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Purpose: The polymeric porous surface of fibres (PLA) may influence the kinetics of release of biologically active compounds
(gentamicin, G and ethacridine lactate, R) affecting development of a bacterial biofilm. Methods: The porous fibres with different mor-
phology were manufactured by the electrospinning method from ternary systems composed of PLA and selected solvents. Fibres mor-
phology was examined using a scanning electron microscopy (SEM), their structure was analyzed by FT-IR ATR spectroscopy and
differential scanning calorimetry (DSC). Changes in the drug release profile were measured using ICP/UV-Vis methods and the resulting
bactericidal or bacteriostatic properties were tested by two-layer disk diffusion test in relation to various drug incorporation methods.
Results: The porous fibres can be applied to produce drug-bearing membranes. The spectroscopic studies confirmed incorporation of
gentamicin into the fibres and the presence of ethacridine lactate on their surface. Bimodal fibres distribution (P3) promoted faster re-
lease of gentamicin and ethacridine lactate from P3G and P3R materials. The electrospinning process coupled with the vapor induced
phase separation influenced the glass transition temperature of the porous polymer fibres. The pre/post-electrospinning modification
influenced the glass transition, maximum temperature of cold crystallization and melting point of the porous membrane, compared to the
neat polymer. The polylactide fibres with gentamicin showed strong bactericidal effect on Gram-positive bacteria, while fibres with
ethacridine lactate were bacteriostatic. Conclusions: The obtained fibres with complex surface morphology can be used as a membrane in
active dressings as they make it possible to control the release profile of the active compounds.
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inflammatory process and, as a consequence, tissue
destruction. It is predicted that in 2050 more deaths
will occur as a result of bacterial infections than as
a result of cancer [24]. These predictions have con-

1. Introduction

A chronic wound, unlike an acute wound, is a long-

-healing wound whose prolonged healing process causes
bacteria adhesion and biofilm formation [10], [25].
The first pathogens that attack wounds are Gram-
positive bacteria, coming from the surrounding area or
directly from the skin, and then, in the next stage, in
addition to Gram-positive bacteria, Gram-negative
bacteria appear on the wound, initiating a complex

tributed to the development of the concept of a wound
dressing that combines two features, i.e., reconstruc-
tion of the native ECM (extracellular matrix) micro-
structure and the creation of a physical barrier contain-
ing antimicrobial agent against bacterial colonization.
On one hand, fibrous scaffold can be a structure that
mimics the extracellular matrix (ECM), on the other
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hand, fibres can be carriers of active compounds that
inhibit biofilm formation and promote wound healing.

New concept of fibrous structure used in biomedi-
cal application are nanofibers which are fibres with
a diameter in the range of 50-1000 nm, several orders
of magnitude smaller than fibres produced by con-
ventional spinning methods [1], [14]. Nanofibres have
become increasingly attractive, mainly due to their very
porous structure and large surface-to-volume ratio
[15], [17], [26]. Membranes made of electrospun fi-
bres are characterised by high roughness resulting
from the random distribution of fibres, but this surface
development is not sufficient to prevent biofilm for-
mation. However, careful selection of solvents enables
achieving porous fibres, and the method based on the
ternary system of nonsolvent/solvent/polymer and high
humidity during the electrospinning process has been
precisely described elsewhere [11], [14], [18]. A number
of benefits can be derived from this microstructure,
such as: reduction of bacterial adhesion, as well as
a modified drug release profile compared to solid
fibres [21], [26].

Nanofibres are fabricated in an electrospinning
process, based on the ejection of a polymer solution jet
due to the high electrical field applied between the nee-
dle and the collector. Nonwoven membranes are char-
acterized by a high surface area to volume ratio, high
permeability and tailorable fibre diameters [1], [17].
Hence, four types of wound dressing based on elec-
trospun fibres are classified as follows: passive dress-
ing, interactive dressing, advance dressing and smart
dressing. The most popular passive dressing produced
from natural or synthetic polymers provides only the
suitable environment due to its porous microstructure
and protection against the external environment. By
modifying synthetic polymer fibres with biological
molecules, an interactive dressing can be obtained.
The advanced dressing contains fibres and a drug that
can inhibit bacteria adhesion and colonization.

