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ABSTRACT

Purpose The present study aims to prepare poly(D,L-lactic
acid) (PLA) nanofibers loaded by the immunosuppressant cy-
closporine A (CsA, 10 wt%). Amphiphilic poly(ethylene gly-
col)s (PEG) additives were used to modify the hydrophobic
drug release kinetics.

Methods Four types of CsA-loaded PLA nanofibrous carriers
varying in the presence and molecular weight (MW) of PEG
(6, 20 and 35 kDa) were prepared by needleless
electrospinning. The samples were extracted for 144 h in
phosphate buffer saline or tissue culture medium. A newly
developed and validated LC-MS/MS method was utilized
to quantify the amount of released CsA from the carriers.
In vitro cell experiments were used to evaluate biological
activity.

Results Nanofibers containing 15 wt% of PEG showed im-
proved drug release characteristics; significantly higher release
rates were achieved in initial part of experiment (24 h). The
highest released doses of CsA were obtained from the nanofi-
bers with PEG of the lowest MW (6 kDa). In vitro experiments
on ConA-stimulated spleen cells revealed the biological activ-
ity of the released GsA for the whole study period of 144 h and
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nanofibers containing PEG with the lowest MW exhibited the
highest impact (inhibition).

Conclusions The addition of PEG of a particular MW
enables to control CsA release from PLA nanofibrous
carriers. The biological activity of CsA-loaded PLA
nanofibers with PEG persists even after 144 h of previ-
ous extraction. Prepared materials are promising for
local immunosuppression in various medical
applications.
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ABBREVIATIONS

ConA Concanavalin

CsA Ciyclosporine A

HPLC High-performance liquid chromatography

IL-2 Interleukin-2

LC-MSMS  Liquid chromatography tandem mass
spectrometry

MW Molecular weight

PBS Phosphate buffer saline

PEG Poly(ethylene glycol)

PLA Poly(D,L-lactic acid)

PLGA Poly(lactide-co-glycolide)

SEM Scanning electron microscopy

INTRODUCTION

Cyclosporine A (CsA) is a widely-used immunosuppressive
drug prescribed particularly for patients undergoing organ
transplantation. However, systemic CsA therapy is con-
nected with serious side effects, such as renal dysfunction,
hypertension, malignancies or liver impairment. The effects
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are dose-dependent. Thus, transplant patients are highly
susceptible to the side effects, as their treatment requires
high doses that are administered for long time periods (1).
The local administration of CsA has the potential to reduce
the incidence of adverse reactions connected with its sys-
temic administration. CsA encapsulated in liposomes has
been studied by several authors (2—4) to enhance its thera-
peutic effect on ocular diseases, such as dry eye syndrome.
To control CsA release and enhance its oral bioavailability,
self-nanoemulsifying drug delivery systems based on osmot-
ic pump tablets have been proposed (3). Other studies have
been focused on the cellular toxicity, release kinetics and
tissue penetration in rats using CsA-loaded poly(lactide-co-
glycolide) (PLGA) nanoparticles (4,5).

CsA can be quantified by immunoassays and high-
performance liquid chromatography (HPLC). The main dis-
advantage of immunoassays is the cross-reaction of monoclo-
nal antibodies with CsA metabolites, which leads to positive
bias in CsA blood levels that may increase the risk for the
patient because of the narrow therapeutic index of CsA
(6,7). Therefore, HPLC is widely applied in the analyses of
CsA using UV (8—10) or mass spectrometric detection (11-13).
Recently liquid chromatography methods in combination
with tandem mass spectrometric detection (LC-MS/MS) have
been applied for the determination of CsA in human and
animal biological samples (14-16).

