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ing and release of hydrophobic
gramicidin in polyester microparticles†
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Jordi Puiggaĺıab and Carlos Alemán*ab

Gramicidin (GA), a very hydrophobic pentadecapeptide with important biological activities (i.e. in addition to

its well-known antimicrobial and antibiotic activities, GA has been recently identified as a potent therapeutic

agent against different carcinomas), has been loaded by electrospraying in poly(tetramethylene succinate)

(PE44), a biodegradable and biocompatible aliphatic polyester. Microspheres (average diameter: 5.0 � 0.7

mm) were successfully obtained from the mixture of GA and PE44 solutions in ethanol and chloroform,

respectively. The loading of the peptide, which has been proved by FTIR and X-ray photoelectron

spectroscopies, essentially occurred at the surface of the microspheres, as was reflected by scanning

electron microscopy micrographs and atomic force microscopy phase images. In spite of this, the thermal

stability of the polyester matrix remained essentially unaltered, even though the wettability decreased. The

release of GA in phosphate buffer saline (PBS) was limited by the very low solubility of the peptide in

aqueous solution, a fast burst effect followed by the establishment of equilibrium after 5 days of being

observed in this hydrophilic environment. The release behaviour was very different when the

hydrophilicity of the medium was reduced by adding ethanol. In this case, a very fast but sustained release

was identified during the first few hours. On the other hand, biological tests have demonstrated that GA

retains its antimicrobial activity after loading and does not alter the biocompatibility of PE44. Our results

prove that, despite its hydrophobicity and relatively large number of residues, the loading of GA in

a polymericmatrix represents an alternative strategy for the release of this versatile peptide in cancer therapy.
Introduction

Gramicidin (GA) is a linear hydrophobic pentadecapeptide
produced by Bacillus brevis1 with the sequence formyl-L-Xxx-Gly-
L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Yyy-D-Leu-L-Trp-
D-Leu-L-Trp-ethanolamine, where Xxx and Yyy depend on the
GA molecule type. For example, commercial samples of GA
usually contain types A, B and C, in which Xxx can be either Val
or Ile for the three species and Yyy ¼ Trp, Phe and Tyr for
type A, B and C, respectively. This unique sequence of alter-
nating L- and D-amino acids renders GA sensitive to the envi-
ronment.2–7 More specically, the pitch, handedness and
dimeric conguration of the helix adopted by GA depends on
the dielectric constant of its environment.
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From a functional point of view, GA is well known because of
its ability to kill pathogenic microorganisms. For example, it
exhibits activity against Gram-positive bacteria, even though its
mechanism of action is not entirely understood.8–12 GA is also
used as antibiotic but its toxicity due to hemolytic characteris-
tics limited that application.13,14 In the last few years, GA has
been proposed as a potential therapeutic agent for different
carcinomas.15–18 Thus, studies in vivo revealed that GA effectively
reduces the growth of renal cell carcinoma (RCC) cells,15 which
are highly resistant to conventional treatments. The peptide
blocks ATP generation by inhibiting oxidative phosphorylation
and glycolysis, leading to cellular energy depletion and non-
apoptotic cell death. Form these works it was concluded that GA
reduced the growth of human RCC xenogra tumors without
causing signicant toxicity.16 GA-treated tumors also displayed
physiologic and molecular features consistent with the inhibi-
tion of hypoxia-inducible factor-dependent angiogenesis.
Wijesinghe and co-workers17 reported that GA channels inser-
ted into the cancer cells open ux of protons into the cytoplasm
and disrupt balance of other monovalent cations, which
induces cell apoptosis. Rao et al.18 introduced a strategy to kill
selectively multi-drug-resistant cells that express the breast
cancer resistance protein (BCRP). This approach was based on
specic stimulation of ATP hydrolysis by BCRP transporters
RSC Adv., 2016, 6, 73045–73055 | 73045
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with subtoxic doses of curcumin combined with stimulation of
ATP hydrolysis by Na+, K+-ATPase with subtoxic doses of GA.
More biomedical applications of GA have been recently
reviewed by Gurnev and Nestorovich,19 who also summarized
the role of channel-forming peptides for cancer therapy.

In spite of its biomedical interest, encapsulation of GA,
which represents a major challenge due to the insolubility of
this peptide, has been scarcely studied.20 In a very recent study,
Wu and coworkers20 used graphene oxide (GO) as nanocarrier to
load and deliver GA. In spite of the effective antibacterial activity
exhibited by GA-loaded GO nanoparticles, other studies21 evi-
denced that GO exhibits dose-dependent toxicity to cells and
living systems. Accordingly, the use of GO as a biocompatible
material was suggested to be controversial when this material is
applied for biomedical engineering. On the other hand, solid
peptide nanoparticles have been prepared using amino acid
sequences related with those of GA.22,23 Within this context,
Dittrich and Meier22 obtained solid spherical particles with
diameters of around 500 nm and low-size polydispersity using
a highly hydrophobic peptide decamer made of acetylated L-Lys,
L-Trp and D-Leu. Also, Meier and coworkers23 prepared peptide
particles, which were hypothesized to be multicompartment
micelles, using an undecamer made of a repetitive L-Trp-D-Leu
motif in a hydrophobic block and an N-terminally attached
hydrophilic (Lys) section. Nevertheless, the potential biomed-
ical applications of the peptides used to prepare such nano- and
micro-structures have not been examined and, indeed, is not
expected to be similar to those of parent GA.

