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Abstract

Fibers of poly(L-lactic acid) (PLLA)/polyhydroxybutyrate (PHB) with different concentrations of the drug dipyridamole (DPD)
were prepared using solvent-free melt electrospinning to obtain a polymeric drug delivery system. The electrospun fibers were
morphologically, structurally, thermally, and dynamically characterized. Crazes that resemble lotus root crevices were interest-
ingly observed in the 7:3 PLLA/PHB fibers with 1% DPD. The crystallinity of PLLA slightly decreased as PHB was incorpo-
rated, and the addition of DPD significantly reduced the melting temperature of the composite. The interactions between PLLA
and PHB mainly occurred at a proportion of 7:3, and drug encapsulation in the fibers was verified. The kinetic profiles of drug
release demonstrated the predominant multiple patterns involving a diffusional stage in the short-term mode of release and kinetic
process related to the hydrolysis of the biopolymers. Furthermore, the dynamic behavior of the polymer molecules was evaluated
based on the segmental mobility using probe electron spin resonance spectroscopy. The segmental mobility in the amorphous
fraction of PLLA decreased with increasing PLLA content. The 9:1 PLLA/PHB system was more resistant to polymer hydrolysis
than to the 7:3 system and the rate of diffusion transport was approximately two times higher for the 7:3 PLLA/PHB fibers than
for the 9:1 PLLA/PHB fibers.
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Introduction toxicity, and increased patient compliance and conve-
nience, over conventional dosage forms [1]. In such sys-
Controlled drug delivery systems offer numerous advan-  tems, synthetic, natural, and hybrid polymer materials are

tages, including improved therapeutic effects, reduced  used as the drug vehicles to enhance the efficiency of the
system [2, 3]. Polyhydroxybutyrate (PHB) is a biocompat-
— — - - ible, nontoxic, and biodegradable polymer obtained from
slelf?g:ghctzn?;;‘sﬁzsﬁee electrospinning was applied for preparing drug natural source that is suitable for biomedical applications
Segmental mobility of PLLA declines with the raise of amorphous [4]. This polymer is one of the most promising biomedical
content. materials because of its appropriate biocompatibility and
PLLA/PI.-IB systems at 9:1 ratio are more resistant t(? polymer hydrolysis. controlled biodegradation. PHB has a high degree of crys-
Fibers with crazes that resemble the lotus root crevice were found. .. . . .
tallinity because of its perfect stereoregularity and high pu-
rity. However, the excessive brittleness, poor processabili-
ty, and poor thermal stability of PHB limit its potential
applications as a pristine material [5]. Multicomponent fi-
bers have attracted increasing attention because new prop-
erties can be obtained by combining different materials. We
combined PHB with other biopolymers to create a drug
delivery system to investigate the diffusion transport kinet-
ics of drugs. Poly(L-lactic acid) (PLLA) was chosen be-
cause it has been widely used in various biomedical appli-
cations [6—8] based on its biodegradability, biocompatibil-
ity, and good mechanical properties.
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Unresolved problems for polymeric drug delivery systems
include their low efficiency for preparing nano- and micropar-
ticles or vesicles, and their low efficiency for drug delivery
[9]. Electrospinning is a simple, low-cost, and versatile pro-
cess for preparing a wide range of polymeric microfibers and
nanofibers in a controllable manner [10]. Moreover, this tech-
nique is very convenient because the fiber can be coated onto
any surface with nonwoven or aligned fibers. Electrospinning
can be generally divided into two types of methods: solution
electrospinning and melt electrospinning. Solution
electrospinning is usually used to prepare nanofibers because
it uses simple equipment and produces thinner fibers than melt
electrospinning. However, many of the residual solvents in the
fibers are toxic to cells and tissues [11]. In contrast, melt
electrospinning provides a solvent-free process to fabricate
polymer fibers using a safe, eco-friendly method. Thus, the
disadvantages of solution electrospinning, such as expensive
solvent recovery, risk of solvent explosion, and residual sol-
vent toxicity, are not applicable. These features are becoming
increasingly important in the pharmaceutical industry.

The chosen drug, dipyridamole (DPD), is an antithrombot-
ic and antithrombogenic drug. It can reduce smooth muscle
cell proliferation and promote vascular endothelial cell prolif-
eration. In addition, DPD has been employed with
acetylsalicylic acid for secondary stroke prevention because
of'its antithrombotic effect [12]. DPD had been blended with
different polymers and then electrospun into a biodegradable
fibrous scaffold or other forms for drug delivery [13—15].
However, the toxic solvent residue in the fibers cannot be
eliminated because it must be used to dissolve the polymer.
Thus, in this study, solvent-free melt electrospinning was ap-
plied to prepare novel drug delivery systems.