Nanofibers formed from natural and synthetic polymers
are perspective materials for use in various biological fields
(17). In medicine, nanofibers can be used for the facilitation
of wound healing (18,19), drug delivery systems (20-22) or
scaffolds for tissue engineering or cell-based therapy (23-26).
The application of nanofibers based on poly(D,L-lactic acid)
(PLA), poly(e-caprolactone), polyurethane, or PLGA as drug
carriers for various antibiotics has been tested (27-29).
Polymeric materials are particularly useful because of their
biocompatibility and ability to adjust the degradation rate,
physical, and mechanical properties over a wide range by
varying the morphology and chemical composition of the
co(polymers).

PLA nanofibers were loaded with CsA to study their phar-
macological activity, release profile in culture medium and the
ability of these nanofibers to serve as scaffolds in cell-based
therapy (25). The release experiments proved that these nano-
fibers with CsA had pharmacological activity for at least 96 h,
with the highest amount released during the first 12 h.
However, the total amount of released CsA was relatively
low because of the hydrophobic character of the drug.

It has been shown that the properties of drug-loaded nano-
fibers and the release profile of hydrophobic drugs can be
modified by varying the composition of the polymer solution
during nanofiber preparation, particularly through the addi-
tion of the amphiphilic polymer poly(ethylene glycol) (PEG)
(30-32). The influence of PEG added to paclitaxel-loaded
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PLGA thin films on the release kinetics of paclitaxel was ob-
served (31). The development of biocompatible nanofibers
serving as a scaffold and carrier of drugs with adjustable re-
lease kinetics controlled by additive molecules represents a
promising approach for local drug administration, especially
in the case of hydrophobic compounds.

The aim of this study was to assess the modification of the
release profile of the hydrophobic immunosuppressive drug
CsA from electrospun PLA nanofibers produced by needleless
electrospinning. First, a HPLC-MS/MS method suitable for
the quantitation of CsA in release medium was developed and
validated. Secondly, the extraction of CsA from PLA nanofibers
was performed with nanofibers with and without PEG with
different MWs, and the kinetics of CsA release was a) monitored
by HPLC-MS/MS method and b) detected by a bioassay.

MATERIALS AND METHODS
Materials

PLA was purchased from Nature Works, LLC (Minnetonka,
MN, USA). PEGs with MW 6 and 20 kDa were purchased
from Rapp Polymere GmbH (Tuebingen, Germany), and
35 kDa PEG was purchased from Sigma-Aldrich
(Darmstadt, Germany). CsA was purchased from TEVA
Czech Industries (Opava, Czech Republic). The chemical
structures of used components are shown in Fig. 1.
Chloroform, 1,2-dichloroethane and ethyl acetate were pur-
chased from PENTA (Prague, Czech Republic). Methanol
(LC-MS grade), ammonium acetate (p.a.), and phosphate
buffered saline (PBS) were purchased from Sigma-Aldrich
(Darmstad, Germany).

Preparation and Characterization of Nanofibers

The nanofibers were prepared by needleless electrospinning
(Nanovia Ltd., Litvinov, Czech Republic) using Nanospider™
technology (33) (see illustrative photo on Fig. 2). Polymer PLA
(7 wt%) was dissolved in chloroform (54 wt%), and then, two
other solvents, 1,2-dichloroethane (29 wt%) and ethyl acetate
(10 wt%), were added to this solution. The CsA and PEG
were added to the polymer solution at a concentration of
10 wt% and 15 wt%, respectively. Both, PEG and CsA were
soluble in polymer solution and homogeneous mixtures were
obtained before electrospinning. The electrospinning param-
cters were as follows: the distance between the electrode and
collector 22 cm, voltage 20-60 kV, relative humidity 25-30%
and temperature 20°C. The following five nanofibrous mate-
rials were prepared: blank PLA, CsA-loaded PLA, and three
CsA-loaded PLA with 15 wt% PEG of MWs 6, 20, and
35 kDa. The area weight of nanofibrous materials was ranging
from 8.5 to 11.5 g/m”. The morphology of the nanofibers was
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analyzed using scanning electron microscopy (SEM), micro-
scope T'S 5130 VEGA (TESCAN, Brno, Czech Republic).
The samples were dried at laboratory temperature under vac-
uum overnight and platinum sputtered. The fiber diameters
were determined by measuring the diameter of at least 30
fibers from each SEM micrograph at a magnification of
1000x using software Image]. The fiber distribution was cal-
culated as frequency of the fiber diameters and expressed in
percentage.