The modification of fibres with active component
agents is an option for inhibiting bacterial infection.
The division is based on pre-electrospinning and post-
electrospinning modification [17]. The pre-electro-
spinning involves encapsulation of active agents dis-
solved or dispersed in the polymer solution. The post-
electrospinning method involves chemical immobili-
zation, physical adsorption or layer-by-layer assembly
[11]. Both methods of modification of electrospun
fibres can be obtained with polylactide. Moreover, the
use of this polymer ensures good electrospinnability,
and the form of fibrous membrane is favourable for
wound healing. Sustained drug delivery from this
polymer was widely reported [11], [18], [28]. Polylac-

tide has been used for years in biomedical engineering
as a material that in the form of screws, plates, scaf-
foldings or implant coatings finds clinical application
and has the appropriate approvals (e.g., FDA test) [6],
[25]. Due to thermoplastic properties, the polymer can
be formed by methods typical for polymer processing
(injection, extrusion, 3D printing) as well as methods
that use its good solubility in organic solvents [10],
[16], [24]. The latter option makes it possible to change
the surface morphology of the fibre. There is another
“promising” possibility of using nanostructured mate-
rials. Bacterial interaction with a highly developed,
rough surface is inverse to interaction with smooth
surfaces [3], [7], which is influenced by adhesion ener-
gies, adhesion forces, and associated cell wall defor-
mation. In addition, other polyhydroxy acids, e.g., PGA
or PLGA, despite high safety (FDA approval for the
introduction of polymers into clinical practice) [13],
[24] do not create so many ternary systems that allow
for implementation of electrospinning combined with
the phase inversion method (NIPS, VIPS) [13], [18],
[29]. Disadvantage of the neat PLA is weak antimi-
crobial activity [15].

The increasing resistance of bacteria to antibiotics
means that their topical application should take place
only in justified cases — when there are no other meth-
ods to combat the bacteria. In addition, topical antibi-
otics usually act against a small group of bacteria and
have a difficult penetration of the biofilm, hence anti-
septics (e.g., ethacridine lactate, octenidine, polyhex-
anidine and iodine compounds) are much more effec-
tive in the first contact with the wound [9]. Their task
is to protect the wound by killing microbes or/and
inhibiting their growth, which affects the activation of
processes associated with the regeneration of damaged
tissue. Antiseptics do not affect the emergence of re-
sistance in bacteria (i.e., as a result of the action of
antiseptics, bacteria resistant to commonly available
antibiotics do not appear), but, due to the short dura-
tion of activity their effectiveness is limited (max
several hours) [12], [20].

In our research, we used two active substances: an
antibiotic (gentamicin sulphate, G) and an antiseptic
(ethacridine lactate, R). Research using these substances
was carried out due to the planned combining of the
dressing layers at a later stage: the first would be anti-
septic (PLA with ethacridine lactate) while the second
should be bactericidal (PLA with gentamicin).

Commercially available 0.1% ethidium lactate
solution (Rivanol, Fig. 1b) is antiseptic fluid that acts
on bacterial DNA (binds to it, making bacterial divi-
sion difficult, bacteriostatic). It is particularly effec-
tive against Gram-positive bacteria and, what is im-
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portant, it works even in the environment of organic
substances such as exudate, blood and serum [8], [19].
Ethidium lactate is an aseptic that has been widely
used for years and causes no controversy. All remarks
in the literature related to the method of application to
the wound (carrier: cotton wool/gauze/ hydrogel, e.g.,
PVP) and the colour effects of dressings with ethacri-
dine lactate [12], [19]. Unfortunately, its bactericidal
properties are good as soon as the solution is prepared
and worsen with time.
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Fig. 1. Structural formula: gentamicin sulphate (A)
and ethactin lactate (B)

The second active agent: gentamicin sulphate
(Fig. 1a) is used in the form of a solution for skin
wounds [4], [22]. In dermatology, gentamicin is used
to treat skin inflammations with exudate complicated
by secondary bacterial infection. Due to the fact that
the formation of resistant bacterial strains is much
greater than after parenteral administration, genta-
micin is recommended as a last resort. Direct appli-
cation of topical antibiotic solution is much more
effective than the administration in the form of an
ointment or gel [2], [4]. After a few days of use,
epithelial epithelialization is observed, and the
wound remains clean and free from bacterial biofilm
of Staphylococcus aureus and Pseudomonas aerugi-
nosa [22]. Notably, topical antibiotic not only does
not affect renal function, but minimizes the risk of
developing resistance pathogens, and has the ability
to kill bacteria by inhibiting protein synthesis [19],
[21], [25].

The aim of this study was to obtain two kinds
of porous fibres with different porosity, which were
modified by gentamicine (G) and ethacridine lactate
(R). Gentamicin used in the study is not soluble in any
of the solvents used in the experiment. Gentamicin
particles were homogenised in an electrospinning
polymer solution prior to the electrospinning process
(pre-electrospinning modification). Ethacridine lactate
is a liquid, so membranes consisting of porous and
nano-porous fibres have been modified by surface
soaking (post-electrospinning modification). Nano-
structured fibres and various drug incorporation

methods have changed the drug release profile and
influenced the resulting bactericidal or bacteriostatic
properties.