Controlled drug release from nondegradable polymer sys-
tems occurs through a diffusion mechanism [16—18], while
degradable polyesters, such as PLLA and PHB, with unstable
chemical bonds, can be affected by hydrolytic reactions, spe-
cifically through the mechanism of end group autocatalysis
[19]. In this connection, despite the impressive technological
achievements in the creation of ultrathin fibers, an extremely
limited amount of work [20—22] has been devoted to diffusion
and hydrolytic problems that emerge in fibrillar materials dur-
ing drug delivery. These problems require comprehensive ex-
perimental and theoretical examinations. To solve the coher-
ent diffusion-kinetic problems, measurements of controlled
drug release from the macroscopic fibrillar membranes (the
mats) under various intrinsic conditions must be executed.

In the present work, fiber membranes with various propor-
tions of PLLA/PHB were produced by melt electrospinning.
The developed materials were morphologically, structurally,
thermally characterized. PLLA/PHB fiber membranes without
any toxic solvents and containing different amounts of DPD
were prepared to assess the polymeric drug delivery system.
The influence of DPD on the fiber diameter and the structural
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and thermal properties were characterized. Further, drug en-
capsulation in the fibers was confirmed. The dynamic behav-
ior of the polymer molecules was evaluated by their segmental
mobility and drug diffusion, which is the most important pro-
cess for controlled drug release.

Experimental
Materials

PHB (1001MD, BASF) and PLLA particles (Mn = 100,000;
Zhejiang Hisun Biomaterials Co., Ltd., China) were dried at
60 °C for 6 h in a vacuum oven before the experiments. DPD
(Mw =504.63; >98.0%) was purchased from Beijing Inoke
Technology Co. Ltd., China.

Processing of the blends

Blends of PLLA and PHB at different PLLA/PHB ratios of
9:1, 8:2, 7:3, and 6:4 by weight were mixed in a Haake
polylab torque rheometer at 190 °C for 6 min at a constant
rotor speed of 80 rpm. The PLLA/PHB ratios of 9:1 and 7:3
with 1% and 5 DPD by weight are the same condition except
for the temperature at 170 °C.

Melt electrospinning

The melt electrospinning devices used are the same as those
in our previous studies [23, 24]. The collector covered with
aluminum foil was connected to the positive of the power,
and the spinneret was grounded. Samples were prepared
using a normal power supply (DW-P503-2ACDE; Dong
Wen high-voltage power supply (Tianjin) Co., Ltd.,
China). First, several electrospinning processing conditions
were tried to produce the electrospinning fiber of PLLA and
the ratio of 9:1. The different positive voltages, applied
cylinder temperature, and spinning distance were investi-
gated for the formation of a stable Taylor cone to obtain
uniform and continuous fiber. Because of the addition of
the DPD, the applied temperatures could be decreased no-
tably, and it was fixed to 170 °C. The DPD acts as the
plasticizer in melt electrospinning and decreases polymer-
polymer interaction to make segments of polymer move at
low temperature [25]. Thus, the melt electrospinning was
carried out at 220 °C without DPD and 170 °C with DPD,
the applied voltage was 35 kV, and the distance between
collector and spinneret was set at 7 cm. The schematic di-
agram of the experimental devices and as the spun fiber of
7:3 with 1% DPD is shown in Fig. 1.
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Fig. 1 Schematic diagram of the
experimental devices and the as-
spun PLLA/PHB fibers of 7:3
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Characterization phase at 40 °C. The radical concentration in the polymer was

Electrospun fiber membranes were coated with gold and their
morphology was characterized using scanning electron mi-
croscopy (SEM, Hitachi S4700, Japan) with an accelerating
voltage of 20 kV. The average fiber diameter and its size
distribution were calculated using SEM images by Imagel]
software. Over approximately 20 fibers of each sample were
randomly selected from the SEM image, and each fiber was
measured at five different locations. The crystalline phases of
the electrospun fibers were performed using X-ray diffraction
(XRD) (D8, Bruker, Germany) in the 26 range 5°—90° with Cu
Ko radiation (A = 1.5406 A), with a voltage and current which
were 40 kV and 40 mA, respectively. The equipment resolu-
tion and the scan speed were 0.02° and 0.1 s per step, respec-
tively. Thermophysical characteristics and crystallization be-
havior were obtained by differential scanning calorimetry
(DSC, PerkinElmer Pyris 1) with the samples being heated
from 0 to 200 °C at 10 °C min_ ' under a nitrogen atmosphere
(20 mL min"). The glass transition temperature (7, 2> cold
crystallization temperature (7.), melting temperature (7,,),
cold crystallization enthalpy (AH,), and melting enthalpy
(AH,,) were obtained from the first heating, and the degree
of crystallinity X (%) was calculated using Eq. 1 [26]:

= [AH’”_AHC} L 100% (1)

AHy Whrrra

AH;is the melting heat associated with pure crystalline PLLA
937 gfl) [27] and 1/Wp; 4 is the proportion of PLLA in the
blend. Infrared measurements (FTIR) were performed at room
temperature with a Thermo Electron 8700 apparatus in trans-
mission mode from 4000 to 500 cm . FTIR spectra were
collected after 10 scans with a resolution of 4 cm™'. The mea-
surements were performed with potassium bromide pellets
(KBr). Segmental mobility of PLLA and PHB in the blend
fibers was studied by probe electron spin resonance spectros-
copy (ESR) method. X-band EPR spectra were registered on
an automated EPR-V spectrometer (Semenov Institute of
Chemical Physics, Moscow RF.). A stable nitroxide radical
TEMPO (2,2,6,6-tetramethylpyperidin-1-oxil) was used as a
probe. The radical was introduced into the fibers from the gas

not above 10 mol/L. The experimental spectra of the spin
probe in the region of slow motions (7> 107" s) were ana-
lyzed within the model of isotropic Brownian rotation using a
program Budil et al. described [28]. The spectra were modeled
using the following main values of the g-tensor and the hy-
perfine coupling tensor of the radical: gxx =2.0096, gyy =
2.0066, gzz=2.0025, Axx=7.0G, Ayy=5.0 G, and Azz=
35.0 G. The value Azz was determined experimentally from
the EPR spectra of the nitroxide radial in the polymer at —
216 °C; it was almost equal to the values Timofeev et al.
reported [29]. The correlation time of probe rotation, 7, were
determined from the ESR spectra via the equation [30]:

7= AH, x [(I+/L)0‘5—1} 6.65 x 101°]], 2)

where AH, is the width of spectrum component located in a
weak field and I+/1- is the ratio of component intensities in
weak and strong fields of the spectrum, respectively. The sta-
tistical error of 7 measurements is equal to + 5. The kinetics of
DPD release was studied with Beckman DU-65 UV spectro-
photometer (USA). In kinetic measurements, the fiber sample
was immersed in an aqueous medium and the optical density
of DPD samples was determined with a periodic sampling.
The interval of sampling depended on the fiber composition
and, accordingly, on the rate of drug release; it was from 1 to
30 min. The experiments lasted from several decades of mi-
nutes to several hours. In the DPD UV spectra, there are two
characteristic peaks at A =410 nm and a more intense peak at
A=292 nm with an extinction coefficient of 31, 260 L/
(mol cm) which was used for the drug release measurement.

Results and discussion

Fiber membrane morphology

SEM micrographs of electrospun fibers in the membranes are
shown in Fig. 2a-h. The fibers of the as-spun PLLA, PHB,

and their blends (PLLA/PHB =9:1 and 7:3) without DPD
have smooth surfaces and relatively uniform fiber diameter
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Fig.2 Morphology of the electrospun fiber membranes of a pure PLLA and for PLLA/PHB ratios, b 9:1, ¢ 8:2, d 7:3, e 6:4, f pure PHB, and 7:3 with g 1

and h 5% of DPD concentration; i the corresponding average fiber diameters

distributions without any specific thickening, such as beads or
spindle-like units. In contrast to the drug-unloaded fibers, the
composite fibers with a PLLA/PHB ratio of 7:3 and 1% DPD
have rough surfaces and nonuniform diameters within a single
fiber. In this case, their morphology includes crazes that re-
semble lotus root crevices; the crazes are apparently disunited,
but remain connected to the nanofibrils. Analogous morphol-
ogies were discovered for the polymer samples under tensile
testing [31, 32]. However, we obtained similar structures with-
out any intentional stretching during melt electrospinning.

In the present study, the crazes in the fibers are not evenly
spaced along the fiber axis, and they are not present for some
single filaments. In the absence of external mechanical stress
and under identical electrospinning conditions for the
nonloaded and drug-loaded samples, these fiber defects devel-
oped only in the presence of DPD and, hence, are directly
related to the DPD molecule impact upon the fiber morphol-
ogy and the segmental mobility of polymer molecules (see the
ESR results, in the “ESR probe spectroscopy of PLA/PHB
electrospun mats” section). Generally, these effects are likely
related to (1) a slight polymer phase separation between the
7:3 polymer blends and DPD [33], (2) electrically driven jet
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instabilities during electrospinning (non-axisymmetric insta-
bility and two axisymmetric instabilities), which form a
multipoint local stress concentration on the jet [32] and further
expand the fluctuation, and (3) a decrease in the entanglement
of molecular chains form the addition of DPD, which contrib-
utes to the motion of the molecular chains. A further increase
in the DPD concentration to 5 wt% causes the PLLA/PHB
fiber disintegration. Figure 2h shows that the samples are
composed of short, crescent-like units that are very likely
caused by jet discontinuity during electrospinning.

