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An innovative remedies’ implementation with a focus on the transition from custom macro- to nano-scaled
therapeutic polymer vehicles relies upon the appropriate design of novel drug-polymer compositions, their
functionalization at molecular and nano-scale levels, and addressed diﬀusion-kinetic processes that control drug
distribution at any given time in both a proper polymer implant and surrounding biological media. In the
framework of this paradigm, ultrathin ﬁbers formed by blending poly(3-R-hydroxybutyrate) [PHB] with poly (Llactic acid) [PLA] and loaded with modeling drug (dipyridamole [DPD]) were fabricated by solution electrospinning. PHB/PLA ratio and DPD content aﬀected considerably the geometric shape, crystallinity of a single
ﬁlament. As follows from the optical microscopy and SEM data, in the absence of the drug or at its low concentration (< 3 wt.%), the PHB/PLA ﬁbers appear as ellipsoid-like fragments alternating with cylindrical ones.
At the higher content of the drug (3–5%), the abnormal ellipsoid-like structures disappear and all the ﬁbers have
cylindrical geometry. By the DSC technique it was shown that PHB/PLA ratio inﬂuenced on the crystallinity of
ﬁbers and modulated the general course of DSC thermograms. The ESR spectra of the TEMPO radical preliminary
embedded into ﬁber volume represent a superposition of two elementary spectra belonging to the radical populations with diﬀerent correlation times τ1 and τ2 that reﬂects heterogeneity of the PHB and PLA intercrystalline amorphous regions with slow and fast segmental dynamics respectively. The combination of structure-morphology characteristics of the ultrathin ﬁbers determines the polymer dynamics and drug diﬀusivity as
well as the corresponding proﬁles of drug release. A coherent model of drug release from the PHB ﬁbrillar and
ellipsoidal mats was advanced.

1. Introduction
Homo-polymeric and hybrid vehicles of drugs intended for targeted
controlled delivery are widely practiced in the various dosage forms
such as the modern therapeutic systems, matrices and templates in
tissue engineering, transdermal patches, micro- and nano-sized particles, ultrathin ﬁbers, micelles, etc. [1–5]. Development of innovative
remedies includes the appropriate design of novel drug-polymer compositions, their miniaturization at molecular and nano-scale levels, and
addressing diﬀusion-kinetic processes which control drug spatial distribution at any given time in both the proper polymer matrix and
surrounding biological media.

⁎

One of the most economically and technologically eﬃcient ways to
produce ultrathin ﬁbers (UF) and corresponding ﬁbrillar matrices
(mates) is the electrospinning (ES) of polymer solutions or melts [6,7].
Among the principal advantages of nanoﬁbrillar vehicles it should be
note their high surface/volume ratio that enhances drug absorption
capacity and eﬀective biointegration of ﬁbrillar implants [8]. A rather
large number of studies have been devoted to the ES production of
biodegradable and bioresorbable ﬁbrillar materials where comprehensive and the in-depth analysis of technological conditions is presented,
see e.g. [9,10]. This paper considers bio-based and biodegradable
polyesters belonging to the families of poly(α-hydroxyacid)s [poly-RLlactide, PLA] and poly(β-hydroxyacid)s [poly(R-3-hydroxybutyrate),
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PHB] which are commonly used in tissue engineering, orthopedic
surgery and many other medical devices and therapeutic systems
[11,12]. Diversity in their polymer structures and above all in the
crystallinity degree determines the variety of mechanical behavior and
diﬀusional transport as well as the rate of macromolecular chain cleavage. It is quite possible that the discrepancy in exploitation behavior
for two polyesters of similar chemical structure should be most clearly
visible at a submicron level, explicitly for ultrathin ﬁbers. Besides,
PHB/PLA composites allow the experts to get a series of novel biodegradable materials, the morphology and dynamics of which can
smoothly change during the transition from one composition ratio to
another.
Another direction of UF polymer products’ exploration includes the
extensive group of works that reveal an impact of geometry (diameter),
morphology, crystallinity and other structural characteristics upon
functional behavior of ﬁbers and mates [13–15]. Against the background of these investigations, encapsulation of drugs under electrospinning conditions aﬀects the structure-morphology features of the
ﬁbrils and the mats and hence inﬂuences on kinetic characteristics such
as segmental mobility, (bio)degradation intensity, diﬀusivity, and drug
release proﬁles. It is well established that in the performance of macromolecular therapeutic systems drug diﬀusivity dominates and in
combination with polymer swelling, dissolution, hydrolysis, and phase
transitions it determines both the variety of addressed mechanisms and
diversiﬁcation of drug spatial-temporal patterns [15,16]. Earlier, the
authors have obtained the intrinsic data on drug release from plane
ﬁlms, microspheres, and ultrathin ﬁbers on the base of PHB as one of
appropriate biodegradable vehicles of drugs [17–19]. Recently, in our
previous work [20] the blends of PHB/PLA in the ﬁbrillar form have
been produced by melt electrospinning. Special attention has been paid
to the impact of the drug, dipyridomole (DPD), upon geometry, crystallinity, and morphology of the ﬁbrillar excipience; all of them determine the kinetic proﬁle of DPD release and duration of prolongation
eﬀect as well. Selection of DPD as a model drug compound was determined by (a) its wide application in therapeutic practice as antihypertensive, anticoagulant remedy, and (b) extended exploration of
drug release from ﬁlms, microparticles, and nanoﬁbers [21,22].
The principal idea of the paper includes the coherent analysis of
drug diﬀusion (DPD) as a dominant impact upon total process of drug
release. Here we have used the solution-spun ultrathin ﬁbres on the
base of PLA/PHB compositions with diﬀerent polyester ratios.
Additionally the morphological and segmental dynamic characteristics
of these biopolymer vehicles have been represented, that could clarify
the drug release features in biodegradable therapeutic systems and
elucidate the interrelation between ﬁbrillar structure and spatial-temporal pattern in the ultrathin ﬁbrils.