2. Materials and methods

Polylactide 3251D (PLA) Mw of 55.4 kg/mol and
isomer D lactic acid content of 1.2% purchased from
Nature Works were used in the study. This commer-
cial PLA has glass transition temperature of 55—60 °C.
The polymer with three sets of solvents, i.e., dichlo-
romethane (DCM, high purity), dimethylformamide
(DMF, high purity), chloroform (CHL, high purity)
and dimethyl sulfoxide (DMSO, high purity) supplied
by Avantor SA as base solutions for the electrospin-
ning process. Polymer concentrations and solvents
ratios have been studied in earlier works [27], [28].
The electrospinning process was carried out on an
EC-DIG electrospinning apparatus with a climate
chamber system (IME Technologies, The Nether-
lands) at 25 °C and 30% relative humidity for P1 ma-
terial and 70% for other materials (P2 and P3). For all
materials used, the applied voltage was in the range of
11-15 kV, the flow of polymer solution from the sy-
ringe pump was 1 ml/h, and the distance between the
metal nozzle (inner diameter of 0.8 mm) and the ro-
tating drum collector was 17 cm.

In the pre-electrospinning modification, the appro-
priate PLA solutions were sonicated with 5 wt./v % of
gentamicin (Polfa S.A., Poland), and thus prepared
solutions were used to obtain fibres named: P1G, P2G
and P3G. In the post-electrospinning modification,
both porous (P2, P3) and non-porous fibres (P1) were
modified by soaking into a solution of ethacridine
lactate (Rivanol 0.1 wt./v %, HASCO-LEK S.A., Po-
land) for 24 h at 20 °C to obtain fibres named: P1R,
P2R and P3R. All materials used in the study were
membranes with multidirectional fibre arrangement,
characterized by a porous or non-porous fibre surface
(Table 1).

Prior to SEM investigation, the samples were
coated with a layer of gold approximately 5 nm thick,
using a rotary-pumped sputter coating (Q150RS, Quo-
rum Technologies, UK). The morphology of modified
PLA fibres was evaluated by SEM (Merlin Gemini II,
Zeiss, Germany) applying a voltage of 3 kV and cur-
rent of 20 pA. Fibres diameters were measured based
on SEM images using Fiji Lifeline (ver. 2015 Decem-
ber 22, USA). The mean diameter was calculated
based on 100 measurements with an error based on
standard deviation. The presence of bacteria on the
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Table 1. Composition of polymer solutions for electrospinning

Type of membrane Material Solvents ratio . Fibre
microstructure
P1 DCM:DMF, 7:3 non-porous fibres
Neat polymer fibrous membrane (reference) P2 CHL:DMSO, 4:1 porous fibres
P3 CHL:DCM, 3:1 porous fibres
| . fied i | b P1G DCM:DMF, 7:3 non-porous fibres
Po ymer .1bre modified in volume wit P2G CHL:DMSO, 4:1 porous fibres
gentamicine (G)
P3G CHL:DCM, 3:1 porous fibres
. . 6 N " b PIR DCM:DMF, 7:3 non-porous fibres
Po ymer ibre modified on the surface wit PR CHL:DMSO, 4:1 porous fibres
ethacridine lactate (R)
P3R CHL:DCM, 3:1 porous fibres

fibres after the bacteriological tests was checked using
Nova Nano SEM 200 (FEI Company) with graphite
coating.

The structural characteristics of the membranes
were performed by Fourier transformation infrared
spectroscopy with an attenuated total reflectance acces-
sory (FTIR-ATR, FT 3000 Excalibur). The test was
carried out on a diamond crystal in the wavenumber
range of 500-4000 cm ' and resolution of 4 cm .

Differential scanning calorimetry of the fibrous
membrane were performed using DSCI1 calorimeter
from Mettler Toledo on samples of ca. 3.5 mg
placed on aluminium sample pans. The measure-
ments were performed in the temperature range from
0 to 210 °C, with heating and cooling rates 10 °C/min.
The under a dynamic nitrogen atmosphere (flow rate
of 30 ml/min).

Drug release experiments were performed by in-
ductively coupled plasma spectroscopy (ICP-ASA,
ICP 4500, Hewlett-Packard) for gentamicin-modified
fibrous membrane. Sulphate ions (derived from gen-
tamicin sulphate) were used as analytical ions and
their concentration after 12 weeks of incubation in
PBS (phosphate buffer solution, Merck) was meas-
ured based on 5 measurements in an ICP spectrometer
and the standard deviation was calculated.

Drug release experiments were performed using
UV-Vis spectrophotometry (CE 2325, Cecil Instr.) for
membranes with ethacridine lactate. Small pieces of
the membranes, each 2.5 x 1.5 cm in size, were incu-
bated for 12 weeks at 37 °C in 30 ml of phosphate
buffer saline medium (PBS, MERCK) in polypropylene
tubes. The calibration curves for the UV-Vis exami-
nation were established by measuring the absorbance
of ethacridine lactate solutions (reference solutions)
at different concentrations for wavelength 368 nm.
The concentration of ethacridine lactate in the samples
after incubation was obtained based on calibration
curves.

