cm-1 appeared corresponding
to C-N and C-F groups of ciproﬂoxacin. The emergence of
new peaks conﬁrms successful association of drug within
polymeric ﬁbers (Sahoo et al. 2011; Kataria et al. 2014).
Drug release proﬁle of ultrasound stimulated and nonstimulated scaffolds are represented in ﬁgure 4. It is evident
that ultrasonic stimulation drastically promoted drug release
(p\0.05). For non-stimulated scaffold, drug release is mainly
reliant on drug diffusion through the polymeric chains. Once
ultrasound stimulation is applied, the scaffold undertakes
structural changes and extra spaces for drug release are
perforated. In some polymeric networks, the changes
induced by ultrasound are reversible and the structure is
restorable. Herein, Ultrasonic stimuli temporarily disturb
ionic crosslinks of alginate network and enhance drug
release. Once stimulus becomes off, calcium ions existing in
biological ﬂuid may diffuse among polymeric chains and
rehabilitate the crosslinked structure.
Without ultrasound stimulus, 6.4–13.4 lg drug was
released into media. In the presence of ultrasound, the
amount of drug release was in the range of 21.2 to 68.6 lg.
According to the previous studies, lower than 0.5 lg of
ciproﬂoxacin is needed to inhibit E. coli proliferation and
approximately 0.8 lg of ciproﬂoxacin is required to kill this
strain of bacterium. Moreover, lower than 0.5 lg of ciproﬂoxacin is needed to inhibit S. aureus overt growth and
almost 0.6 lg of this ﬂuoroquinolone is required to completely eradicate S. aureus (Wang et al. 2015). Therefore, the
amount of drug release would deﬁnitely satisfy the MIC and
MBC of ciproﬂoxacin for both bacterial strains.
Ciproﬂoxacin is a ﬂuoroquinolone prescribed to cure a
wide variety of skin infectious diseases. Moreover, this
antibiotic can be utilized to prohibit bioburden formation
over the scaffolding material. One to two hours after oral
administration of 500 mg ciproﬂoxacin, maximum serum
concentration of this quinolone is 2.4 lg/mL and available
drug in the skin is even lesser (Papich 2016). Herein,
ultrasonic triggered release from drug-loaded scaffold results
in substantially higher concentration of drug at the target site

962

S Khorshidi and A Karkhaneh

Figure 1. SEM micrographs and dimeter distributions of (A) drug-free and (B) drug-loaded ﬁbers. Scale bar; 5 lm. Magniﬁcation;
910.0k. Following drug addition to composition, the ﬁbers grow thinner. Because once drug was added to the solution, viscosity decreased
whereas conductivity increased. The lower viscosity and the higher conductivity make the ﬁbbers become ﬁner.
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Figure 2. SEM images of (A) non-sonicated and (B) sonicated ﬁbers. Scale bar; 1 lm. Magniﬁcation; 930.0k. Following sonication, the
scaffold remained porous and nanoﬁbrous with subtle variation in ﬁber morphology and dimension.

Figure 3. FTIR spectra of drug-free and drug-loaded ﬁbers. The
appearance of peaks at 2165 cm-1 and 1126 cm-1 corresponding
to C-N and C-F groups of ciproﬂoxacin corroborating successful
association of drug within polymeric ﬁbers.

only 10 min following scaffold application and ultrasound
agitation. Persistent drug release impedes the problem of
multiple antibiotic dosing. Also, high drug content at the
target site prevents bacterial colonization over the wound
and increases the possibility of scaffold acceptance and
success.
The quinolone antibiotics are a family of broad-spectrum
antibiotics including ciproﬂoxacin, levoﬂoxacin, gatiﬂoxacin, moxiﬂoxacin, oﬂoxacin and norﬂoxacin. Although,
these drugs act through a similar mechanism they are different with respects to molecular weight, hydrophilicity,
bacterial sensitivity, effective dose, etc. In the present study,
a hydrophilic polymeric carrier has been used to load
ciproﬂoxacin and modulate its release proﬁle. The release
has been completed in 2 days due to hydrophilic nature and