In this we report a simple strategy to prepare poly(tetra-
methylene succinate) (PE44) microspheres loaded with GA by
means of the electrospraying technique. Aer comparison of
the chemical, morphological and thermal properties of GA-
loaded and unloaded PE44 microspheres (i.e. PE44 micro-
spheres without GA), hereaer denoted PE44-GA and U-PE44,
respectively, the delivery of the peptide has been examined in
two media. Results indicate that the release behaviour is highly
dependent on the hydrophilicity of the medium.
Methods
Materials

Poly(tetramethylene succinate) is a commercial product (Bion-
olle® 1001) supplied by Showa Denko K.K. (Germany). The
polymer has a melt ow index of 1.6 g/10 min (measured at 190
�C under a load of 2.16 kg according to ASTM-D1238). GA was
purchased from Sigma-Aldrich (G5002), containing 80–85%, 6–
7%, 5–14% and <1% of type A, B, C and D, respectively.
Electrospraying

PE44 and GA were dissolved in chloroform and ethanol,
respectively, by stirring at 80 rpm overnight. The two solutions
were mixed in a resealable glass vial to prepare the electrospray
solution, which was homogenized by stirring at 80 rpm for 1 h.
The weight percentages of PE44 and GA in the resulting elec-
trospray solution were 2.5 wt% and 0.25 wt% (i.e. 10% respect to
the polymer weight), respectively. Operational conditions for
73046 | RSC Adv., 2016, 6, 73045–73055
the preparation of PE44-GA microspheres by electrospraying
were optimized, even though results obtained using the selected
processing conditions are the only displayed in this work.
Electrosprayed PE44-GAmicrospheres were collected on a target
placed at 25 cm from the needle tip (18 G, inside diameter 0.84
mm). A voltage of 30 kV was applied to the target using a high-
voltage supply (Gamma High Voltage Research, ES30-5W).
Polymer solutions were delivered via a KDS100 infusion
syringe pump (KD Scientic, USA) to keep the ow rate at 1 mL
h�1. All electrospraying experiments were carried out at room
temperature. The procedure and the parameters used to
prepare blank samples, which consist of U-PE44 microspheres,
were identical to those described for PE44-GA with the obvious
exception that ethanol did not contain GA.
Characterization

Detailed inspection of texture and morphology of microspheres
was conducted by scanning electron microscopy (SEM) using
a Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss, Ger-
many). Carbon coating was accomplished using a Mitec K950
Sputter Coater tted with a lm thickness monitor k150�.
Samples were visualized at an accelerating voltage of 5 kV. The
diameter of the microspheres was measured with the SmartTiff
soware from Carl Zeiss SMT Ltd.

Atomic Force Microscopy (AFM) was conducted to obtain
topographic and phase images of the surface of microspheres
using silicon TAP 150-G probes (Budget Sensors, Bulgaria) with
a frequency of 150 kHz and a force constant of 5 N m�1. Images
were obtained with an AFM dimension microscope using the
NanoScope IV controller under ambient conditions in tapping
mode. The row scanning frequency was set between 0.4 and 0.6
Hz. The Root Mean Square roughness (RMS Rq), which is the
average height deviation taken from the mean data plane, was
determined using the statistical application of the NanoScope
Analysis soware (1.20, Veeco).

Aggregation phenomena in raw materials (i.e. PE44 and GA)
were studied by dynamic light scattering (DLS) using the
conditions (solvent and concentration) selected for the pro-
cessing by electrospraying. Measurements were performed
using a NanoBrook Omni Zeta Potential Analyzer from Broo-
khaven Instruments Corporation.

The specic surface area of U-PE44 and PE44-GA was deter-
mined by the Brunauer–Emmett–Teller (BET) technique under
standard conditions using aMicromeritics Tristar 3000 analyzer
and using N2 as adsorption gas. Prior to the measurement, the
sample was outgassed at 40 �C for 240 minutes (�0.15 mbar).

The degree of crystallinity of the PE44 and the electrosprayed
microspheres was analyzed by means of Wide-Angle X-ray
Diffractometer (WAXD) using the X'Pert Pro System (PAN-
alytical, Netherland). The diffraction patterns were obtained
using Cu Ka (l¼ 0.1542 nm) X-ray source operating at 30 kV and
30 mA. Samples were examined using the powder form. The
degree of crystallinity (cc) was estimated using PeakFit v4.0
soware (Jandel Scientic Soware, AISN Soware Inc.)
according to Hindeleh and Johnson's method and the following
equation:
This journal is © The Royal Society of Chemistry 2016
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cc ¼
AC

AC þ AA

(1)

where: AA and AC are the calculated area under amorphous and
crystalline curves of deconvoluted X-ray pattern, respectively.

Additionally, approximated theoretical curves allow calcu-
lating crystalline size using the Scherrer equation:

LðhklÞ ¼ Kl

B cos q
(2)

where L(hkl) is the average crystallite size in the orthogonal
direction to the plane (hkl), q is the Bragg angle, l is the X-ray
wavelength, B is the FWHM of the diffraction peak for the
plane (hkl) and K is the Scherrer constant (K ¼ 0.9 for
polymers).