The burst release of the drug (gentamicin) was ob-
served during short term observations conducted for
7 days (37 °C in 30 ml of phosphate buffer saline
medium, PBS), taking a daily dose of the medium and
subjecting it to measurement in an ICP spectrometer.
The time of monitoring the release of ethacridine lac-
tate to the incubation medium (PBS) was 8 h (time of
maximum action of the antibacterial agent on the
wound). The change of ethacridine lactate concentra-
tion was determined on the basis of UV-Vis meas-
urements.

The purpose of the two-layer disk diffusion test
was to determine the antimicrobial activity of mem-
branes modified with drugs. Disks having diameter of
6 mm of all membranes were tested against Escher-
ichia coli ATCC 25922 (Gram-negative bacteria) and
Staphylococcus aureus ATCC 29213 (Gram-positive
bacteria). Test bacteria were cultured on Trypticasein
Soy LAB-AGAR (TSA, Biocorp) on a Petri dish at
35 £ 2 °C in an atmosphere of 5% CO, for 24 h. Two
or three colonies were diluted in 0.9% NaCl to obtain
2.3 in McFarland measured using densitometers for
the measurements of turns of cells suspension (DENT,
BioSan). In the first step, plates having a diameter of
6 mm were prepared with a first layer of 10 ml of pure
TSA agar and allowed to dry. A second layer of 10 ml
of inoculated TSA agar with prepared suspension
(150 ml of TSA with 1 ml of bacterial suspension)
was applied onto the first one. Fibrous membrane
disks were placed on dry inoculated agar plates and
then incubated for 24 h at 35 = 2 °C in 5% CO,, after
which the diameters of the inhibition zones were
measured. Prior to SEM testing, samples after incu-
bation were removed from agar, rinsed with PBS
and fixed with 2.5% glutaraldehyde solution (Sigma
Aldrich) for 2 h. Then the samples were dehydrated in
water-alcohol solutions with a gradually increasing
ethanol concentration (50%, 70%, 96%) three times
for each concertation for 3 min.
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3. Results

Based on the microstructural analysis of gentami-
cin sulphate, it can be stated that the aminoglycoside
antibiotic was characterized by a spherical morphol-
ogy, with a particles size in the range of 10—-100 nm
(Fig. 2). Gentamicin sulphate is soluble in water
(50 mg/ml), and is neither soluble in DMSO, DCM,
DMF nor in CHL, which means that gentamicin can
be treated as a particle introduced into the polymeric
matrix, which in this particular case is fibrous. Ethac-
ridine lactate, which has lower solubility in water
(0.192 mg/ml) than gentamicin and tends to secondary
agglomeration in both polar and non-polar solvents
[2], [22]. For this reason, ethacridine lactate was used
in the present study as a commercial solution in the
post — electrospinning modification of fibres (fibrous
membrane).

In the electrospinning process, from the ternary
system of nonsolvent/solvent/polylactic acid, porous
and non-porous fibres with three significantly differ-
ent microstructures were obtained. From neat poly-
mer, and their morphology was presented in Fig. 3.
The fibre arrangement in all electrospun membranes
was random and the fibre diameters, surface porosity
and roughness depended on the solvent system. The
P1 membrane based on the PLA:DCM:DMF system
had solid fibres with a diameter of approx. 0.84 um
and a slightly rough surface. The fibres obtained from
the PLA:CHL:DMSO system (named P2) had an uni-
form diameter of 2 pum, and the use of this ternary
system made it possible to obtain highly porous fibres
with a pore diameter of approx. 126 nm (Fig. 4). The
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most heterogeneous P3 materials were characterized
by two modes of fibres diameters and were obtained
from the PLA:CHL:DCM system. The P3 fibres can
be divided into two populations, i.e., the first consist-
ing of smaller fibres with a diameter up to 1,5 pm and
the second with larger fibres having a diameter above
6 um.

The presence of porous fibres allowed the intro-
duction of ethacridine lactate into the fibres surface
during post-electrospinning modification (soaking).
The incorporation of ethacridine lactate did not affect
the morphology of fibres therefore SEM microphoto-
graphs of such material were not presented.

The addition of gentamicin caused a slight in-
crease in the diameter of fibres from 0.84 (for P1) to
0.89 um (for P1G) and did not affect the surface
roughness (Fig. 4). In the case of porous fibres named
P2G, a slight decrease in the diameter of the fibres
and an increase in the pore diameters were observed
compared to the same fibres without the addition of
the filler (gentamicine). Furthermore, the addition of
the gentamicin increased both the diameter of the
fibres and the pores.