electrospinning at a voltage of 15 kV using an EFV-1 one capillary laboratory facility (Russia). The distance between two electrodes was
18 cm. The PHB/PLA/DPD solutions in chloroform prepared for electrospinning had dynamic solution viscosity in the interval 2–9 Pa·s
measured by a Ubbelohde glass capillary viscometer, speciﬁc bulk
conductivity of ∼10−3 (Ω m)−1, volume ﬂow of the forming solution of
10–12 × 10−5 g/s. The ﬁnal dipyridamole (DPD) concentration in the
PHB/PLA compositions had values 1, 3, and 5 wt.%. All the polymer
solutions were used immediately after preparation. The viscometer was
immersed in a constant temperature bath that was controlled at 25 °C
within ± 0.2 °C, the eﬄuent times were reproducible to ± 0.5%, and
the eﬄuent times were measured with an accuracy of ± 0.05 s.
2.3. Electron paramagnetic resonance
The molecular mobility was studied by the spin probe method on an
automated EPR-V spectrometer (Semenov Institute of Chemical Physics,
Russian Academy of Sciences). The probe was a stable nitroxide radical
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). The radical was introduced into the ﬁbriles from vapors at a temperature of 60 °C with
limited concentration about 3.7 ± 0.4 · 1017 spin cm−3 that was determined by double integration of ESR spectra. The EPR spectra did not
have the saturation feature that was veriﬁed with the intensity dependence on the microwave ﬁeld strength. The correlation times of
radical rotation (τ) were calculated from the EPR spectra by the
equation [23]

τ = ΔH+ [(I+/I−)0.5 − 1] × 6.65 × 10−10 (s)

(1)

where ΔH is the width of the spectrum component in a weak ﬁeld; and
I+/I− is the intensity ratio in a weak and strong ﬁeld, respectively. The
measurement error for τ was ± 5%.
+

2.4. Controlled release rate registration
The DPD release from the PHB/PLA mats was carried out as follows:
a rectangular fragment of the mat (∼10 mg) was cut out from the
electrospun ﬁnal product and then it was suspended in 50 mL of
phosphate buﬀer medium (pH = 7.4 ± 0.2) at 37 °C under continuous
stirring at a moderate speed of 200 rpm in a thermostatically controlled
glass ﬂask. To estimate the amount of drug released into aqueous
medium, 3 cm3 of test aliquot was drawn oﬀ with the pipette in appropriate time intervals and analyzed by UV–VIS spectrometer DU65
(Beckman Coulter Inc., Ca., USA) at the wavelengths in the interval
295–300 nm. The maximum of UV absorption band for DPD shifted in
the given range. To control the displacement of the maximum, the full
UV spectrum was measured in every 10 min of controlled release process. Additionally, each experimental kinetic point measurement was
accompanied by background optical density recording. For every aliquot removed, the same quantity of fresh water/buﬀer was added. Each
measuring was repeated threefold and the averaged value has been
used as one experimental point.