All electrospun fiber formulations and the corresponding
average diameters are summarized in Table 1. The fiber diam-
eter decreases as the PHB content increases in the composite
fibers; for 7:3 PLLA/PHB fibers, the fiber diameter reaches
minimum value of 18.8 6.0 um. The smallest diameter is
observed for pristine PHB, as shown in Fig. 2i. DPD embed-
ded in the polymer system decreases the mean fiber diameter
to 10.7£2.5 pm and simultaneously creates a narrower diam-
eter distribution. The reduced fiber thickness from encapsulat-
ed DPD was previously described [34]; the authors proposed
that ionic forms of DPD participate in the electrostatic inter-
actions during fiber electrospinning. Simultaneously, the
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Table 1 PLLA/PHB membrane formulations and average fiber
diameters
Materials PLLA (wt%) PHB (wt%) DPD (wt%) Average fiber
diameter (um)
PLLA 100 - - 22.53+3.14
9:1 90 10 - 19.99 +2.56
8:2 80 20 - 19.69 +2.43
7:3 70 30 - 18.77 +6.02
6:4 60 40 - 12.96 +4.64
PHB - 100 - 6.84+2.77
7:3/1% 69.3 29.7 1 10.69 +2.51
7:3/5% 66.5 28.5 5 -

authors observed a surface tension reduction in the presence of
DPD; this effect could cause fiber bending with the following
discontinuity of the polymer jet [35]. The coherent conse-
quence of this effect is observed in Fig. 2h for the 7:3 com-
positions with 5% DPD loading.

Fourier transformed infrared spectroscopy

FTIR spectra of the PLLA, PHB, and PLLA/PHB membranes
are shown in Fig. 3 band associated with the C-CHj stretching
vibrations of PLLA appearing at 1044 cm™', and its intensity
decreases with PHB addition. The band at 1080 cm ™' is as-
cribed to the stretching vibrations of the C—-O—C groups. In
neat PHB, the band at 1271 ¢cm ' is ascribed to stretching
vibrations of the C—O—C groups, which decrease with PLLA
addition [36]. At 1384 cm™', the CH; asymmetric deformation
band appears, and its intensity increases with higher amounts
of PHB [37]. In the spectrum of PLLA, the typical band at
1752 em ' is related to the crystalline carbonyl C=0 vibration
[38]. The amorphous carbonyl C=0 vibration of PLLA is cen-
tered at 1745 cm™ ", but it is very weak and cannot be clearly
identified [37]. In the spectrum of pure PHB, the bands at 1718
and 1733 cm ' are attributed to the stretching vibrations of
crystalline carbonyl C=0 groups, and a small shoulder at

Fig. 3 FTIR spectra of
electrospun membranes with
PLLA/PHB blends

Transmission(a.u.)

1750 cm ™! contributes to the amorphous carbonyl C=0 vibra-
tion [38, 39]. For the PLLA/PHB blends, the carbonyl
stretching bands of PLLA and PHB show different intensities
with increasing of PHB content. For the 6:4 blend, the band at
1722 cm™ is ascribed to stretching of the crystalline carbonyl
group, and the band near 1733 cm™' becomes narrower and
overlaps with the amorphous carbonyl group of PLLA. In the
7:3 blend, two distinct carbonyl groups are observed: the band
at 1752 cm ! corresponds to the amorphous carbonyl vibration
of PLLA, and the band at 1716 cm ' corresponds to crystalline
carbonyl stretching of PHB. However, for the 9:1 blend, the
carbonyl band at 1745 cm™' broadens and shows a small shoul-
dernear 1718 cm™'. The different peak position in the blends is
associated with a transesterification reaction between PLLA
and PHB that forms intermolecular hydrogen [40].

The FTIR spectra show the typical characteristic vibration-
al bands of DPD at 1534 cm™ ' corresponding to the C=N
(ring) stretching vibration (Fig. 4) [41]. A new absorption
band at 1582 cm™' corresponding to the C=O stretching vi-
bration appears, which may be associated with the formation
of a carbonyl group during the melt electrospinning [42]. In
this way, the presence of DPD was confirmed in the mem-
branes after melt electrospinning.

Differential scanning calorimetry

The heating processes of PLLA, PHB, and their blends with
and without DPD are observed in the DSC scans (Fig. 5a).
Pure PLLA has a glass transition temperature (75) of ~61 °C
and a sharp melting peak of ~ 173 °C. For pure PHB, a small
melting peak of 150 °C is observed, and the glass transition is
not discernible. Pure PHB shows a lower melting point than
the general because it has a poor thermal stability in the melt
and thermal degradation begins at the melting point [43].