A UV-3600 (Shimadzu) UV-vis/NIR spectrophotometer
controlled by the UVProbe V2.31 soware was used to record
UV-vis spectra of GA at room temperature in the 200–400 nm
range, with a bandwidth of 2 mm, a scan speed of 600 nm
min�1, and a sampling interval of 1 nm.

FTIR spectroscopy was used to assess the presence of peptide
in PE44-GA samples. Absorption spectra were recorded with
a Fourier Transform FTIR 4100 Jasco spectrometer in the 4000–
600 cm�1 range. A Specac model MKII Golden Gate attenuated
total reection (ATR) with a heated Diamond ATR Top-Plate was
used. FTIR spectroscopy was also used to examine the
secondary structure of GA in prepared PE44-GA microspheres.
This information was derived from the peaks in the amide I and
amide II regions, which were deconvoluted and tted to
Gaussian functions using the PeakFit 4 (Jandel Scientic So-
ware, AISN Soware Inc.) and OriginPro 8 soware, respectively.

Circular dichroism (CD) measurements were carried out in
a Jasco J-810 spectropolarimeter at 22 �C using a quartz cuvette.
The CD data were recorded with standard sensitivity (100
mdeg), in the 150–260 nm range, with bandwidth of 2 mm,
response time of 0.5 s and scanning speed of 500 nm min�1.
The reported spectra correspond to the average of ve scans, the
raw spectra being smoothed by the Savitzky–Golay algorithm
and deconvolutioned for analysis and interpretation.

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed in a SPECS system equipped with a high-intensity twin-
anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV) operating
at 150 W, placed perpendicular to the analyzer axis, and using
a Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650
mm. The pass energy was set to 25 and 0.1 eV for the survey and
the narrow scans, respectively. Charge compensation was ach-
ieved with a combination of electron and argon ion ood guns.
The energy and emission currents of the electrons were 4 eV and
0.35 mA, respectively. For the argon gun, the energy and the
emission currents were 0 eV and 0.1 mA, respectively. The
spectra were recorded with a pass energy of 25 eV in 0.1 eV steps
at a pressure below 6 � 10�9 mbar. These standard conditions
of charge compensation resulted in a negative but perfectly
uniform static charge. The C1s peak was used as an internal
reference with a binding energy of 284.8 eV. High-resolution
XPS spectra were acquired by Gaussian/Lorentzian curve
tting aer S-shape background subtraction. The surface
This journal is © The Royal Society of Chemistry 2016
composition was determined using the manufacturer's sensi-
tivity factors.

Thermal degradation was studied at a heating rate of 20 �C
min�1 (sample weight ca. 5 mg) with a Q50 thermogravimetric
analyser of TA Instruments and under a ow of dry nitrogen.
Test temperatures ranged from 30 to 600 �C.

Contact angle measurements were obtained using the sessile
water drop method at room temperature and controlled
humidity. Images of 0.5 mL distillated water drops on surfaces
collecting the microspheres were recorded aer stabilization
(10 s) with the equipment OCA 20 (DataPhysics Instruments
GmbH, Filderstadt). The soware SCA20 was used to analyze
the images and acquire the contact angle value. Contact angle
values were obtained as the average of 15 independent
measures for each sample.
GA-release experiments

Mats with GA-loaded microspheres were cut into small squares
(2� 2 cm2 and around 15–20 mg of weight) which were weighed
and placed into polypropylene tubes. Phosphate buffer saline
(PBS, pH 7.4) and PBS supplemented with 70 v/v% of ethanol
(PBS–EtOH) were considered as release media. The addition of
ethanol to hydrophilic PBS increases the hydrophobicity of the
medium and provokes some swelling effect, both favoring the
release of hydrophobic drugs as GA.24 The released GA was
quantied using the Bradford reagent. Assays were carried out
by immersing sample mats in 30 mL of the release medium at
37 �C for 1 week. Aliquots (1 mL) were drawn from the release
medium at predetermined intervals, and an equal volume of
fresh medium was added to the release vessel. The Bradford
reaction was performed in microtiter plate mode and the
absorbance measurement in a reader plate. Calibration curves
were obtained by plotting the absorbance measured at 595 nm
against drug concentration. Finally, the mats were dissolved in
chloroform and the residual drug was extracted in ethanol for
quantication. All tests were performed in triplicate to control
the homogeneity of the release, and the results were averaged.
Antimicrobial test: inhibition of bacterial growth

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
were selected to evaluate the activity of loaded GA against
bacteria. The bacteria were previously grown aerobically by
exponential phase in Luria–Bertani (LB) broth (at 37 �C and
agitated at 80 rpm). In addition to PE44-GA samples, U-PE44
(negative control) and gentamicin discs (positive control), an
antibiotic used to treat many types of bacterial infections, were
also considered for antimicrobial assays.