2. Material and methods
2.1. Materials
The PHB was kindly supplied by Biomer Co (Germany), as a lot 16F.
The initial polymer was in the form of white powder with particle size
of 5–7 μm and MW = 2.1 · 105 Da. The PHB powder was evacuated at
60 °C for 4 h in a vacuum oven. PLA particles (Mn = 100 000; Zhejiang
Hisun Biomaterials Co., Ltd., China) with average diameter 0.3–0.8 mm
were dried at 60 °C for 6 h in a vacuum oven before solution in
chloroform. Dipyridamole (DPD) (Mw = 504.63; > 98.0%) was purchased from Beijing Inoke Technology Co. Ltd., China. To prepare the
solution for following electrospinning both polyesters were dissolved in
chloroform (7% wt.) under stirring at 40 °C at diﬀerent PHB/PLA ratio:
1/0 (PHB), 9/1, 3/7, 5/5, 7/3, 1/9 and 0/1 (PLA).

2.5. Instrumental methods
DSC curves’ measurements were performed with the ﬁbrillar samples using a TA Instruments model Q20 DSC, New Castle, DE, USA. The
mates of ∼10 mg weight were cut and crimped in standard Al pans. The
DSC cell was purged with nitrogen during measurements (20 mL/min).
The samples were equilibrated at 40 °C then ramped up to 180 °C at the
rate 10 °C/min and held isothermally for 3 min. After this procedure
they were cooled until 0 °C with the same rate 10 °C/min. The melting
(Tm) and the glass transition temperatures (Tg) were determined from
the peak maximum and the inﬂection point of the heating scan. Data
were analyzed using TA Universal Analysis v4.5A software, New Castle,
DE, USA.
To obtain information on the surface morphology of PHB ﬁlms, SEM

2.2. Electrospinning technique
Ultrathin PHB/PLA ﬁbers were produced by solution-mode
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in viscous and rubbery state for longer time and are aﬀected by disordered thermal motion of polymer molecules. In contrast, the PHB
ﬁbers have ability to desorb the solvent fast enough and partial orientation of polymer ﬁlaments in the polymer jet does not have appropriate time to be disordered due to the fast solidiﬁcation of the
polyester. So, in the Fig. 1B the well-ordered ﬁber strands are exposed
but they disappeared with the rise of PLA content in the ﬁbrillar blends
To portray the morphology of ﬁber surfaces the AFM technique has
been used. The Fig. 2 shows the 3D images’ sequence of the ﬁbers with
the various polyester ratios. As seen in the Figure, for the pristine PHB
its surface has the local roughness. The similar morphology was found
earlier for the PHB ﬁlms and described in our paper [26].
The AFM images depict that with PHB content decreasing until 5/5
ratio, the averaged cross size does not change practically and keeps the
constant value in the range 8.0–8.5 µm. At the transition to the ﬁber
compositions with the PLA predomination, the ﬁber diameters are
markedly increased and approached the supreme value (12 µm) for the
pristine PLA. It is appropriate to note that for ultraﬁne ﬁbers obtained
by melt electrospinning of the same pair of polyesters blended, their
diameter is increased with PHB concentration [20]. It also follows from
AFM ﬁndings that solution electrospun ﬁbers are quite closely packed
in the mat volume.
As we have just noted, the cause of surface roughness and general
unevenness could be the fast evaporation of the solvent and simultaneously the high crystallinity of PHB when the crystalline entities (lamellae and spherulites) have the geometric sizes being comparative
with the ﬁber diameter. Actually, for the next ratios of PHB/PLA blends
with the lower content of PHB (Fig. 2C–E) and correspondingly low
crystallinity (see Table 1), the surface irregularities are smoothed out,
that is, the surface is becoming more uniform. However, here the textured bands directed predominantly along the ﬁber axes are clearly
remarkable and like the above optic data the proper ﬁbers form the
tighter packing without spatial orientation. The exception is the 9/1
content where the ﬁbers have the orientation that is supported by the
Fig. 2B.
As seen in Fig. 2E, the surface of the pristine PLA ﬁbers is the
smoothest one and in a less degree shows any morphological elements
and rough structures. The variation of ﬁbrillar packing density in the
mat volume should aﬀect the transport characteristics of ﬁber ensembles, namely the diﬀusion and absorption of water, solvent evaporation and drug release proﬁles that will be explored in the following
section.