For the PLLA/PHB blends, a glass transition is observed at
~57 °C for the PLLA component, and the glass transition
temperature minorly varies with changing composition. The
crystallization peak of PLLA appears at 108 °C, while that of
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Fig. 4 FTIR spectra of DPD and the ratio of 7:3 blend electrospun
membranes with 0, 1, and 5% DPD

PHB does not appear clearly. The DSC thermal properties are
summarized in Table 2. The crystallization peak for the 9:1
blend appears at 86 °C, and the crystallization temperature
decreases as the PLLA/PHB ratio changes from 9:1 to 6:4.
The decreasing crystallization temperature indicates a faster
crystallization rate of PLLA in the blend than pure PLLA
based on the ability of PHB to recrystallize the PLLA matrix
[37, 40]. The melt temperature slightly decreases with the
increasing PHB content. A small exothermal peak at 159 °C
appears below the melting point; it may originate from the
imperfect crystals that form during the electrospinning process
and is affected by the heating rate [44—46]. The melting peak
of all blends and PLLA shows a small significant shoulder,
which is ascribed to the presence of two crystal forms and
recrystallization effects during the heating process [47]. The
crystallinity of PLLA generally increases as PHB is incorpo-
rated using the solution method [26, 37]; however, in this
study, the crystallinity slightly decreases, which can be ex-
plained by two considerations: (1) melt electrospinning gen-
erally forms amorphous or semi-crystalline structures [48] and
(2) molten polymers quenched at room temperature do not

immediately crystallize [49]. Since the degree of tension has
not reached the critical value of crystallization because of the
rapid temperature drop, molecular chains in the melt are
drawn by the electric force and solidify at the low temperature.
Therefore, most of the molecular chains have a certain degree
of orientation along the tensile direction, but the crystallinity is
relatively low.

The T, of PLLA/PHB with 1% DPD is slightly higher than
that of PLLA/PHB. However, the T, of PLLA/PHB with 5%
DPD is significantly lower than that of PLLA/PHB. Although
no significant differences in the crystallization temperature are
observed between the blend with 1% DPD and neat
PLLA/PHB, the crystallization temperature of the blend with
5% DPD is increased. For the melting behavior, the addition
of DPD significantly reduces the melting temperature of the
blend by redistributing of the crystals [50]. The melting peak
becomes narrower, and the small shoulder that was observed
for the neat PLLA/PHB blend is not observed for the blend
with 1% DPD; this indicates that the formation of more stable
crystals is promoted by adding DPD.

X-ray diffraction

The crystalline structure of the electrospun fibers was investi-
gated by XRD, and the diffraction patterns are shown in Fig.
5b. An amorphous, broad band is typically observed for the
pure PLLA sample [51]. The weaker peak located at 26 =

31.0° is associated with the (3 crystal, and the broad dispersion
peaks at 16.6° and 19.0° are related to the (103) and (203)
reflections, respectively, of the «-form crystal of PLLA [52,
53]. The diffraction pattern for the electrospun film contains
five peaks at 17.4°,20.3°,23.2°,25.5°, and 29.6°, correspond-
ing to the (110), (021), (111), (121), and (200) reflections of
PHB, respectively [54]. The presence of crystalline PHB does
not produce significant signals or increase the crystallinity of
the PLLA matrix, in agreement with the slight decrease in the
degree of crystallinity calculated from the DSC results. In the
6:4 blend, weak peaks are observed at 20 =17.4°, 23.2°, and
29.6°. These findings suggest that the crystal structure of PHB

b
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Table 2  DSC thermal results of electrospun mats

Materials T, T. 7, X, pLLA
PLLA 61.2 99.6 173.5 28.6%
9:1 58.1 88.3 174.0 21.2%
7:3 57.5 86.6 172.8 15.8%
6:4 57.2 86.1 171.8 15.7%
PHB - 94.7 149.5 7.5%"
7:3/1% 60.8 86.4 168.1 10.6%
7:3/5% 54.0 95.0 1452 3.1%

*X. (%), calculated using AH,of PHB of 146 (J g{l ) [26]

in the 6:4 electrospun membrane is altered; the crystal growth
rate of PLLA is slower than that of PHB, which creates inter-
actions between PLLA and PHB [54]. The 7:3 blend with 1%
DPD shows a slight increase in the intensity of the peaks at
260=17.4°,20.3°,23.2°, and 29.6° with respect to those for the
pure 7:3 blend; this may be attributed to the high dispersion of
DPD, which contributed to crystal formation.