relatively low molecular weight of ciproﬂoxacin. The release
of a less hydrophilic and high molecular weight quinolone,
i.e., moxiﬂoxacin can be further sustained from the alginate
nanoﬁbrous depot with or without ultrasound stimulus.
During sonication, a number of ionic crosslinks are agitated. Once stimulus becomes off, calcium ions of media
may travel into the scaffold and remake the crosslinks.
Therefore, structural changes induced by ultrasound can be
reversible and temporary. To evaluate whether structural
changes induced by ultrasound trigger are reversible, calcium trace in scaffold bathing media before and after stimulation are measured. The obtained values denote that
ultrasound stimulus substantially decreased calcium content
of incubation media. The calcium content of media is lower
for the sonicated samples (25±1.2 ppm) compared to nonsonicated ones (37.75±1.8 ppm). Sonication boosts drug
liberation from the scaffold. The higher the drug release, the
more spaces are formed within the polymer network. More
spaces make the structure be more penetrable to calcium
ions. Calcium ions of incubation ﬂuid inﬁltrate the alginate
ﬁbers and take part in crosslinking. Therefore, less calcium
content of incubation ﬂuid signiﬁes that more calcium ions
penetrate into the scaffold and more crosslinks form between
adjacent polymer chains.
To further study the effect of sonication on calcium content of nanoﬁbers, elemental analysis was carried out by
EDX. EDX spectra of sonicated and non-sonicated ﬁbers are
represented in ﬁgure 5. As evidenced by the ﬁgures, calcium
is higher in sonicated sample comparing non-sonicated one.
EDX spectra further corroborate ICP results. It can be concluded that ultrasonication created more spaces for drug
release and rendered the ﬁbers more competent for intrusion
of calcium ions.
To compare the therapeutic effect of sonication assisted
and sheer diffusion based ciproﬂoxacin release, bacteriostatic and bactericidal activity of scaffold incubation media
with or without ultrasound stimuli were tested.
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Figure 4. Cumulative ciproﬂoxacin release of drug-loaded ﬁbers with or without sonication. Ultrasonic stimulation drastically promoted
drug release. For non-stimulated scaffold, drug release was mainly reliant on drug diffusion through the polymeric chains. While, for
ultrasound stimulated scaffold, drug release was promoted since extra spaces between polymer chains were created.

Following 10 min sonication, bacteriostatic and bactericidal activity against both E. coli and S. aureus was noticed
at 1/125 ratio of the scaffold extract. At the same time,
scaffold extract without sonication was neither bacteriostatic
nor bactericidal for E. coli, and revealed MIC and MBC for
S. aureus at 1/5 ratio of main content. After ﬁve times
sonication, the sample was bacteriostatic and bactericidal for
E. coli at 1/125 ratio and for S. aureus at 1/25 ratio of
scaffold incubation medium. In the meantime, scaffold
incubating media without sonication revealed bacteriostatic
and bactericidal activity against either E. coli or S. aureus at
1/5 ratio of the main content. Sonication was repeated after
24 h and the medium was collected. The collected medium
possessed bacteriostatic and bactericidal activity against both
bacterial strains at 1/25 proportion of main content; whereas
in the absence of ultrasound stimulus, MIC and MBC for
either E. coli or S. aureus were revealed at 1/5 proportion of
total media. The results denote that minimum inhibitory and
bactericidal concentrations were lower for ultrasound assisted antibiotic release. Herein, antibiotic release in the presence of ultrasound stimulation was able to prohibit and/or
eradicate bacterial activity to a higher degree comparing
antibiotic release without sonication. Antibacterial activity of
the scaffold extract with or without ultrasound stimulus is
visually represented in ﬁgure 6.
Although, ultrasound stimulation of drug-loaded scaffold
profoundly increased scaffold antibacterial activity, but this