The agar diffusion test was performed in Petri dishes of 90
mm. A standardized 0.5 McFarland of the test strain culture was
inoculated homogeneously on the surface of LB agar using
a sterile nylon swab. Then, samples were pasted onto the agar
plate. Bacteria were incubated at 37 �C for 24 hours and the
inhibition zone for each sample on the plate was observed.
RSC Adv., 2016, 6, 73045–73055 | 73047
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Cytotoxicity and cell adhesion

Madin Darby Canine Kidney (MDCK) cells were cultured in
DMEM high glucose supplemented with 10% FBS, penicillin
(100 units per mL), and streptomycin (100 mg mL�1). The
cultures were maintained in a humidied incubator with an
atmosphere of 5% CO2 and 95%O2 at 37 �C. Culture media were
changed every two days. When the cells reached 80–90%
conuence, they were detached using 1–2 mL of trypsin (0.25%
trypsin/EDTA) for 5 min at 37 �C. Finally, cells were re-
suspended in 5 mL of fresh medium, their concentration
being determined by counting in a Neubauer camera using
0.4% trypan blue as a dye vital.

U-PE44 and PE44-GA samples were placed in plates of 24
wells and sterilized using UV-light for 15 min in a laminar ux
cabinet. Controls were simultaneously performed by culturing
cells on the surface of the tissue culture polystyrene (TCPS)
plates. For adhesion assays, an aliquot of 50 mL containing 5 �
104 cells was deposited onto each sample. Then, cell attachment
was promoted by incubating under culture conditions for 30
min. Finally, 500 mL of the culture medium were added to each
well. Aer 24 h, non-attached cells were washed out, while
attached cells were quantied. Cytotoxicity was also determined
aer 24 h of culture. All viability measures were relative to TCPS
used as control (i.e. 100%).

Viability for cytotoxicity and cellular adhesion were evalu-
ated by the colorimetric MTT assay. This assay measures the
ability of the mitochondrial dehydrogenase enzyme of viable
cells to cleave the tetrazolium rings of the MTT and form for-
mazan crystals, which are impermeable to cell membranes and,
therefore, are accumulated in healthy cells. This process is
detected by a colour change: the characteristic pale yellow of
MTT transforms into the dark-blue of formazan crystals.
Specically, 50 mL of MTT solution (5 mg mL�1 in PBS) were
added to each well. Aer 3 h of incubation, samples were
washed twice with PBS and stored in clean wells. In order to
dissolve formazan crystals, 200 mL of DMSO/methanol/water
(70/20/10% v/v) was added. Finally, the absorbance at 570 nm
was measured using a microplate reader (Biochrom EZ Read
400, Biochrom). The resulting viability results were normalized
to TCPS control as relative percentages. Results were derived
from the average of six replicates (n ¼ 6) for each independent
experiment. ANOVA and Tukey tests were performed to deter-
mine statistical signicance, which was considered at a con-
dence level of 95% (p < 0.05).
Fig. 1 Effective diameter (Deff, in mm) as measured by DLS of GA
aggregates in different solvents.
Results and discussion

PE44 has been reported to be perfectly soluble in chloroform,
this solvent being previously used to process different nano-
and microstructures with the same polyester.25,26 Although
hydrophobic GA is hardly soluble in water and tends to form
colloidal suspensions in this solvent, it is soluble in a number of
organic solvents including those used in the electrospray solu-
tion. Initially, the impact of different solvents on the stability of
GA was examined by absorption spectroscopy. Although the UV-
vis spectrum of GA is not characteristic of its entire structure,27
73048 | RSC Adv., 2016, 6, 73045–73055
uncharacteristic absorbance at 200–300 nm should be clearly
detected due to the chromophoric units of the molecule (i.e. the
four Trp of GA of type A, which is the most abundant in the
purchased sample).28–30 Results, which are displayed in Fig. S1,†
indicated that the spectrum of GA remains practically unaltered
when the ethanol solvent is replaced by methanol, chloroform,
acetonitrile, formic acid and dichloromethane while important
changes occur in water. Thus, the absorption peaks at around
280 and 288 nm observed for organic solvents become
a shoulder in water (i.e. complete description of the UV-vis
spectra is provided in the ESI†). In addition, the solubility of
the peptide in aqueous solution was observed to be very low in
comparison to the other solvents. These results are fully
consistent with DLS measures for GA in water, ethanol and
chloroform (Fig. 1). As it can be seen, the lowest and highest
effective particle diameter (Deff) was obtained in ethanol (Deff ¼
1.6 mm) and water (Deff¼ 10.1 mm), respectively, while the size of
the aggregates in chloroform (Deff ¼ 3.5 mm) was similar to that
in ethanol. According to these results, the electrospray solution
described in the Methods section, which was obtained by mix-
ing PE44 and GA solutions in chloroform and ethanol, respec-
tively, was appropriated for loading the peptide.