The chemical structure of the nanofibers was analyzed by
FT-IR spectroscopy. FT-IR spectra were recorded on a
Perkin — Elmer Paragon 1000PC FT-IR spectrometer using
the reflective ATR (Attenuated total reflection) technique
Specac MKII Golden Gate Single Reflection ATR System
with a diamond crystal with the angle of incidence 45°. All

Fig. 2 Representative image of needleless electrospinning. Photo: Elmarco,
Ltd.

spectra were measured at wavenumber range 4400450 cm ™!

with resolution 4 cm™" and with 32 scans. Software Spectrum
v2.00 was used for processing the spectra. The samples were
directly put on the diamond crystal and measured.

Loading Experiments

The CsA was added to the polymer solution in concentration
of 10 wt% (relative to the PLA polymer) before
electrospinning. To determine CsA amounts loaded to the
prepared nanofibrous materials the extraction experiments
using methanol (in which CsA is soluble) were done. CsA-
loaded nanofibers were immersed into methanol for 48 h.
The concentration of extracted CsA was quantified using
HPLC method. The HPLC conditions were similar to those
used for the determination of CsA release kinetics to PBS
solution which are described in detail below (with exception
of m/71202.9 — m/z 155.9 fragmentation used for methano-
lic extract of CsA). The concentration of CsA in nanofibrous
materials quantified by HPLC was calculated to be 10 wt%o,
Le. it is in agreement with the amount of CsA present in the
initial electrospun mixture.

Optimization and Validation of HPLC-MS/MS Method

The HPLC-MS/MS analyses were performed on an Agilent
6400 Series Triple Quadrupole LC/MS System (Agilent
Technologies, Waldbronn, Germany) containing a quaterna-
ry pump coupled with a Triple Quad 6460 tandem mass
spectrometer. For data acquisition, the Mass Hunter
Workstation software was used. The HPLC-MS/MS method
was optimized for the quantitation of CsA released into PBS
solution. An XSelect CSH Phenyl-Hexyl XP column (100 x
4.6 mm, particle size 2.5 pm) from Waters (Milford, MA,
USA) was used with the mobile phase containing methanol/
5 mM ammonium acetate (pH 4.5). The run consisted of a fast
gradient from 90—100% methanol over 0 to 2 min followed by
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100% methanol from 2 to 5.5 min with a flow rate of 0.7 ml/
min. The temperature of the column was kept at 45°C, the
samples were maintained at 20°C and the injection volume
was 5 pL.

The mass spectrometric detection was performed in select-
ed reaction monitoring mode using electrospray ionization in
positive mode. Nitrogen was used as the collision, nebulizing
and desolvating gas. The optimized values were performed
with a fragmentor voltage of 300 V, collision energy of
60 V, drying gas flow rate of 10 L/min, drying gas tempera-
ture of 350°C, and nebulizer gas flow rate of 50 psi. The
recorded fragmentation was m/z 1224.8 — m/z 1112.8.
The molecular ion was detected as a sodium adduct of CsA
[M + Na]", which confirms the stability of CsA during its
incorporation into the nanofibers and the product ion was
detected as a molecular ion with loss of the side chain
MeBmt [MNa-C,H,;30]". The optimized HPLC-MS/MS
system provided satisfactory ionization of CsA, acceptable re-
tention time (3.0 min) and favorable peak shape. Compared to
the C18 stationary phase, which has frequently been used for
the analysis of CsA (12,13) these conditions showed better
results.