Significant differences in fibre morphology and
size distribution are visible for the P3 type fibres
when modified with gentamicin. The addition of ac-
tive filler (gentamicin) does not affect the size distri-
bution, which is still bimodal. The average fibre di-
ameter increases from about 1.5 pm (visible in P3) to
1.65 um (for P3G). The second fibre population
maintains a similar size (diameter of about 6.2 um),
increasing from 10% (for P1) to 23% (for P3G),
which may also indicate that gentamicin agglomerates
during the electrospinning process. Hence, the larger

Intensity

HV WD mag | det |spot| HFW
5.00 kV 6.1 mm |5000 x|ETD| 4.0 {39.8 um

— 10 ym ————

Fig. 2. Morphology of gentamicine sulphate and their EDS spectrum
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Fig. 4. Microphotographs of; PLA fibres modified by gentamicin: non-porous (P1G) and porous (P2G, PG3) with fibres size distribution
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and modified with gentamicine (P2G-B and P3G-D)
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Fig. 6. FTIR spectra of PLA fibre with: a) gentamicin (region 1800600 cm™),
b) ethacridine lactate (region 3100-2800 cm™), ¢) ethacridine lactate (region 1800—600 cm ™)

fibre diameter influenced the pore size, and the P3
fibres had larger pores compared to the P2 fibres. Pore
sizes and fibre porosity estimated based on SEM im-
ages were presented in Figs. Sa—d.

The P2G fibres were characterized by a high po-
rosity (~42%) and the monomodal pore size distri-
bution with the modal pore diameter of approx. 126
nm (Fig. 5B), which was like the pore size distribu-
tion in the P2 fibres (Fig. 5A). Pores in the P3G
fibres were larger (267 nm, Fig. 5C) than in and the
P3 fibres (Fig. 5D), but their porosity was similar
i.e., ~35%.

FTIR-ATR spectroscopic study was performed to
confirm the successful incorporation of gentamicin into

the fibres and the presence of ethacridine lactate on their
surface are presented in Fig. 6. The FTIR-ATR spectra
of the modified PLA membrane in which the charac-
teristic vibrations representing gentamicin or ethacri-
dine lactate are visible.

Differential scanning calorimetry was performed
on all materials to confirm the presence of drugs.
The influence of drugs on characteristic temperatures
(T; — glass transition temperature, 7, — temperature
of cold crystallization, 7,, — melting point tempera-
ture) is summarized in Table 2. The degree of crys-
tallinity (X.) was determined on the basis of the
melting enthalpy of fully crystalline polylactide,
which is 93 J/g [23].
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Fig. 8. Zones of inhibition of bacteria growth around fibrous
membranes modified with gentamicin (P1G, P2G, P3G)
and ethacridine lactate (P1R, P2R, P3R) against E. coli

and S. aureus bacteria

Fig. 9. SEM microphotographs of fibrous membranes after the bacterial activity test:
a) P1R against S. aureus, b) P1G against S. aureus and c) P3R against E. coli
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The results of drug release tests for the tested mem-
brane are presented in Fig. 7. The ICP-MS method

enabled us to determine the concentration of SO;~

ions, which corresponds directly to the concentration
of gentamicin. In the case of ethacridine lactate, which
is the colour active agent, concentration variability in
the immersion medium was investigated by means of
UV-Vis spectrophotometry.

Finally, a microbiological study was carried out to
confirm the presence and release of gentamicin and
ethacridine lactate (Fig. 8). The largest zone of inhibi-
tion of bacterial growth was observed for gentamicin-
modified PLA fibres, especially against E. coli bacte-
ria. The highest zone of inhibition was noticed for the
porous P2G fibres (21 mm) and P3G (23 mm), com-
pared to the non-porous ones (P1G, 18 mm). The most
effective was the membrane consisting of fibres with
the largest pore diameter (P3G). Significantly lower
efficiency was reported against Gram-positive bacteria
for the membrane with gentamicin, again with higher
responsiveness of membranes with porous fibres
(P1G - 6 mm, P2G — 8 mm, P3G — 10 mm). Mem-
branes modified with ethacridine lactate showed the
lack of inhibition zones around the membrane disk, for
both Gram-negative and Gram-positive bacteria.

After testing the antibacterial activity, SEM pic-
tures of membrane discs extracted from the agar sub-
strate were also taken (Fig. 9). In the case of Gram-
positive bacteria, it can be clearly seen that the num-
ber of bacteria present on the P1 fibres with both
ethacridine lactate (Fig. 9a) and gentamicin is compa-
rable (Fig. 9b). On the other hand, much larger con-
centration of E. coli can be seen on the P3 fibres with
ethacridine lactate (Fig. 9c).

4. Discussion

Current research shows that the use of modifica-
tions with active agents of an antibacterial nature is
possible both at the stage preceding the production of
porous and non-porous fibres and after their produc-
tion, however, this is possible only when the appropri-
ate active agents are selected. Gentamicin sulphate
and ethacridine lactate used in this work are deliber-
ately used here as their use provides comprehensive
wound healing: from the elimination of bacterial bio-
film (gentamicin) to inhibition of inflammation
(ethacridine lactate).