Once the solvents were selected, operational parameters (i.e.
applied voltage, tip–collector distance and ow rate) and solu-
tion properties (i.e. viscosity, surface-tension, volatility and
concentration) were optimized to obtain regular microparticles
of well-dened diameter. In general, the charge density on the
droplet increases with the voltage, favouring the breakup of the
liquid jet when the polymer concentration is low. However, high
voltages promote the formation of microparticles with a broad
distribution of sizes since multi-jets become irregular. The
particle diameter increases with the distance between the tip
and the collector because breakup becomes insufficient. The
ow rate, which affects the charge density, is typically used to
control the sphericity (i.e. high ow rates are characteristic of
a poor sphericity). Solution properties also affect the ssion of
droplets, which is hampered when the surface tension is too
high. Solution viscosity, which depends on the solvent,
temperature and, especially, the polymer concentration and
This journal is © The Royal Society of Chemistry 2016
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molecular weight, affects both the size and shape of the parti-
cles. Thus, breakup and deformation are hampered when the
viscosity is high, bres or particles being obtained from high or
low viscosity solutions, respectively. These criteria were used to
optimize the electrospraying conditions used in this work,
which are summarized in the Methods section.

SEM micrographs of U-PE44 and PE44-GA electrosprayed
particles are compared in Fig. 2. In both cases microspheres
were abundant and present some irregularities, which have
been attributed to different degrees of collapse provoked by the
low PE44 concentration (i.e. 2.5 wt%). In spite of these simi-
larities, the peptide induces some important differences
between the loaded and unloaded microspheres. Thus, U-PE44
particles present a wrinkled surface with well-dened folds
homogeneously distributed onto it. These folds are placed at
higher levels than the core of the particle, resulting in a homo-
geneous distribution of small cavities at the surface. In contrast,
the cavities dened by the folds are lled in PE44-GA samples,
indicating that peptide is loaded at the surface. This feature was
corroborated by the AFM images displayed in Fig. 3. Thus,
comparison between phase and height images recorded for U-
PE44 and PE44-GA samples clearly indicate that GA particles
are located on the surface of the microspheres. The diameter of
GA particles, which was estimated by analysing the cross-
sectional proles displayed in Fig. S2,† varied between 50 nm
and 114 nm. AFM images also evidenced that the RMS Rq was
slightly higher for U-PE44 than for PE44-GA.

It was not possible to have straightforward evidences of the
morphology at the interior of the microspheres. Unfortunately,
application of FIB-SEM led to the melting of the microparticles,
while the application of alternative methodologies, like the one
proposed by Wang et al.31 and Zhang et al.,32 was not feasible
because it requires the sample to be dissolved in water (i.e. both
Fig. 2 High and low magnification SEM micrographs of (a) U-PE44
(blank sample) and (b) PE44-GA electrosprayed microspheres.

This journal is © The Royal Society of Chemistry 2016
U-PE44 and PE44-GA microspheres tend to aggregate when
interacting in aqueous solutions). However, the preparation
process and the surface morphology of samples displayed in
Fig. 2 is similar to that of electrosprayed aluminum micro-
spheres,33 which were found to be denser in the surface region
than in the interior. This phenomenon, which should be
attributed to the electrospraying process, is presumable due to
the fact that aggregates on the surface have more opportunity to
move and re-arranged relative to the interior aggregates.

The generation of electrosprayed particles is widely accepted
to be controlled by two main mechanisms: solvent evaporation
from droplets en route from the tip to the collector, and
contemporaneous polymer diffusion during evaporation.34

Rapid polymer diffusion does not necessarily lead to spherical
particles but will ensure solid, dense particles. Both these
mechanisms are dictated by the characteristics of the electro-
sprayed polymer solution itself, which in turn depend on the
molecular weight and polymer concentration. Theoretically, the
GA should be distributed evenly throughout the electrosprayed
PE44 microparticles, however, it was scattered throughout the
microparticles in various sizes (i.e. from 50 nm to 114 nm). This
distribution pattern is closely related to the structure and
stability of water-in-oil emulsions.35,36 The polar phase
composed of GA dissolved in ethanol was dispersed into the
organic phase, composed of PE44 dissolved in chloroform
during the own electrospraying process. As a consequence, the
drug was close to the surface the microparticles.

Although the average particle diameter (d) was very similar
for both U-PE44 and PE44-GA (5.1 � 0.5 mm and 5.0 � 0.7 mm,
respectively), addition of 0.25 wt% GA to the electrospray solu-
tion slightly affects the diameter distribution (Fig. 4). Thus,
a narrow distribution with kurtosis of 1.34 at a condence
interval (CI) of 95% in the range 4.9–5.2 mm is observed for U-
PE44, while PE44-GA shows a broader distribution with
kurtosis of 0.04 in the CI of 95% (4.9–5.2 mm). As the electro-
spray operational conditions were identical for both systems,
the movement of the diameter distribution of PE44-GA towards
higher values supports that the peptide is loaded in the
microspheres and particularly at their surface. Processing has
a notable effect on the dimensions of polymer particles. Thus,
the d value determined for U-PE44 electrosprayed microparti-
cles is 20% higher than the effective diameter determined by
DLS (Deff ¼ 4.1 � 0.6 mm) for the raw material (i.e. PE44 powder
coming from synthesis). The surface area of the electrosprayed
particles, which is relevant for the diffusion of the GAmolecules
from particle to solvent, was determined by BET. This area
increased from 2.5705 m2 g�1 � 0.0513 m2 g�1 for U-PE44 to
6.1361 m2 g�1 � 0.2548 m2 g�1 for PE44-GA, indicating that
diffusion phenomena should be favoured in latter with respect
to the former.