The stock solution of CsA standard was prepared by dis-
solving 10 mg of CsA in 10 mL of methanol. Due to necessity
to measure calibration dependence of CsA in PBS and poor
solubility of CsA in polar solvents, the working solution at
concentration of 20 pg/ml was prepared by diluting the stock
solution in the mixture of methanol and water (6/4, v/v). After
that it was possible to dilute working solution solely with PBS
to obtain calibration standards and standard solutions for as-
sessment of validation parameters.

The data obtained for the dependence of peak areas versus
concentrations showed linearity (y = 2.92x - 1.71,
R® = 0.9998) in the whole measured calibration range from
10 ng/mL to 1 pg/mL. Relative standard deviations (z = 5)
varied from 0.41 to 5.71%. The limit of detection (determined
as three times ratio signal to noise) was 3 ng/mlL, the limit of
quantitation (determined as ten times ratio signal to noise) was
10 ng/mL. The accuracy, precision and repeatability were
measured at three concentration levels (10, 100 and
1000 ng/mL). Intra-day and inter-day accuracy and precision
(each, n = 5) were determined by repeatedly assaying samples
on the same day and on two consecutive days, respectively.
The results are summarized in Table I. The data obtained

confirm that the method developed is selective, precise, linear,
sensitive, and hence stands validated. Selectivity of the method
was conducted by comparing chromatograms of 1) the blank
obtained by extraction of pure PLA nanofibers, 11) the blank
spiked with GsA and iii) the sample obtained by extraction of
PLA nanofibers containing CsA with addition of PEG
(35 kDa) and no substances in extract interfered with CsA.

Cyclosporine A Release Experiments in PBS

CsA release experiments were conducted in a tempered shak-
er, an Orbital Shaker-Incubator ES-20 (Biosan, Riga, Latvia)
at 37°C and 140 rpm. Five round targets (diameter 12.5 mm)
were cut from the CsA-loaded nanofibrous materials with
approximately 10 g/m” area weight for each experiment.
All release experiments were performed in triplicate. Kinetic
studies of CsA release were conducted in a mode with contin-
uous exchange of a part of the solution as follows: five targets
were put in 10 mL of PBS. At the given time period, 4 mL of
the solution were removed for the analysis of CsA content, and
4 mL of fresh PBS were added into the extraction bottles. The
aliquots were collected at 0.5, 1, 2, 3.5, 6.5, 10, 24, 72 and
144 h after immersion. The kinetic studies of the CsA release
were performed for four different types of CsA-loaded PLA
nanofibers varying in presence and MW of the added PEGs.
Blank PLA nanofibers were used as a reference.

Cyclosporine A Release in Tissue Culture Medium

Samples of nanofibers (3 x 3 mm size, 10 g/m” area
weight, 10 wt% CsA, with or without PEG) were soaked
in wells in a 24-well tissue culture plate (Corning, Inc.,
Corning, NY, USA) with 600 pL. of RPMI 1640 medium
(Sigma, St. Louis, MO, USA) with antibiotics (100 U/mL
of penicillin and 100 pg/mL of streptomycin) at laboratory
temperature. The nanofibers were repeatedly transferred
after 0.5, 1, 2, 3.5, 6.5, 10, 24, 48, 72 and 144 h into new
wells containing fresh medium. The supernatants from the
individual wells after each transfer were harvested, stored
at —20°C and tested with a bioassay for the inhibition of
interleukin-2 (IL-2) production by Concanavalin (ConA)-
activated mouse spleen cells.

Table | Intra-day and Inter-day

Accuracy and Precision of ¢ (CsA) Teoretical  Intra-day Measured ~ Accuracy ~ Precision  Inter-day Measured ~ Accuracy  Precision
HPLC-MS/MS Determination of  [ng/mL] [ng/mL] [%] [%] [ng/mL] [%] [%]
CsA (n = 5)
10 10.58 + 0.26 105.84 242 10.41 + 0.67 104.13 6.42
100 102.96 + 3.46 102.96 336 98.85 + 7.27 98.85 7.35
1000 999.32 + 52.06 99.93 521 1026.30 + 55.84 102.63 5.44
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Inhibition of IL-2 Production by CsA Released
from Nanofibers