ESR probe spectroscopy of PLA/PHB electrospun mats

The last four sections presented structural, morphological, and
thermal information, which showed that special features exist
for the PLLA/PHB blend fibers fabricated by melt
electrospinning. The next two sections will describe the dy-
namic behavior of polymer molecules, namely their segmental
mobility, as evaluated using a probe ESR method and DPD
diffusion measurements, which are the most important pro-
cesses for controlled drug release, especially for its short-
term development. The molecular structural features, mor-
phology, and physicochemical characteristics provide the nec-
essary conditions, while the kinetics of diffusive transport in
combination with the hydrolysis rate provide sufficient condi-
tions for drug release in biodegradable fibers.

A series of ESR spectra for the (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl (TEMPO) radical probe encapsulated in the
PLLA/PHB systems (microfibers and microparticles) are
shown in Fig. 6. The shapes of all ESR curves indicate clearly
that each inherent spectrum manifests the superposition of two
individual spectra that belong to the two populations of radicals
with two different correlation times, 7, and 7». Here, the intrinsic
correlation time, 71, designates the status of the radical in the
dense amorphous fields with a slow rotation mobility, while 7,
designates fast radical rotation in the less dense amorphous
fields of the fibers. The latter fields are designated as the “soft”
fields. The existence of two TEMPO populations in the amor-
phous phase of PHB and PLLA with distinctive rotation fre-
quencies indicates the heterogeneous structure of the intercrys-
talline areas of the biopolymers. The state of the intercrystalline
fraction could be approximated by a two-mode model, which
was previously proposed for several semicrystalline polymers,

Intensity, a.e

T T T T T
3300 3320 3340 3360 3380
Magnetic field, G

Fig. 6 Probe ESR spectra of TEMPO radicals embedded in PLLA/PHB
fibrillar systems: (1) 9:1/5%; (2) 7:3/5%; (3) 9:1/1%; (4) 7:3/1%

such as polyalcanoates, polylactides, and poly(ethylene tere-
phthalate) [55, 56].

Quantitative analysis of the ESR spectra was performed by
evaluating the effective correlation times in accordance with
the above Formula (2). Additionally, the ratios of the intensi-
ties of the two first low-field peaks, I+l and I+2, belong to slow
and fast rotations, respectively (see Fig. 7); the activation en-
ergy of the radical rotational mobility, £,,, was also measured.
All characteristics are summarized in Table 3.

The differences in the peak intensities of the ESR spectra
show that the effective correlation time, 7c, in the 9:1
PLLA/PHB fibers exceeds the same characteristic of the 7:3
PLLA/PHB fibers, which also indicates the decline in seg-
mental mobility in the amorphous fraction of PLLA with an
increase in the PLLA content. The concentration effect is quite
explicable, especially considering that the 7, of PLLA more
than three dozen degree exceeds the T, of PHB. Hence, at
room temperature, the former is in a glassy state where seg-
mental mobility is essentially hindered, while the latter has the
limited features of an elastic polymer; despite the high crys-
tallinity, its segmental mobility is more intense. The relative
standard deviations of the correlation times are 6%, the inten-
sity ratio is 10%, and the activation energy of the probe mo-
bility is 5%.

A comparison of the values for the L. Y/1,2 ratio showed that
the partition coefficients of the radicals in the dense and soft
fields of the amorphous fraction of the polymer do not differ
much. Nevertheless, the perfect fibrils show slightly higher
intensity ratios (see Table 3) than the distorted PLLA/PHB
systems (see Fig. 2h). This result points out the denser struc-
tural organization in the inter-crystalline area in the well-
formulated fibrillars. Here, it is appropriate to mention the
work [57] where it showed an analogous small discrepancy
between the meaning of the I, '/, ratio for the ultrathin fibrils
and the cold-rolled films of the pristine PHB.

In Table 3, the important characteristics of radical mobility
are presented as energy activation values calculated from the
Arrhenius equation in the coordinates log (7¢) vs. 1/T K. The
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Fig. 7 ESR spectrum deconvolution (#2 in Fig. 6). a The fast and slow components of ESR spectrum after deconvolution. b The comparison of the real
initial spectrum (1) with the spectrum evaluated as superposition (2) of two different modes shown in a

Arrhenius plots for microparticles are not monotonic and
show specific breakpoints that reflect a sharp change in the
slope of the corresponding straight lines at ~57 and ~39 °C
for the systems containing 5% DPD and with polymer ratios
of 9:1 and 7:3, respectively. The decrease in the rotational
activation energy is likely related to acceleration of the rota-
tion probe mobility near the glassy state transition in PLLA, as
in the dominant component (7, = 58 °C for the 9:1 ratio, see
Table 2). For the 7:3 system, PHB impacts the total mobility of
the radical; thus, we could treat this mobility transition as the
superposition of the segmental dynamics of both biopolymers.
In any case, this temperature effect demands the following
investigations. Finally, all these transitions are observed for
the mats formed with microparticles only at higher DPD con-
tents (Fig. 8).