observation was performed with the JSM6510LV JEOL LLC scanning
electron microscope (Tokyo, Japan) for samples coated with vapordeposited gold (Au). The samples were mounted onto an aluminum stud
and coated with Ag using a sputter (Polaron E5200, Denton Vacuum,
Moorestown, NJ, USA) set at 25 mA for 10 s.
AFM observation was performed on a Ntegra Prima (NT-MDT,
Spectrum Instruments. Zelenograd, Russia) directly for uncoated samples. Topographic images of square areas of 18 µm × 18 µm were acquired with micro cantilever CSG01 Spectrum Instruments (Zelenograd
Russia) fabricated from low-stress silicon nitride with a spring constant
of 0.03 N/m and nominal radius of 10 nm.
2.6. Statistics and data availability statement
The mat thicknesses were equal to 86 ± 4.1 µm with accuracy
0.0434 for all the polymer ratios. Precision has been calculated for all of
the experimental points on the kinetic curves in Figs. 5 and 7. It was
represented as the relative standard deviation (RSD). for three independent measurements. For the kinetic curves of DPD release (Fig. 7),
the RSD values vary in the range 4.5–7.1%. The statistical precision
depended on the DPD concentration in the polymers. In the initial
concentration range (1 wt.%) the RSD values did not exceed 4.5%,
while at higher DPD concentration (3 and 5 wt.%) they increased with
the drug concentration until 6.9–7.1%.
The raw processed data required to reproduce these ﬁndings cannot
be shared at this time due to legal and ethical reasons related to a Mr. P.
Borovikov’s and phd A. Olkhov dissertations forthcoming approval.
3. Results and discussion
3.1. Optical and AFM microscopy
In considering the microphotographs of the mats (see Fig. 1C and D)
formed by the PHB/PLA blends with polyester ratios 7/3 and 3/7 respectively, it was observed disordered accommodation of the ﬁbrils
reinforced with numerous entanglements that imparts additional mechanic stability to the network mats. At the same time, it should be
noted the appearance of spindle-like morphologies and a subsequent
rise of their diameter from 5 to 10 µm for PHB/PLA (3/7) to 15–25 µm
for the pristine PLA (0/1). Along with this, by increasing in the diameter of the defects, the more chaotic packing of ﬁbers is observed.
Given eﬀect could be related to the relatively low velocity of solvent
evaporation from the PLA jet under electrospinning performance that is
caused by fairly higher chloroform aﬃnity to PLA as compared with
PHB. Actually, the distinction between solubility parameter of chloroform (δch = 19 MPa1/2) and corresponding thermodynamic characteristics of the polyesters somewhat more for PHB (δPHB = 20 MPa1/2
[24]) than for PLA (δPLA = 19.0 MPa1/2 [25]). The comparative observation of chloroform evaporation (desorption) from PHB and PLA
ﬁlms in Mac-Bain vacuum microbalance experiments has shown that
the desorption rate from the former was essentially higher than the
analogous characteristic of the latter. Consequently, the PLA ﬁbers exist

3.2. Thermal characterization of PHB/PLA ﬁbrillar blends.
As a result of blending polyesters, along with evolution of morphology, the changes of thermal and crystalline characteristics of ultrathin ﬁbers should be expected. To study the thermo-physical properties of the ﬁbers, the DSC technique was used. With this object, the
DSC heating curves of PHB/PLA ﬁbrillar mats have been depicted in
Fig. 3. This ﬁgure presents the basic thermal transitions of the constitutive components in the ﬁbers such as melting of crystalline phase,

Fig. 1. Optical microphotos of PHB/PLA ﬁbrillar mats at diﬀerent ratio of polymer components A: 1/0, B: 9/1, C: 7/3, D: 3/7, and E: 0/1 at the same magniﬁcation
(200X).
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8.5 μm

(A)

8.1 μm

(B)

8.0 μm

(C)

10 μm

(D)

12 μm (E)

Fig. 2. AFM microphotos of PHB/PLA ﬁbrillar mats at diﬀerent ratio of polymer components A: 1/0, B: 7/3, C: 5/5, D: 3/7, and E: 0/1. Below the diameters of the
ﬁbriles are presented.

and PHB/PLA ﬁlms that could be interpreted by high crystallinity PHB
which masks the glassy-state transition registration. For the blend ﬁbers
with a moderate content of PHB (5/5, 3/7), the temperature of cold
crystallization (Tcc) is clearly observed. Both samples give approximately the same values of Tcc and corresponding enthalpy of crystallization. This eﬀect should be taken into account at calculation the total
values of crystallinity.
At the regime of DSC after 1st scan heating, the following cooling
demonstrates the appearance of the exothermic single peak reﬂecting
the ﬁbrile melt crystallization in the range 114–100 °C. As in the event
of ﬁbrils’ melting, the temperature of crystallization monotonically
decreased with PLA content, so that the undercooling range [25],
namely the diﬀerence between temperatures of melting and crystallization (ΔTuc ≡ Tm − Tc), remains approximately constant for all the
blends. The span of ΔTuc reﬂects the temperature diapason of metastable overcooled state of the samples, which is wider than that for
pristine PHB because of intermolecular interaction in the ﬁbers.