Single cell suspensions of spleen cells from BALB/ ¢ mice were
prepared in RPMI 1640 medium (Sigma) containing 10%
fetal calf serum (Sigma-Aldrich, Darmstadt, Germany), anti-
biotics (100 U/mL of penicillin and 100 pg/mL of streptomy-
cin), 10 mmol/L. HEPES buffer and 5 x 10> mol/L 2-
mercaptoethanol. The cells (0.6 x 10°/mL) were cultured in
a volume of 500 pL of complete RPMI 1640 medium in 48-
well tissue culture plates (Corning, NY), and they were left
unstimulated or stimulated with 1.0 pg/mL of ConA
(Sigma-Aldrich, Darmstadt, Germany). To determine phar-
macological activity of CsA released from the nanofibers, the
supernatants obtained after the extraction of the nanofibers
were added to the cell cultures at a final concentration of
25 vol%. The concentrations of IL-2 in the cell culture super-
natants after 24-h incubation were assessed by an enzyme-
linked immunosorbent assay (ELISA) using capture and de-
tection anti-cytokine antibodies purchased from PharMingen
(San Diego, CA, USA) following the instructions of the

manufacturer.

Determination of Inmunosuppressive Properties
of CsA-Loaded Nanofibers after their Extraction in PBS
or Culture Medium

Nanofibers containing 0 wt% CsA, 10 wt% CsA and 10 wt%
CsA with PEGs with a MW of 6, 20 or 35 kDa were extracted
in PBS or culture medium for 144 h as described above. The
samples of the extracted nanofiber material were transferred
into wells of spleen cells (0.6 x 10°/mL) stimulated with ConA
(1.0 pg/mlL). The concentrations of I1-2 in the cell culture
supernatants were assessed after a 24-h incubation period
using an ELISA.

Statistical Analysis

The results are expressed as the mean values = SD.
Comparisons between two groups were analyzed by
Student’s ¢ test, and multiple comparisons were analyzed by
an ANOVA. A value of p < 0.05 was considered statistically
significant.

RESULTS AND DISCUSSION

Characterization of CsA-Loaded and PEG-Containing
Nanofibers

Needleless electrospinning is a versatile method for the forma-
tion of fibers from tens of nanometers to tens of micrometers
in diameter and with thicknesses (area weight) ranging from 1

to 100 g per m?. In this study, PLA nanofibrous materials with
a mass per unit area of ca. 10 g/m” were prepared.

Scannning Electron Microscopy Measurements

SEM measurements revealed that after the proper optimiza-
tion of the electrospinning process parameters, PLA
nanofibrous materials with reproducible morphologies were
obtained. SEM images representing pure PLA nanofibers did
not show any inhomogeneities or artifacts in the nanofibrous
structures (see Fig. 3a). Figure 3b-e show the structure of CsA-
loaded PLA nanofibers with or without the addition of PEG
with different MWs. No considerable differences in the mor-
phologies; 1.e., no effect on nanofiber density, porosity or ar-
chitecture; were observed. The homogeneous incorporation
of the hydrophobic drug and auxiliary PEG molecules into
the PLA nanofibers was confirmed.

The determination of fiber diameters from SEM images
was processed within the distribution curves as shown in the
graphs below the corresponding SEM images (see Fig. 3a-e).
The overall range of fiber diameters was from 50 to 700 nm
with the average fiber diameter from 165 to 300 nm. Within
the connotation of nanotechnology, nanomaterials generally
refer to a dimension less than 100 nm. However, in scientific
literature dealing with fibers particularly for biomedical appli-
cations are fibers with diameters in the range of hundreds of
nanometers (up to 1000 nm) referred as nanofibers (34,35).
Quite narrow diameter distributions (from 100 to 300 nm, see
Fig. 3a-c) exhibited the pure PLA nanofibers as well as CsA-
loaded PLA and CsA-loaded PLA with PEG of the lowest
MW (6 kDa). The slightly broader diameter distribution was
found for nanofibers containing higher MW PEGs (20 and
35 kDa) (see Iig. 3d-¢) which can be attributed to the changes
of electrospinning conditions, i.e. the addition of these higher
MW compounds may cause an increase of viscosity which is
crucial parameter influencing the electrospinning process and
final properties of nanofibers such as diameter.