Impact of diffusion upon controlled drug release

Figure 9a demonstrates the typical kinetic profiles of drug
release from the PLLA/PHB fiber mats with DPD loading
and different ratios of the polymer components. As for drug
release from the PHB films [58], the kinetic profiles have two
inherent sections characterized by different shapes for the mat:
linear and nonlinear. In accordance with the proposed
diffusion-kinetic model, the initial nonlinear section of each

Table 3 ESR spectral characteristics of radical TEMPO embedded in
the PLLA/PHB mats

Materials Correlation time L2 E, (kJmol "
(10°, s)

9:1/1% 6.2 0.55 42

9:1/5% 8.8 0.61 43 (20)

7:3/1% 3.6 0.48 36.5

7:3/5% 4.2 0.52 41.5 (13.5)

@ Springer

curve principally reflects the drug diffusion process, whereas
the linear section corresponds to the kinetic process of partial
loss of polymer weight because of the onset of the hydrolytic
decomposition of PLLA and PHB ester groups. During hy-
drolysis, the encapsulated drug moves into aqueous surround-
ings, not only by a diffusion mechanism but also by surface
degradation.

For the macroscopic fibrillar membranes (the mats) formed
by single filaments, by analogy with the monolithic nonpo-
rous film, the diffusion-kinetic equation can be written to re-
flect both diffusion and hydrolysis simultaneously as

(0M4/0t)]V = 0Cy/0t = Degy [0*Ga /x| + ky, (3)

where Cy and Gy are the total concentration of the drug pass-
ing from the polymer into the external aqueous volume, V, and
the concentration of the drug that can diffuse into the polymer,
respectively; Deg is the effective diffusion coefficient, which

-8.0 4
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8.4 ]
86 ]
88 ]

-9.0 4
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Fig. 8 Semilogarithmic dependence of radical rotational mobility on
reciprocal absolute temperature for PLLA/PHB systems. The arrows
show the breakpoints expressed in Celsius degrees
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is independent of coordinates and time, and 4, is the constant
of the zero-order hydrolytic reaction of PLLA and PHB ester
groups on the filament surface.

The PLLA/PHB mats consist of disordered entangled fi-
bers, and D, is determined for these mats by two consecutive
processes: the drug diffusion mobility in the inherent fiber
volume (Dy) and drug transport in the pores consisting of
interfibrous space and filled by solvent (D,,). By describing
the two-stage drug transport as a sequence of proper diffusion
in the fiber and subsequent transfer in the interfibrous space,
that is, modeling the diffusion mode of release as a two-
layered medium in accordance with the Crank simplification
[59], Degr could be presented as

LM/(DCH):Xf/Df+LW/DW (4)

where Xrand L., are the average characteristic sizes of the drug
diffusion path length in the proper fiber and the interfibrous
space, respectively.

For the cylindrical fibers, X; is the fiber diameter, while for
Ly, in accordance with the Mackie-Mears equation [60], the
correction for increasing the drug diffusion path based on its
tortuosity was chosen as

Ly = [(1 4+ ¢1)/(I=¢¢)Lwm, (5)

where ¢y is the volume fraction of polymer fibers. This cor-
rection was previously used to describe the drug diffusion in
the PHB magnetic composites with the magnetite nanoparti-
cles embedded forming the extended aggregates [61].

The diffusion equation for the cylindrical fibers loaded
with uniformly distributed drug was advanced by Crank [59]:

0Gy/ot = (1/r)D[0(rGy/or) Jor) (6)

at0 < r < X¢/2,

where 7 is the coordinate of the radial diffusion; symbol Gy, as
in Eq. (3), denotes the concentration of the mobile fraction of
the drug in the cylindrical fiber with the corresponding con-
stant diffusion coefficient Dy, and Xris the average diameter of

t (min)

the fiber. The initial and symmetrical boundary conditions
corresponding to the drug desorption from the cylindrical fi-
bers are the following: Gy= G{ at =0 (at the initial time) and
G¢=0 at » = R (at the fiber/solution interface).

In accordance with the research of J. Siepmann et al. [62],
the solution of differential Eq. (6) makes it possible to obtain
the dependence of the cumulative amount of the desorbed
drug (M,) on the time of release (¢):

M,/M,, = [16Ds/7]1/2t'/>~[2D¢ /X ¢]t, (7)

where M., is the limiting value of M, under the condition  —
0.