Table 1
Thermal characteristics of PHB/PLA ultrathin ﬁbers.
Content
PHB/PLA*

1:0 (PHB)
9:1
7:3
5:5
3:7
1:9
0:1 (PLA)

Tg

Tm

ΔHm

Tc

ΔHc

Tcc

ΔHcc

ΔTuc

°C

°C

J/g

°C

J/g

°C

J/g

°C

–
–
78.4
–
–
57.8
63.9

177
177
172.5
174
174.5
167
169

85.3
77.0
56.3
43.6
37.8
32.6
32.1

114.0
110.5
104.5
103.5
–
99.5
100.7

81.2
73.5
49.8
40.0
–
19.8
26.0

89.8
91.4

21.3
20.6

63
66.5
68
70.6
67.4
68.3

**
ΔTuc ≡ Tm – Tc as a diﬀerence between melting and crystallization temperatures.
* wt. ratio

A

-0,2

For crystalline bio-based polymers such as PHB and PLA, segmental
dynamics in amorphous phase is essentially determined by their crystallinity degree. In ultraﬁne ﬁbers, as the sequence of spatial conﬁnements, a conformational set of macromolecules is scantier relative to
the macro-objects such as ﬁlms, slabs, conventional medical implants,
and etc. Therefore, in a nano-sized conﬁned ﬁbrillar volume the segmental mobility in inter-crystalline ﬁelds should be aﬀected by crystalline fraction more strongly than in the macro- and micro-sized specimens. The previous section was devoted to thermal analysis of DSC
curves for PHB/PLA ﬁbers where it was shown that PHB content increment leads to the crystallinity increase and therefore to a change the
inherent structure and the total size of amorphous phase.
Segmental dynamics of polyester molecules in PHB/PLA ﬁbrils and
in corresponding mats can be eﬃciently investigated by probe ESR
technique. This methodical approach was widely accepted for the
macro-sized objects’ study and particularly for the PHB/PLA ﬁlms with
the similar polyester ratio [27]. As in the ﬁlms, the ESR spectra of
TEMPO encapsulated in the ﬁbers with the same polyester ratio have
the composite form (see Fig. 4) that determines the superposition of two
single spectra. The both spectra reﬂect the rotational dynamics of two
populations of radicals with the characteristic correlation times, τ1 and
τ2. Here τ1 corresponds to slow frequency of radical rotation in relatively denser ﬁelds of amorphous phase while τ2 does the high rotation
of radical encapsulated in less dense ﬁelds of amorphous phase of the
ﬁbers.
In the Fig. 5A the τ2 dependence on the polyester ratio of the ﬁbrils
is depicted. This dependence is nonlinear and has a gently sloping
minimum in the wide ratio range, 10–70% PHB. Consequently, in the
blend ﬁbrils with polyester ratio 3/7, 5/5 and 7/3 the amorphous areas
formed by a rather loose packaging of macromolecules with high segmental mobility as evidenced by low correlation time values. The
presented rotation dynamics of the stable radical in ﬁbrillar blends
correspond well with the analogous dependence of radical rotation
activation energy (Ea), as it is shown in Fig. 5B. There is a well-pronounced minimum which is indicative of the activation barrier decrease

-0,2

-0,6

-0,4

-0,8
-1,0

Heat flux (W /g)

H eat flux (W /g)

3.3. Dynamics of ESR probe in the PHB/PLA ﬁbers

4

-0,4

-1,2

6

-0,6

4

-0,8

B

-1,0

3

5
7

2

-1,2

1
-1,4

-1,4

-1,6
140

150

160

170

1

180

Temperature (0C)

-1,6
130

140

150

160

0

170

180

Temperature ( C)
Fig. 3. DSC curves of ultrathin ﬁbers in the ﬁeld of melting for PHB, PLA, and
their blends.PHB/PLA ratio A: PHB (1), 9/1 (2), 7/3 (3), PLA (4); B: 5/5 (5), 3/
7 (6), 1/9 (7).