FTIR Analysis

The successful incorporation of PEG, CsA, or both was
checked by FT-IR spectroscopy. A set of representative
FT-IR spectra are showed in Fig. 4. (The spectra for
nanofibers containing PEG of 20 or 35 kDa were almost
identical and therefore not shown). In all spectra the
characteristic bands at 1752 and 1184 cm™' associated
with polyester PLA were observed. The presence of PEG
is demonstrated by appearance of two new bands at 960
and 840 cm™'. In the case of CsA-loaded nanofibers the
new band at 1640 em™' appeared corresponding to the
amide groups in CsA structure.
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Fig. 3 The SEM images and fiber diameter distributions of the prepared PLA nanofibers. (a) Blank PLA nanofibers (b) with incorporated CsA (10 wt%) and with
the addition of () PEG of 6 kDa (15 wt%), (d) PEG of 20 kDa (15 wt%) and (e) PEG of 35 kDa (15 wt%). Magnification of SEM images is 10,000x.
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Fig. 4 The FT-IR spectra of pre-
pared nanofibers: blank PLA, PLA
containing PEG of 6 kDa, CsA-
loaded PLA, and CsA-loaded PLA
containing PEG of 6 kDa.

0% Cs, no PEG

0% Cs, PEG 6 kDa

——10% Cs, no PEG

——10% Cs, PEG 6 kDa

3500 3000

The Kinetics of CsA Release in PBS Detected
by HPLC-MS/MS

Four nanofibrous materials were studied. Each contained
10 wt% CsA, and three of them contained 15 wt%

Table I Comparison of the CsA Release Rates from PLA Nanofibers
Containing 10 wt% CsA and |5 wt% PEGs of Various MWs
Time period  Release rate
t[h] v [ngh.am’
noPEG  PEG6kDa  PEG20kDa  PEG 35 kDa
0-0.5 58 469 226 190
0.5-1 39 334 207 107
-2 32 222 172 132
2-3.5 21 177 86 127
3.5-6.5 I5 83 52 47
6.5-10 9 72 59 54
10-24 3 22 20 19
24-72 0 4 3 2
72144 \ 4 3

¢ Release rate calculated according to Eq. (1)

T T T T 1

2500 2000 1500 1000 500

Wavenumber (cm!)

hydrophilic PEG with different MWs (6, 20 and 35 kDa).
The kinetic release profiles of CsA were evaluated and com-
pared. The continuous exchange mode was chosen to better
simulate physiological conditions. The release rates of GsA in
a particular time period were calculated according to Eq. (1):

my—my—| |

p="Tn ol (1)

h—th—1 a

where v is the release rate, m, is the amount of CsA (ng) in
an aliquot collected at ¢, (h), m,,_; is the amount of CsA (ng) in
an aliquot collected at 4,1 (h) reduced in regard to the ex-
changed part of the media and « is the square area of the
nanofibrous targets (cm?).

The calculated release rates of CGsA are summarized in
Table II. The total cumulative amounts of released CsA in
time course are shown in Fig. 5a, and the amounts of released
CsA corresponding to the given time period are depicted in
Fig. 5b. The results indicate that nanofibers containing PEGs
significantly released higher amounts of CsA compared to the
nanofibers containing CsA only. Apparently, the amount of
CsA released increased, and the release profiles prolonged

with the decreasing MW of the added PEGs.
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Fig. 5 The release profiles of CsA into PBS. (a) The total amounts and (b) the individual amounts of CsA released from PLA nanofibers containing |0 wt% CsA
and 15 wt% PEGs of various MWs determined by HPLC-MS/MS. Error bars were calculated using the standard deviations (n = 3).