For Egs. (6) and (7), which both reflect drug transfer
through the surface of the side walls and in a cylinder, the
cylindrical fiber is at least five times longer than its radius
[63]. This mathematical requirement is fully fulfilled for
electrospun fibers of practically infinite length. Additionally,
the latter equation is valid when M,/M,,<0.4. The combina-
tion of Egs. (3) and (7) gives the final expression for drug
release from cylindrical fibers that are simultaneously subject-
ed to hydrolysis and diffusion:

M,/M, = [16D¢/7 X ¢]'*1'/% + ket, (8)

where k. =ky, — [4D¢/X{]. The positive sign in the equation
shows that the condition, &y, > [4D¢X¢], is fulfilled for the
PLLA/PHB fibers, which is confirmed in Fig. 9b. For a rela-
tively short exposure time (~ 8 h) and given the S-mechanism
of PLA and PHB hydrolysis under short-term controlled

Table 4 Diffusion data for controlled drug release

Materials D¢1011, cm®s ' Xr10°, cm &y'10% s DPD ratio released
via diffusion, %

9:1/1% 4.9 3 1.9 6.4
9:1/1% 4.8 3 1.6 4.8
73/1% 9.9 2 8.3 16.2
731% 8.4 2 5.6 12.9
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release [64], no changes are observed in the viscosity, molec-
ular weight, or crystallinity. The experimental curves are con-
sistent with that provided by Eq. (8), which provides a method
to evaluate the drug diffusivity in the diffusion coordinates:
M/M, =~ 2. Table 4 lists the drug release characteristics of
the studied systems, including the diffusion coefficients (Dy)
from Eq. (8). The low values of D satisfactorily agree with the
same low values for diffusion mobility of DPD in the PHB
microparticle [65].

The penultimate column in Table 4 shows the values of 4,
which were calculated from the curves presented in Fig. 9b
using the last member of Eq. (8). The 9:1 PLLA/PHB system
is more resistant to polymer hydrolysis than the 7:3 system.
The partial incompatibility of PLLA and PHB could increase
the microphase separation surface of the single filaments,
making them more accessible to attack by the hydrolytic
agent.

The right column of Table 4 shows the mobile fraction of
the drug encapsulated in the microfibrils, which are capable of
diffusion. Simultaneous collation of the effective DPD diffu-
sivities in combination with the values of the DPD mobile
fractions shows that the rate of diffusion transport is approx-
imately twice as high for the fibers with less PLLA (i.e., 7:3)
than for those in the 9:1 system. This effect is associated with
the essential drop in fiber crystallinity, which is shown in
Table 2. In accordance with the two-phase model for the amor-
phous areas of polymers, which was confirmed using ESR
(see “ESR probe spectroscopy of PLA/PHB electrospun
mats”), the rest of the drug molecules are tightly encapsulated
in the amorphous, dense areas and do not participate in diffu-
sion transport. This immobilized fraction is only capable of
drug release because of the surface destruction in accordance
with a zero-order reaction. DPD release provides multiple
biofunctions for biodegradable nanofibrous films, which
show promise for use in biodegradable, small-diameter vascu-
lar grafts and other blood-contact implants and are candidates
for drug delivery systems for sustained delivery of pharma-
ceutical agents for applications related to cardiovascular
disease.

Conclusions

In this study, the fiber membranes of PLLA/PHB blends with
different concentrations of DPD were fabricated using
solvent-free melt electrospinning to create controlled-release
systems. The fibers without DPD had a smooth surface and a
relatively uniform fiber diameter distribution. The fibers with
DPD showed a rough surface and nonuniform diameters with-
in a single fiber. The fibers with DPD included crazes that
resembled lotus root crevices. The DSC results suggested that
the crystallinity of PLLA slightly decreased with PHB incor-
poration; this was further confirmed using XRD. The addition

@ Springer

of DPD significantly reduced the melting temperature of the
blend. FTIR spectroscopy showed a transesterification reac-
tion between PLLA and PHB, and confirmed that the drug
was immobilized on the fibers.

Furthermore, the dynamic behavior of the polymer mol-
ecules was evaluated by segmental mobility and drug dif-
fusion. In the blend fibers, the segmental mobility of PLLA
and PHB declined with increasing PLLA content. The
values of I+1/I+2 indicate a denser structural organization
of the inter-crystalline area in the fibrils. The decrease in
the rotation activation energy is likely related to accelera-
tion of the rotation probe mobility near the glassy-state
transition. The consideration of drug release under short-
term conditions showed that these nanofibers can be char-
acterized by the diffusion mode of a sustained drug release
profile. The 9:1 PLLA/PHB system is more resistant to
polymer hydrolysis than the 7:3 system. The simultaneous
collation of the effective DPD diffusivities in combination
with the DPD mobile fractions shows that the rate of diffu-
sion transport is approximately two times higher for the 7:3
PLLA/PHB fibers than for the 9:1 PLLA/PHB fibers.
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