glassy state transition, cold crystallization, and crystallization during
the specimens cooling. All the characteristic points and melting enthalpy increments (ΔHm) are presented in the Table 1.
As it follows from the Table 1, the melting temperatures are
monotonically decreased with the addition of PLA from 177 °C for
pristine PHB to 169 °C for pristine PLA. In accordance with the diﬀerence in crystallinity, the speciﬁc melting enthalpy is essentially decreased with the increase of PLA content in the range 85–32 J/g. Both
ultimate values of ΔHm correspond to the melting enthalpy of PHB and
PLA respectively. Analogously, the temperature of single point glassystate transition (Tg) is decreased with growth in the PLA content and
clearly identiﬁed for the PLA ﬁbers at ≈64 °C. At a high content of PHB
in the system, the glassy-state transition was not observed on the DSC
curves. The analogous eﬀect of Tg vanishing was noticed for the PHB
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1

1,0

1
0,8

2
water gain, wt.%

2

3
4
5
6

3
0,6

4

5
6

0,4

7

0,2

7
0,0

3280

3300

3320

3340

3360

3380

0,0

3400

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

water activity, p/p0
Fig. 6. Isotherms of water vapor absorption for PHB/PLA blend ﬁbers at 25 °C.
1 (PLA), 2 (9/1), 3 (3/7), 4 (5/5), 5 (7/3), 6 (9/1), 7 (PHB).

Fig. 4. The ESR spectra of nitroxide radical (TEMPO) encapsulated in the PHB/
PLA ﬁbers at diﬀerent polyester ratios: 1 – 1/0 (PHB), 2 – 9/1 3 – 7/3, 4 – 5/5, 5
– 3/7, 6 – 1/9, 7 – 0/1 (PLA). The spectra 2–6 are shifted for the sake of clarity
of images thence the axis “y” with arbitrary units is omitted.

Relatively far from the point of water condensation in the inter-ﬁbrillar
voids, at water vapor activity p/p0 < 0.8, the proper sorption in ﬁber
volume plays a primary role in the total water absorption. This thesis is
conﬁrmed by the low values of absorbed water (Cw < 1.0 wt.%) which
are typical for the corresponding nonporous ﬁlms of the same polyesters. In contradistinction to liquid water absorption by the ﬁbrillar
mats at p/p0 = 1, when the dominant quantity of water was absorbed in
the voids (see the Fig. 2. in [28]), the vapor absorption has predominantly occurred in the very ﬁbers and therefore is sensitive to
chemical nature and crystallinity of PHB/PLA blends. As it follows from
the Table 1, the PHB crystallinity degree is signiﬁcantly larger than the
PLA one. Hence, the water solubility in low crystalline PLA has the
maximal value of water absorption, high crystalline PHB has the
minimal characteristic, and the blended ﬁbrillar systems with diﬀerent
occupy the intermediate positions in accordance with corresponding
PHA/PLA ratios.
The appearance of all absorption isotherms resembles the BET isotherms that are typical for the uptake in polymer systems with relatively weak polarity if the energy of interaction among sorbate molecules exceeds the energy of sorbate - polymer interaction; in other
words the “water - water” interaction dominates “water - ester group”
interplay. The BET modeling formalism implies that surface polycondensation of several layers of sorbate, but in our case the water
clustering in the ﬁbrillar volume is more likely. The ﬁnal decision to
this dilemma should be performed after additional experimental providing e.g. by thermo-mechanical testing to determine the presence of
water plasticizing eﬀect in the ﬁbers. However, the additional argument
supporting the water penetration into the polymer bulk has been presented in our previous work [29] where it was shown that the interaction of water molecules with functional groups of PHB occurred in
whole volume of samples and this eﬀect depressed the water transport
in the polymer volume.

80

τc x1010, s

60

40

20

0

0

20

40

60

80

100

PHB content in the blends,%
Fig. 5. Dependence of correlation time on the PHB concentration (wt.%) in the
PHB/PLA electrospun ﬁbers.

in radical rotation because of decrement crystallinity.

3.4. Water absorption in the PHB/PLA mats.
The water absorption in polymer ﬁbrillar mats follows as a consequence of three distinct processes, namely the external water transport in inter-ﬁbrillar voids (pores), following its dissolution in surface
ﬁbrillar layer, and ﬁnal stage including diﬀusion into the bulk of ﬁbrils.
The ultimate amount of absorbed water in the mats results from its
intra-ﬁbrillar thermodynamic solubility and water retained in the interﬁbrillar voids. Water molecular solubility depends on the content of
polar polymer groups (its hydrophilicity), their chemical nature, and
polymer crystallinity. The last factor determines mainly the free volume
for the allocation of water molecules. The hydrophilicity of the ﬁbers is
the key factor of ultimate water amount but the free volume formed by
the segmental mobility (see the previous section) aﬀects solubility quite
week and does rather the water diﬀusivity.
In the Fig. 6 the water vapor absorption isotherms are presented for
the ﬁbrillar samples with diﬀerent ratio of the polyesters (PHB/PLA).