In our previous work, we examined the release of PEGs
with MWs of 2, 6, 10 and 20 kDa from PLA, polycaprolactone
and polyvinyl alcohol fibers. With all the tested nanofibers, we
observed higher release rates of PEGs with higher MW (36).
This trend agrees with the results of a study by Huang et al.
(32), who tested the effect of PEG of 0.4 and 10 kDa on the
release of hydrophobic paclitaxel from PLGA films. Their
experiments showed a higher release rate of the hydrophobic
drug from nanofibers containing PEG of higher MW
(10 kDa). PEG of low MW, such as 0.4 kDa, were found to
be less effective in drug release modification. Steele et al.

a
700 -
600
500
0% CsA
no PEG
g 400 1 —#-10% CsA
=3 no PEG
£
(]
S 300 10% CsA
= PEG 6 kDA
-8-10% CsA
200 PEG 20 kDA
-8-10% CsA
100 PEG 35 kDA
o+
05 1 2 35 65 10 24 48 72 144

Time (h)

incorporated PEGs of 8 and 35 kDa into PLGA films at var-
ious contents to moderate paclitaxel release (31). Their exper-
iments with the same percentage of added PEGs (15 wt%) as
in our study showed a constant hydrophobic drug release for
30 days. In the case of PEG of 35 kDa, there was an observed
burst release within the first 2 days approximately, which was
explained by the higher crystallinity of PEG of 35 kDa, the
phase separation of the polymer matrix and the subsequent
fast release of PEG with paclitaxel into the aqueous media.
However, in our system, this effect was not observed. We
suppose that it can be caused by different preparation

b

1000 -
900
800
700 1 0% CsA
no PEG
g 600 1 -8-10% CsA
? - no PEG
et 1 10% CsA
2 PEG 6 kDA
400.1 -B-10% CsA
- PEG 20 kDA
] —-B-10% CsA
PEG 35 kDA
200
100
0

0.5 1 2 35 65 10 24 48 72
Time (h)

Fig. 6 The kinetics of the CsA release from nanofibers detected by a bioassay. CsA-free and CsA-loaded nanofibers with or without PEGs were soaked in (a) PBS
or (b) culture medium for the indicated time intervals. The samples with extracted CsA were harvested and tested for their ability to inhibit IL-2 production by Con

A-stimulated spleen cells.
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PBS or culture medium. Each bar represents the mean =+ SD from 3 exper-
iments. The values with an asterisk represent the significant inhibition of IL-2
production (*P < 0.001).

procedure, resulting in different polymer matrix morphology,
1.e. polymer films versus nanofibers. PLA fibrous materials with
relatively high surface areas are created by electrospinning,
and faster solvent evaporation leads to lower crystalline for-
mations. The other electrospinning parameters, such as tem-
perature or the distance of electrodes, influence solvent evap-
oration and final polymer matrix behavior. Apparently, also
interaction of additive molecules (PEG) with the releasing hy-
drophobic drug also plays an important role. With the similar
weight concentration of PEGs in electrospun mixture, larger
amount of molecules of PEG 6 kDa may lead to better solva-
tion of hydrophobic drug molecules. This effect can increase
and prolong the drug release.

The Kinetics of CsA Release in PBS and Culture
Medium Detected by a Bioassay

To study the kinetics of CsA release from CsA-loaded nano-
fibers with or without PEG, samples of the nanofiber materials
were soaked at laboratory temperature in PBS or RPMI 1640
medium, and at the indicated time intervals, the nanofibers
were transferred into the same volume of fresh medium. The
presence of pharmacologically active CsA released from the
nanofibers was assessed using its ability to inhibit IL.-2 produc-
tion by ConA-activated spleen cells. As demonstrated in
Fig. 6, a significant amount of CsA was detected in the media
from nanofibers without PEG, which were harvested only at
the very beginning of the extraction. However, in nanofibers
containing PEGs, a biologically significant amount of CsA was
released within 0.5 h, and the profound release continued for
the whole observation period (144 h). These biological data
agree with the results determined by HPLC-MS/MS. Thus,

the higher released amount of CsA corresponds to a lower
ability of IL-2 production by ConA-stimulated spleen cells
(Fig. 5b versus Fig. 6a).