question remains as to whether amount of drug released
with sonication harms surrounding viable cells or not. To
address this concern, scaffold extracts with or without
sonication undertook MTT assay. The MTT absorbance
values and accordingly number of viable cells are represented in ﬁgure 7. As evidenced by the ﬁgure, there is no
signiﬁcant variation between optical absorbance for cells
incubated in scaffold extract with sonication, scaffold
extract without sonication and controls. Although the
antibiotic quantity increased with ultrasonic stimulation, but
it still remained below the toxic level for cells. Cytotoxic
effect of ciproﬂoxacin appears over a concentration of 34
lg/mL relying on cell sources used. Herein, liberated drug
in either sonicated or non-sonicated extracts is lower than
cell toxic concentration (Lawrence et al. 1996; Gürbay
et al. 2002).
Cell presence and adhesion on ﬁbrous scaffolds was
conﬁrmed by nucleus staining (ﬁgure 8). The stained nuclei
proved that the cells are present and adhered on sonicated
and non-sonicated scaffolds. Visually, the number of cells
is higher on sonicated scaffold comparing non-sonicated
one. As mentioned previously, sonicated scaffold possesses
higher calcium content. The higher calcium content donated higher crosslinking extent to ﬁbers, thus making the
scaffold stiffer. The stiff substrate offered by sonicated
sample may favor cell adhesion (Khorshidi and Karkhaneh
2018).
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Figure 6. Antibacterial activity of scaffold extracts (D6 and S6)
against E. coli and S. aureus at MBC concentrations. Antibiotic
release in the presence of ultrasound stimulation was able to
prohibit and/or eradicate bacterial activity to a higher degree
comparing antibiotic release without sonication.

Figure 5. EDX spectra of (A) non-sonicated and (B) sonicated
ﬁbers. The calcium content is higher in sonicated sample comparing
non-sonicated one because ultrasonication created more spaces for
drug release and rendered the ﬁbers more competent for intrusion of
calcium ions.

4. Conclusion
Drug delivery from a scaffold with external stimuli has
gained burgeoning interest. However, effect of the applied
stimulus on scaffold properties and function has remained
unexplained. Herein, the effects of ultrasonic stimulation on
antibiotic release from a nanoﬁbrous scaffold and also on the
scaffold properties have been pursued. Ultrasound stimulus
with an intensity of 15 W/cm2 increased antibiotic release
more than 3 times and endowed substantially higher
antibacterial activity to the ﬁbers. Antibiotic release was
enhanced and at the same time scaffold integrity was preserved. The preservation of scaffold integrity is assigned to
multiple reasons. First, the drug-loaded scaffold is an ionically crosslinked network which can be switched between

Figure 7. MTT results of cell incubation with scaffold extracts
with or without ultrasound stimulus. Extracts obtained under
sonication were labeled as S1, S5 and S6 and those without
sonication named as D1, D5 and D6. The cells incubated in scaffold
extract with or without sonication were satisfactory viable because
the liberated drug in both cases was below the cytotoxic level of
ciproﬂoxacin.

crosslinked and non-crosslinked states depends on calcium
concentration in the media. Once ultrasound is applied, the
ion crosslinks are temporarily disturbed and drug molecules
are liberated. Second, the release has been done in the
presence of calcium ions with physiological concentration.
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Figure 8. Hoechst stained images of cells on (A) non-sonicated
and (B) sonicated ﬁbers. Visually, the number of cells is higher on
sonicated scaffold comparing non-sonicated one most likely due to
higher stiffness of the sonicated substrate.

Once drug is released into the media, the structure is inﬁltrated by calcium ion and ion crosslikns are reformed. The
higher the drug released, the more spaces for inﬁltrating ions
are provided and more crosslinks are recreated. And ﬁnally,
ultrasound intensity has been selected appropriately by
which a trade-off between improved drug released and preserved scaffold integrity has been achieved. The scaffold
prepared here with the stimuli responsive drug delivery
ability possesses the potential to treat infected skin injuries.
For a real-world clinical application, the ultrasound probe is
applied over the scaffolding material and induces drug
release in an on-demand approach.
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