3.5. Diﬀusion in ﬁbers of ellipsoid and cylindrical geometry
Most natural and synthetically fabricated granular polymer systems
often contain ellipsoid-like particles whom geometry aﬀects absorption
and diﬀusion behavior of the heterogeneous materials. Micro-ellipsoidal entities are commonly encountered in chemical engineering,
nature, agriculture, pharmaceutical products and in the other areas of
human endeavor [30–32]. The comprehension of diﬀusion modeling in
a ﬁbrous matrix requires the structure-morphology description including the complex geometry of ultrathin ﬁbers. As it was depicted in
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[34], Deﬀ can be presented as

Rf
LM
L
=
+ W
Deff
Df
DW

(2)

where Rf, Lw, and LM are the averaged geometric characteristics of drug
diﬀusion path in the ﬁbres, the interﬁbrous voids, and the eﬀective
thickness of mats correspondingly. Taking into account the both impacts related to diﬀusion in cylindrical ﬁbres and ellipsoidal entities
simultaneously and the constant drug diﬀusivity (Df), the Eq. (2) should
be given in the following form

LM
RC RE
L
=
+ W
Deff
Df (RC +RE )
DW
Fig. 7. Typical kinetic proﬁles of DPD controlled release from PHB ﬁbres. DPD
concentrations are (1) 1, (2) 3, and (3) 5 wt.%. Micrographs illustrate the shape
of ﬁbres (×1000).

(3)

here RC and RE are spatial characteristics of cylindrical ﬁbres and rotational ellipsoids respectively.
The diﬀerential equation of diﬀusion in the cylindrical ﬁber loaded
by uniformly distributed drug has advanced by Crank [34]:

the previous SEM microphotographs, the PHB/PLA mats present the
randomly oriented ﬁbrillar cylinders in the combination with the ellipsoidal elements that are distributed randomly in 3D ﬁbrillar space. It
is worth to note that the PHB/PLA mats are the moderately rigid matrices where ﬁlament orientation and interﬁbrillar spacing are maintained by weak non-covalent interactions and the physical knots (entanglements). In principal, ﬁber displacement in such systems can occur
as a result of applied mechanical force, thermal ﬂuctuation, and solvent
absorption. Simultaneously, the network morphology could be depicted
as a ﬁbrous mesh, with the space between the ﬁbers forming voids (or
‘pores’) through which an initially embedded drug can move oﬀ. The
volume fraction occupied by the ultrathin ﬁbers conﬁnes the drug diffusion space, the geometry of which directly aﬀects rate of drug
transport. The relationship between solute diameter, 2rs, and pore
diameter, 2ra, should be factored into drug release model that regards
the electrospun mat as the molecular-sieve with a relevant selectivity.
The Fig. 7 displays the DPD release proﬁles from the PLLA/PHB
ultrathin ﬁbres that are assembled in the mats in the process of solution
electrospinning (SES). The small displacement in DPD maximum in UV
spectrum is likely caused by desorption of the PHB oligomer residues
from bulk of ﬁbers into recipient solution and following UV-light
scattering. In comparison to the ﬁbrillar mats obtained by melt electrospinning recently [20], for the SES ﬁbres the drug release proﬁles
have the similar forms. Fibrillar blends of bio-based polyesters demonstrate two speciﬁc ranges of the release proﬁles namely nonlinear
and linear ranges, the physical meaning of which has been recently
analyzed for both the melt electrospun mats [33] and the solution-cast
ﬁlms with the same PHB/PLA ratio[17].
In concordance with the previously suggested diﬀusion-kinetic
model [28], the initial nonlinear range of the release proﬁles represents
principally the drug diﬀusion process, while the following linear range
corresponds to the superﬁcial hydrolysis of polyester ﬁbres with the
adequate loss of polymer weight. As a result of zero-order hydrolytic
reaction, the immobilized fraction of the encapsulated drug releases
from the cylindrical and ellipsoidal fragments of ﬁbres and from ﬁbrillar mat as the whole system at a constant rate. Thus, during a short
term release, the drug concentration in a surrounding aqueous medium
(speciﬁcally in phosphate buﬀer) is the sum of the mobile fraction
transported via diﬀusion mechanism and the immobilized fraction released via a zero-order hydrolysis.
In the PLA/PHB ﬁbrillar mat prepared as the rectangular slab that
consists of disordered entangled ﬁbres and inter-ﬁbrillar space, the effective drug diﬀusivity, Deﬀ, is determined by two consecutive processes
such as diﬀusion in the inherent ﬁbre volume with diﬀusivity (Df) and
the diﬀusion transport in the inter-ﬁbrillar voids of the mat that are
ﬁlled by an aqueous solvent (DW). Describing the two-stage diﬀusion as
the drug transport in the quasi two-layer medium with two diﬀerent
diﬀusion coeﬃcients, in accordance with the Crank’s simpliﬁcation