To demonstrate the ability of PEG-containing nanofibers
to release the drug, even after a 6-day extraction in PBS or in
culture medium (with a regular exchange of the solution), the
samples of CsA-free nanofibers and nanofibers with 10 wt%
CsA or with 10 wt% CsA and PEGs of different MWs were
extracted for 144 h and then added to the cultures of ConA-
stimulated spleen cells. The production of IL-2 was deter-
mined by an ELISA. As shown in Fig. 7, CsA-free samples
or CsA-loaded nanofibers without PEGs had not a consider-
able effect on IL-2 production, while the samples of nanofibers
containing CsA and PEGs significantly inhibited the produc-
tion of IL-2. It was confirmed by the values with asterisks
which are significantly different (*77 0.001) from the control
represented by ConA-stimulated spleen cells. In accordance
with the results above, the highest inhibition of IL-2 produc-
tion (corresponding to the highest CsA release) was detected in
samples containing PEG with the lowest MW (6 kDa). These
results clearly demonstrate that nanofibers extracted for 144 h
still retain, and continue to release a sufficient amount of CisA
to inhibit production of IL-2 by ConA-activated T cells. It is
important that CsA-loaded nanofibers containing PEG with
the lowest MW, which have the highest release of CsA at the
beginning of extraction, preserve the highest release also after
the prolonged (144 h) incubation period.

It has been demonstrated that concentrations of the drug as
low as 50-200 ng/g of tissue are sufficient to suppress T-cell
reactivity and inflammation (37). We have recently shown that
the amount of CsA released from CsA-loaded nanofibers
without PEG, applying onto damage ocular surface, is suffi-
cient to suppress a rapid inflammatory reaction developing
shortly after tissue damage (38). A rapid CsA release can be
beneficial to attenuate rapidly developing immune response
after allogeneic transplantation as it was demonstrated in
mouse model. Covering skin allografts with nanofibers con-
taining CsA attenuates a local rejection reaction and modifies
mechanisms of transplantation reaction (39). Thus, the advan-
tages of described CsA-loaded nanofibers containing PEG
additives can be seen in the enhanced drug release efficacy
and the kinetic of drug release might be useful for suppression
of rapid inflammatory or transplantation reaction.

CONCLUSIONS

The release kinetics of cyclosporine A (CsA) were studied with
four different types of CsA-loaded poly(D,L-lactide) (PLA)
nanofibers. A newly developed HPLC-MS/MS method was
proven to be simple, sensitive, reproducible, and suitable for
the detection and quantitation of CsA in PBS release solution.
The results showed that the release of drug from CsA-loaded
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nanofibers containing PEG was significantly higher in com-
parison with the PEG-free nanofibers. Particularly, the addi-
tion of PEG with the lowest MW (6 kDa) yielded promising
results, significantly increased amounts of CsA and prolonged
the release of CsA. It was found that the interaction of CsA
with PEG plays an important role for moderating drug re-
lease. In vitro experiments on ConA-stimulated spleen cells
revealed the biological activity of the PLA nanofibers with
incorporated CsA, even after 144 h of previous extraction.

To the best of our knowledge, there are no studies
concerning nanofibrous carriers of hydrophobic CsA using
PEG molecules to moderate drug release. Our findings sug-
gest possibilities for the application of CsA-loaded and PEG-
containing nanofibers as an effective scaffold for cell-based
therapies using allogeneic cells and are a promising tool for
the local suppression of inflammatory reaction or immune
response after transplantation.
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