As reported by Oie et al. [19], [20], in many cases
impaired wound healing is the result of an underlying
disease (e.g., autoimmunity, immunosuppression), and

even stress. The use of a topical antiseptic drug, e.g.,
ethacridine lactate, is of clinical significance as it not
only prevents additional weakening of the host’s im-
mune responses, but also positively support the im-
mune system in its efforts to control wound infection.
In turn, the use of gentamicin as a filler in the studied
wound dressings can be supported by the fact that it is
a parenterally-administered, broad-spectrum aminogly-
coside antibiotic typically used for moderate to severe
Gram-negative bacterial infections [2], [22], [25].

Due to the low solubility of gentamicin sulphate in or-
ganic solvents (DMSO < 1 mg/ml, ethanol < 1 mg/ml), it
was used in the research in the form of a solid (pow-
der) introduced into the spinning solution at a con-
centration of 5% wt./v, exceeding the solubility re-
ported in the literature (5% wt./v = 52.6 mg/ml) [2].
Thus, gentamicin was a specific fibre filler (Fig. 2),
and the fact that gentamicin sulphate was used al-
lowed for the use of sulphur as an analytical agent
enabling identification of the active substance, e.g., in
an immersion medium (Fig. 8). The standard ethacri-
dine lactate solution used in clinical practice is 0.1%
(water solubility 0.192 mg/ml), which is enough to
activate the immune system (including T leukocytes,
granulocytes, monocytes). The choice of this modifier
was justified by literature data, and so, for example,
in the work of Oie and Kamiya, local antiseptic drugs
such as ethacridine lactate deeply affected not only
the inhibition of inflammation (secretion of anti-
inflammatory cytokines), but also activate the stage
associated with wound healing by supporting the func-
tion of skin cells, such as: keratinocytes, fibroblasts
[19], [12], [6].

Figures 3 and 4, which show the morphology of
the fibres and their size distribution, clearly indicate a
correlation between the solvent system applied and
the morphology of the fibres. Careful selection of the
solvent system and ambient conditions of the electro-
spinning process enabled the production of fibres with
a non-porous (i.e., solid) and porous microstructure
[10], [11], [18]. Porous fibres (P3) required solvents
that are volatile and not miscible with water i.e., CHL
and DCM, whose dielectric constant is low and the
boiling point is similar. That made it possible to ob-
tain a bimodal diameter distribution of the high po-
rosity fibres. In turn, the combination of CHL and
DMSO in the case of P2 fibres led to the unification
of their diameters, while the use of these solvents for
P1 fibres, but in a different ratio, can also lead to the
production of porous fibres [14]. However, the
CHL:DMSO combination provided the lowest aver-
age fibre size (max. 0.82 pm for P2 fibres) using the
same tip-collector distance (Fig. 3). It is also clear that
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the addition of gentamicin as a filler of PLA matrix
increased the diameter of the fibres (Fig. 4).

The polymer stream extracted from the needle by
a strong electric field is exposed to two synergistic
effects: stretching of the polymer chain in the direc-
tion of the electric current and simultaneous evapora-
tion of the solvent. During the jet ejection, the poly-
mer solution constantly changes its composition, and
the concentration of polymer in it increases due to
solvents evaporation, which is mainly observed from
the surface of the polymer jet. Comparing this phe-
nomenon with the diffusion of solvent molecules from
the core to the surface, the latter usually occurs more
slowly [16], [23].

Luo et al. [21] showed that selection of solvents
for electrospinning is a very important part of the ex-
periment and they concluded that the solvent with the
highest solubility is not necessarily the best choice for
electrospinning. The balance of electrostatic forces
between fluid particles is more important for obtain-
ing smooth electrospun fibres, but solution conductiv-
ity, surface tension, and viscosity also matter. Wanna-
tong et al. [30] confirmed that the dielectric constant is
the most influential parameter in electrospinning so-
lutions, important for charge distribution and increas-
ing mass through put when exposed to an electric
field. DMF is a poor solvent for PLA but has a high
dipole moment and better conductivity than chloro-
form, as well as lower vapor pressure. When DMF
was added in small amounts, it improved the electro-
spinnability of the solution, but at higher concentra-
tions it affected PLA solubility [18].

Knowledge of the proportion and type of solvents
is particularly important when fibres with a developed
surface are obtained, i.e., for the production of porous
fibres, the methods of vapor induced phase separation
(VIPS) are used. The addition of a “weak” solvent or
solution that does not dissolve the polymer but mixes
well with water allows obtaining porosity in a humid
environment using the VIPS method [18], [26]. Chlo-
roform (CHL), which forms a binary solvent system
of P2 membrane, evaporates faster than DMSO so the
diffusion of remaining polymer molecules is limited.
The use of DMSO as a polar solvent leads to the for-
mation of more elliptical pores, and a porous skin
forms on the surface of polymer jet after evaporation
of the more volatile solvent, however, an increased
amount of DMSO is observed in the fibre core [13].
The fibre core collapses under the influence of stretch-
ing forces, and by maintaining high humidity in the
chamber, it is possible to create bulk porosity and high
surface roughness. The binary solvent system of P3
membrane consists of non-polar solvents (DCM, CHL)

with high volatility, and its faster evaporation creates
a denser polymer jet. Also here, the solvents evaporate
faster from the surface of polymer jet forming a po-
rous skin, but, in this case, the core is stronger and
neither collapses nor solidifies (Figs. 3 and 4). Elec-
trospun polymeric fibres are usually characterized by
lower crystallinity than the same polymer material
obtained by another production technique: extrusion,
slip casting [26].