Fig. S3† compares the WAXD patterns registered for U-PE44
and PE44-GA microspheres, respectively. Detailed discussion of
the X-ray diffractograms, which reects the PE44 monoclinic
crystal lattice,37 is provided in the ESI.† Deconvolution of the X-
ray diffraction patterns into the crystalline peaks and the
amorphous halo reveals signicant differences between elec-
trosprayed microspheres and the raw-materials (Table S1†). As
RSC Adv., 2016, 6, 73045–73055 | 73049
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Fig. 3 AFM images of (a) U-PE44 (blank sample) and (b) PE44-GA electrosprayed microspheres: 2D height images (left column), 2D phase
images (middle column), and 3D height images (right column). Pointed circles in images displayed in (b) indicate GA aggregates (cross-section
profiles of these particles are shown in Fig. S1†).
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it can be seen, the crystallinity of the electrosprayed micropar-
ticles increases signicantly upon the loading of GA (cc ¼ 0.42
and 0.76 for U-PE44 and PE44-GA). Indeed, PE44-GA is more
crystalline than the reference sample (cc ¼ 0.63), even though
the origin of their crystallinities are different. The sample
prepared by solvent-casting allows a slow settlement of the
polymer chains, resulting in a cc value higher than that of U-
PE44. In contrast, for PE44-GA the increment in the cc value
with respect to U-PE44 must be attributed to the contribution of
the crystalline GA.

Comparison of the FTIR spectra of U-PE44 and PE44-GA
samples corroborates the loading of the peptide during the
electrospraying process (Fig. 5). Thus, the amide I band, which
is governed by the stretching vibrations of the C]O and C–N
groups, and the amide II band, which arises from the coupling
between the N–H in-plane bending and the C–N stretching
modes, are recognizable at approximately 1629 and 1535 cm�1,
respectively, for PE44-GA. These two amide bands are clearly
distinguishable from the C]O stretching of aliphatic esters
73050 | RSC Adv., 2016, 6, 73045–73055
that appears as an intense and sharp band at 1712 cm�1 for
both U-PE44 and PE44-GA.

Analysis of the FTIR amide I and amide II regions has been
used to determine the structural characteristics of GA loaded
into PE44microspheres. Results, which are displayed in Fig. S4†
for unloaded and loaded GA, indicate that the amide I band
correspond to the b-helix conformation. The component at 1632
cm�1 is present in the two samples and has been related with
the b6.3-helix.38 The component at 1650 cm�1, which corre-
sponds to the b5.6-helix,38 is clearly recognizable for the loaded
peptide while it is only a shoulder in the spectrum of unloaded
GA. These results suggest that two different b-helices coexist in
PE44-GA while the b6.3-helix is clearly the predominant for the
GA in solution. The latter has been corroborated by comparing
the CD spectrum acquired for GA dissolved in ethanol (Fig. S5†)
with those reported in the literature.7 The inuence of the PE44
matrix in the peptide conformation is also supported by relative
intensity changes in the four components of the FTIR amide II
band (Fig. S4†).
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Diameter distribution of electrosprayed (a) U-PE44 and (b) PE44-
GA microparticles. (c) Comparison of the diameters using a box-chart
representation. The box range is determined by the 25th and 75th
percentiles. The whiskers (�) are determined by the 1st and 99th
percentiles. The (–) are the maximum and minimum values, (A)
corresponds to the mean, and the horizontal line into box is the median.

Fig. 5 FTIR spectra of electrosprayed U-PE44 and PE44-GA micro-
particles in the range 1850–1000 cm�1.

Table 1 Atomic percent composition (C1s, N1s and O1s) obtained by
XPS for U-PE44 and PE44-GA samples

Sample C1s N1s O1s

U-PE44 69.23 0.26 30.51
PE44-GA 68.09 4.57 27.34

Fig. 6 High-resolution XPS spectra for U-PE44 and PE44-PGA: C1s
and O1s regions. The red line corresponds to the experimental profile
while the black lines are the peaks from deconvolution. The bonds
associated to the deconvoluted peaks are also displayed.
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The chemical structure of U-PE44 and PE44-GA particles was
further characterized by XPS, compositions being compared in
Table 1. The penetration of X-ray radiation using the conditions
This journal is © The Royal Society of Chemistry 2016
described in Methods section is expected to be �10 nm, even
though in this case the penetration is unknown because of both
the porosity (Fig. 2a) of U-PE44 microspheres. In any case,
radiation reaches the surface of the metallic substrate
(aluminum foil) used as collector, which is only partially
covered by electrosprayed microspheres. This feature explains
the detection of a small percentage of nitrogen in U-PE44
samples, which has been attributed to the aluminum foil
substrate. It should be noted that we also detected nitrogen in
the atomic composition of polymeric microstructures deposited
onto metallic substrates, even though in those cases the
substrate was stainless steel.39 However, the N1s increases from
0.26% in U-PE44 to 4.57% in PE44-GA, supporting the
successful incorporation of the peptide. For U-PE44 the C/O
ratio, 2.27, is close to the theoretical value of 2.00, while such
ratio increases to 2.49 for PE44-GA. Although the increment of
the C/O ratio in the latter has been associated to the loading of
peptide, it is important to point out that the experimental values
of C/O ratio are inuenced by the presence of hydrocarbon
contamination. This is commonly present in samples subjected
to XPS analysis and can be traced back to typical laboratory
environment and the pumping system.40