The electrospinning process, which involves the
vapor inducted phase separation (VIPS) and removal
of solvents, has a significant impact on the glass tran-
sition temperature of polymer fibres, especially if
solvents with different vapour pressures are used.
Both modification processes: pre-electrospinning by
addition of gentamicin to the PLA solution and the
post-electrospinning modification (soaking of fibrous
PLA membrane with ethacridine lactate) caused a shift
in the glass transition temperature of the polymer (75)
by several degrees i.e., P1 58.5 °C; P1G 62 °C; PIR
65 °C (Table 2). In membranes consisting of porous
fibres, the glass transition temperature increased after
adding gentamicin as a filler (P2G, P3G) compared to
fibrous membranes of neat polymer (P2, P3) and de-
creased for ethacridine lactate (P2R, P3R). The intro-
duction of a solid filler, e.g., gentamicin, might lead to
local ordering of the polymer structure (i.e., non po-
rous materials P1G), however, the addition of genta-
micin did not lead to an increase in the degree of
polymer crystallinity, since the solvent system quickly
evaporated as well as stopped the mobility of polymer
chain, And the dispersed drug particles did not be-
come nuclei in the fibres (i.e., porous materials P2G,
P3G). In the case of the fibrous membrane soaked in
ethacridine lactate solution, the drug is located on the
surface of the fibres.

The effect of cold crystallization (7,) is observed
in all materials, and changes in the maximum tem-
perature of cold crystallization are clearly visible in
membrane materials of type 3 (P3, P3G, P3R). The
melting points (7,,) of P1G and P1R are shifted from
159 to 169 and 161 °C, respectively, and the same
trend was followed by the membrane with bi-modal
fibre distribution (P3). The peak of cold crystallization
on DSC curves was observed in all porous and non-
porous electrospun fibres, and indicated incomplete
crystal formation during electrospinning (Table 2).
These results confirmed the thesis about evaporation
of the solvent prior to complete crystallization, which
was also observed by Ribeiro et al. [23], [25].

As noted before, gentamicin is immiscible in any
of the solvents used (CHL, DCM, DMF, low solubil-
ity in DMSO), nevertheless, there were no particles
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visible on the surface of the fibres, suggesting proper
dispersion of the antibiotic within the fibres. For the
same reason, due to the small amount of drug, the FTIR
spectrum lacks characteristic bands in the range of
3600-3200 cm ™. The bands between 10001200 cm™
correspond to the oscillatory vibrations of the N-H and
C—O0 groups from gentamicin (Fig. 6a), with changes in
absorbance intensity at 1056 cm ' being particularly
visible, and the absorption band at 895 cm™' can be
attributed to the C—O—C stretching vibration. A rela-
tively small amount of the drug in the polymer fibres
caused the lack of characteristic bands for gentamicin
in the range of 3600-3200 cm . In turn, ethacridine
lactate attached to the surface of the fibres is easily
detected by the FTIR method, but its intensity is not
high due to the low concentration of ethacridine lactate
used. The bands associated with ethacridine lactate (the
active substance of ethacridine lactate) are presented in
Figs. 6b and 6¢. The band observed at 1643 cm ' can be
attributed to the C=N stretching vibration, and vibra-
tions in the range of 3000-2800 cm' are associated
with the CH,—CHj; group. The PLA fibres with ethac-
ridine lactate also showed bands at 1578 cm ™' associ-
ated with asymmetric stretching vibration of lactate
anion (COQO") and the aromatic stretching vibration
in C=C bands. The stretching band of the acridine ring
is present at 1494 cm ', and weak out-of-plane bend-
ing C—H bands is present at 900 and 819 cm™".

Table 2. Summary of characteristic temperatures

measured by DSC

Membrane Material | 7, [°C] | T [°C] | T,, [°C] | X, [%]
with non-porous Pl 58.61 | 72.29 | 159.06 | 43.42
fibres PIG 61.42 | 73.15 | 16898 | 51.78
PIR 65.04 | 75.42 | 160.58 | 45.81

with porous P2 5746 | 73.60 | 159.07 | 47.49
fibres P2G 62.25 | 76.34 | 160.98 | 47.33
P2R 50.14 | 75.25 | 157.00 | 37.34

with porous P3 58.97 | 85.74 | 139.71 | 26.20
fibres P3G 61.30 | 86.08 | 141.40 | 26.01
P3R 32.58 | 87.69 | 140.88 | 32.49