High-resolution XPS spectra in the C1s and O1s regions are
displayed in Fig. 6. Deconvolution of the C1s peak led to three
and four Gaussian curves for U-PE44 and PE44-GA, respectively.
Three of such curves have been attributed to saturated C–C/C–H
(284.2 eV), C–O (286.1 eV) and C]O (288.7 eV) bonds of PE44
chains,41,42 while the fourth curve of PE44-GA corresponds to the
(O])C–NH peptide bonds (287.3 eV).43,44 The O1s signal
RSC Adv., 2016, 6, 73045–73055 | 73051
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Fig. 8 Contact angle values of U-PE44 and PE44-GA. The contact
angle of the aluminum foil used to collect the microspheres is also
displayed.
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consists of two components, which has been assigned to the
C]O (531.87 eV) and C–O bonds (533.42).39–44 For U-PE44, the
C]O component is less intense than the C–O one while the
opposite relative intensity order is obtained for PE44-GA due to
the incorporation of peptide molecules.

Thermal degradation kinetics of PE44 was studied by
Chrissas et al.,45 a two-step decomposition process being re-
ported. The rst one was very small and could only be slightly
distinguishable in DTGA thermograms. nth-Order mechanisms
were postulated as typical for degradation of polyesters.46

Specically n¼ 0.75 and 0.68 and activation energies of 128 and
189 k mol�1 were determined for the rst and second decom-
position steps of PE44, respectively. U-PE44 has a high thermal
stability, being the onset degradation temperature higher than
300 �C and, obviously, higher than its melting temperature (115
�C). Incorporation of drugs may affect the thermal stability of
the base polymer, a feature that has been considered due to the
lower stability of GA (Fig. 7). Thus, the temperature of the main
DTGA peak for GA decreases by approximately 50 �C with
respect to PE44. In spite of this, minimum changes were
detected between U-PE44 and PE44-GA samples (Fig. 7). Thus,
the second degradation step seems to proceed slightly faster in
such a way that the two stages of degradation are practically not
differentiated on the corresponding DTGA curve. In addition,
the char yield of PE44-GA slightly increased with respect U-
PE44, which is in agreement with the signicant residue
produced in the decomposition of GA as consequence of its
aromatic content.

The water contact angle value determined for U-PE44 is 104�

� 3� (Fig. 8) evidencing the hydrophobic nature of the polymeric
matrix. The incorporation of GA enhances the hydrophobicity of
the polymeric matrix, the contact angle increasing to 129� � 2�

for PE44-PGA. This is a very attractive result for peptide-release
based applications since the low wettability of PE44-GA micro-
spheres in water solvents is expected to be accompanied by
a relatively slow delivery in polar environments like PBS.

GA release from electrosprayed microparticles in a given
medium is expected to depend on the intermolecular interac-
tions between the peptide and the PE44 matrix. Quantitative
release studies were performed considering PE44 microspheres
loaded with GA. Both PBS and PBS–EtOH were used as release
Fig. 7 TGA (solid lines) and DTGA (dashed lines) curves for U-PE44
(black), GA (blue) and the PE44-GA (red). Arrow points out the first
degradation step of PE44.

73052 | RSC Adv., 2016, 6, 73045–73055
media. It should be noted that the physical characteristics in
a place of the body (e.g. pH and hydrophilicity/hydrophobicity
ratio) depends on the location. Therefore, comparison of the
release rate in PBS and PBS–EtOH is a standard assay to
ascertain how changes in the environment affect the drug
release. According to previous studies,24,25 the ethanol supple-
ment facilitates the delivery of highly hydrophobic molecules,
such as GA, precluding the establishment of early equilibrium
conditions that limit their release in PE44.

Fig. 9 shows the release prole in PBS and PBS–EtOH for GA
loaded in PE44 microparticles. The cumulative release plot in
PBS for PE44 microspheres loaded with GA exhibits a massive
initial burst release up to a maximum percentage (�87%) and
a subsequent decrease of the release percentage until a constant
value (�70%). The plateau region observed aer 5 days is
Fig. 9 Release curves in (a) PBS and (b) PBS–EtOH media of GA from
PE44-GA microspheres.

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 E. coli and S. aureus bacterial cultures showing the inhibition
zones around PE44-GA and gentamicin (positive control) samples. U-
PE44 was also tested as negative control.

Fig. 11 Viability of MDCK cells in presence of (a) U-PE44 and PE44-GA
samples and (b) adhesion cellular onto the microsphere matrices.
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consistent with the achievement of that equilibrium value. This
behaviour suggests that a small amount of the initially delivered
peptide was able to enter again inside the PE44 microparticles
to meet the equilibrium condition. It should be remarked that
the burst release, which is due to the rapid diffusion of PBS into
the microparticles surface, is consistent with the location of the
GA near the surface,47 as was evidenced by AFM and SEM. Also,
it should bementioned that measures about the release of GA in
PBS exhibited very poor statistical precision (Fig. 9a), which has
been attributed to the poor interaction between GA and water
discussed above (Fig. S1† and 1).

The rate of GA release from PE44 microspheres is higher in
PBS–EtOH than in PBS, which is consistent with hydrophobic
sequence of the peptide. Thus, results displayed in Fig. 9b
indicate that, initially, the release of GA was very fast, reaching
92% and 98% of the loaded peptide aer 6 hours and 7 days of
exposure in PBS–EtOH, respectively. The delivery process in
PBS–EtOH is explained by the diffusion of the peptide through
the polymeric matrix, which is facilitated by the solvent-induced
swelling of PE44 and the weak interactions and the polymeric
matrix and peptide.

The loading efficiency (LE) was calculated on the basis of the
following formula:

% LE ¼ ½GA�final
½GA�initial

� 100 (3)

where [GA]nal is the sum of GA released in PBS–EtOH along 168
h and the GA remaining at the PE44 matrix aer such time, and
[GA]initial corresponds to the GA concentration in the electro-
spraying solution related to the content of polymer (w/w%).
Results indicated that the average LE for this pentadecapeptide
is 41% � 10% (i.e. the LE determined for four replicas varied
between 32% and 51%). Although very high drug loading effi-
ciencies (up to �90%) have been reported for microspheres
obtained using electrospraying,48–50 it should be emphasized
that the loading of GA in polymeric matrix is a major challenge
due to its insolubility. According to such circumstance, the LE
reached in this work, which to the best of our knowledge is the
greatest reached for GA (i.e. Dittrich and Meier22 obtained LEs
lower than 30%), should be considered relatively high. The LE
obtained in the current work should be attributed not only to
the electrospraying process but also to the appropriate choice of
the polymeric matrix. More specically, the charge distributions
of the peptide and the PE44 matrix exhibit important similari-
ties. Thus, the peptide and ester bonds are the only polar groups
in the GA and PE44, respectively, while the charge in the rest of
the molecular fragments is homogeneously low, which provides
a high hydrophobic character. These similar trends facilitate
the formation of stable mixtures that are subsequently used as
electrospraying solutions.

The antibacterial activity of PE44 microspheres loaded with
GA was tested against E. coli and S. aureus (as representative of
Gram-positive and Gram-negative bacteria, respectively).
Results from antimicrobial tests are displayed in Fig. 10. An
inhibition zone around both PE44-GA and gentamicin samples
is clearly identied for the two tested bacteria indicating that
compounds with bactericidal activity diffuse outward from the
This journal is © The Royal Society of Chemistry 2016
samples. Thus, such clear zones are halos of inhibition that
indicate the extent of the test organism's inability to survive in
the presence of the gentamicin antibiotic and the GA released
from the PE44 matrix. Obviously, the area of the clear zone is
higher for gentamicin than for PE44-GA since the bacterial
growth inhibition promoted by GA depends on the release rate
from the polymeric matrix. On the other hand, no inhibition
zone has been detected for PE44 samples indicating that, as it
was expected, the polymeric matrix is harmless to bacteria.

The response of PE44-GA towards cells was compared with
that of U-PE44. Cytotoxicity and cellular adhesion assays were
performed considering MDCK epithelial cells. These carcino-
genic cells were selected due to their fast growth. Quantitative
results are displayed in Fig. 11, TCPS being used as control
substrates. As it can be seen, the reduction in the number of
viable cells aer 24 h of culture was similar for the U-PE44,
PE44-GA and the control (Fig. 11a). Similarly, the number of
adhered cells by area of material was the same for the three
species (Fig. 11b). These results clearly indicate that the incor-
poration of GA does not alter the biocompatibility of the PE44
matrix, which is practically identical to that of TCPS.
RSC Adv., 2016, 6, 73045–73055 | 73053
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Conclusions

The results reported above demonstrate that electrosprayed
PE44 microspheres can be used to load GA, a highly hydro-
phobic pentadecapeptide that has been recently proposed as
a potent therapeutic agent against different carcinomas. The
loading efficiency is relatively high (41%), which has been
attributed to the hydrophobic similarity between the GA and
PE44 matrix resulting in a stable combination. The peptide,
which is mainly loaded at the surface of the microparticles,
enhances the hydrophobicity of the microparticles while the
thermal stability remains practically unaltered. Aer seven
days, the delivery in PBS and PBS–EtOH is 70% and 98%,
respectively. Thus, the release rate of GA from PE44 micropar-
ticles is higher in PBS–EtOH than in PBS due to the remarkably
hydrophobicity of this peptide. On the other hand, although
FTIR studies suggest that GA undergoes some structural
changes upon loading into PE44 microspheres, both the anti-
bacterial activity of the peptide and the biocompatibility of the
polymeric matrix are clearly maintained.

In summary, the delivery of therapeutic molecules is tanta-
mount to the success of many medical treatments. With the
development of new and superior medical treatment for many
diseases, as for example cancer, there is a concomitant demand
to encapsulate and release bioactive molecules in a safe, effec-
tive and reproducible manner. In this work we have proved that
encapsulation and release of GA, a versatile bioactive molecule
because of its multiple and varied therapeutic uses, is feasible
despite its molecular size and very high hydrophobicity.
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