Non-porous fibres (P1) can carry both gentamicin
(P1G) and ethacridine lactate (P1R), and the lack of
pores on the fibre structure does not discredit their
ability to act in vivo as a drug carrier. The use of vari-
ous types of modification methods resulted in differ-
ences in the amount of active agent released: gentamicin,
which was introduced as a fibre filler, was released
slowly (P1G), while for the same fibres with a smooth
surface coated with ethacridine lactate, the effect was
300 times more intense. The more complex the fibre
morphology (porous types P2, P3), the more effective

the release. Regardless of whether the active com-
pound was gentamicin or ethacridine lactate, fibres
with monomodal distribution (on which P2G and P2R
membranes were based) caused that much higher
amount of active substance was carried to the envi-
ronment than in the case of smoother fibres (P1G,
P1R). Fibres with highly porous morphology (based
on P3, Fig. 5) and bimodal fibres distribution were
characterized by the fastest release of active agents.
As can be seen from this analysis, the type of fibre
and not the type of active substance or fibre modifica-
tion method should be considered as the cause of the
sustained trend for the release of gentamicin and
ethacridine lactate.

In the tested fibres, the amount of gentamicin did
not exceed 5% w/w. Taking the recorded cumulative
curves into account, it can be stated that gentamicin
was released at the level of 20—30% from the porous
fibres in the first 24 h. It gives concentrations of
0.23-0.31 mg/l in the cases where the antibiotic car-
rier were P2G and P3G fibres, respectively. The
maximum concentration of gentamicin released from
the P2G fibre was observed after 4 days of incubation
when about 60% of the drug was released (which
gives a concentration of 0.63 mg/l), further the drug
concentration decreased. Slow release was observed
in the P3G fibres, where the amount of released gen-
tamicin reached about 50% (which gives the antibiotic
concentration of 0.48 mg/l). Even after 12 weeks of
the incubation, the dose recommended by the Polish
Pharmacopeia XI was not exceeded (the P3G fibres
release about 0.82 mg/l). Pores of about 116 nm di-
ameter observed on the surface of the P2G fibres fa-
voured faster release of the antibiotic, compared to the
pores present in the P3G fibres, which average di-
ameter was 267 nm. It was probably related to their
depth — the VIPS technique in the solvent system used
for the P2G material gives volumetric pores. While
the solvent system used during electrospinning of the
P3G fibres allowed to achieve surface porosity, which
stopped the rapid ejection of gentamicin into the solu-
tion [14], [21]. The non-porous fibres kept low levels
of gentamicin throughout the observation period.

The effectiveness of the drug-containing fibres
was tested by UV-Vis and ICP-MS methods and mi-
crobiological test, the results of which are consistent
and complement each other. The release of gentamicin
(concentration 5 wt. %) is lower in percentage (P1G)
when the fibres have a non-porous surface (Figs. 7a—c).
When the fibres have a porous structure on the sur-
face, the release of drug is more intense and, conse-
quently, increased bactericidal activity. The best re-
sults of the inhibition zone were obtained for the P3G
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membrane (Fig. 8), as a result of its microstructure.
Large fibre diameters and larger pore size enabled
greater drug incorporation into the fibres and easier
drug release from the pores. It is well known that
gentamicin is an effective bactericide against Gram-
negative bacteria such as E. coli [15], [22], so it is not
surprising that smaller zones of inhibition were have
been observed for S. aureus. Ethacridine lactate is
a substance that destroys harmful microorganisms
or inhibits their activity, and this agent is classified
as a drug for dermatological disorders for the treat-
ment of wounds, ulcers, burns, scars, keloids or simi-
lar [20], [21]. It is mainly used at a concentration of
0.1% in an aqueous solution for surface application on
the skin. The results of the microbiological activity test
showed that there is no inhibition of bacterial growth
outside the modified fibrous membrane (Figs. 9a—c).
Selected bacteria strains are able to grow both aero-
bically and anaerobically, and the obtained fibrous
structure of the membranes ensured free air flow, so
the effect under the fibrous membrane is not the result
of poor bacterial growth conditions, and the observed
phenomena are probably only the bacteriostatic effect
of the fibrous membrane soaked in ethacridine lactate
solution [12].

5. Conclusions

The results of the investigation confirmed the suc-
cessful volume (bulk) and surface modification of po-
rous and solid (non-porous) fibres using drugs. Opti-
mization of the conditions of the electrospinning
process (mainly humidity), as well as the selection of
appropriate solvents allowed to obtain porous fibres
of various microstructures. It has been shown that de-
pending on the fibre morphology and type of modifica-
tion, different drug release efficiency can be achieved.
Membranes with gentamicin showed bactericidal effect
in contrast to the bacteriostatic nature of mem-
branes with ethacridine lactate. To sum up, prelimi-
nary studies are a good starting point for further re-
search on porous polylactide fibrous membranes for
wound dressing.
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