∂CD/ ∂t = (1/ r ) Df [∂ (r ∂CD/ ∂r )/ ∂r ]

(4)

which is rightfully in the interval 0 < r < RC/2, where r is the coordinate of the radial diﬀusion; symbol CD denotes the concentration of
the drug mobile fraction in the cylindrical ﬁber with the corresponding
constant diﬀusion coeﬃcient Df and RC is the average diameter of the
ﬁbers.
In accordance with the in-depth review of J. Siepmann and F.
Siepmann [35], the simpliﬁed solution of diﬀerential Eq. (4) with
corresponding initial and boundary conditions makes it possible to
obtain the dependence of the cumulative amount of the drug on the
time of release from cylindrical ﬁbres (t):

Mt = 4α ce [Df / πRf2 ]1/2 M∞ t 1/2 − α ce [2Df / Rf2 ] M∞ t

(5)

where M∞ is the limiting value of Mt under the inﬁnite time and αce is
the volume portion of cylindrical ﬁbrils relative to the total volume of
the ﬁbrils.
Modeling of drug release from a rotatory ellipsoid entity through its
constant surface was performed by diﬀusion equations in prolate
spheroidal coordinates. The transition from Cartesian {x,y,z} to
spheroidal coordinates {r,θ,φ} was carried out using the following
transformations [36]:

x = a·sinh(r )·sin(θ)·cos(φ),

(6a)

y = a·sinh(r )·sin(θ)·sin(φ),

(6b)

z = a·cosh(r )·cos(θ),

(6c)

where r is a positive real number 0 ≤ r < +∞, and 0 ≤ θ ≤ π. The
azimuthal angle φ belongs to the interval 0 ≤ φ < 2π, and a is the
distance between two focuses of the ellipsoid i.e. focal length,
0 < ≤ L < +∞.
In this scaled system of coordinate, the description of the surface
splits between two geometries such as the confocal ellipsoid and the
confocal hyperboloid of revolution. The average drug content in the
ellipsoidal element with volume V is expressed as follows:
Ấ

M=

1
V

∫V MdV

(7)

and the mass of released drug, ΔM, at given moment t is equal to

ΔM = MO −

1
V

∫V MdV

(8)

where M0 is the initially loaded content of the drug.
In the selected spheroid coordinates, the ΔM dependence on time
can be presented with the volume integral and Jacobian 〈J〉 as follows
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Fig. 8. Drug release ﬂux proﬁles for the ellipsoid at the diﬀerent prolate spheroid coordinate (θ): π/6 (A), π/3 (B), and π/2 (C).
Table 2
Eﬀective diﬀusivities (Df) of DPD controlled release from PHB/PLA ﬁbrils.

ΔM (t ) = ∫V Ce(r , θ , φ , t ) 〈J 〉 dV
R π

π

= ∫ ∫ ∫ Ce (r , θ , φ , t ) a3sin(θ)sinh(r )[sin(θ)2 + sinh(r )2] dφdθd
0

0

−π

(9)

r
and providing the separation of variables [34] we have

ΔM(t) = K exp(−D2μ2 t),

(10)

where

K=

R

π

π

(11)

R

π

Df1011, cm2/s

Rf104, cm

5:5
5:5
5:5
1:0
1:0
1:0

1
3
5
1
3
5

0.45
0.90
1.00
0.35
0.85
0.95

3.4
4.1
6.1
2.4
3.9
5.4

4.3
2.0
0.8
4.0
1.1
0.65

4. Conclusions
Drug diﬀusion models have been used by many authors [40–43] to
designate the drug release and concomitant processes such as swelling,
dissolution, and degradation, which take place in biodegradable therapeutic systems [44,45]. The advantages of transport modeling in
comparison with simpliﬁed approximations and empirical approaches
are that analytical and computer simulations enable the experts not
only to predict the kinetic release proﬁle evolution but also to outline
the spatial pattern of drug distribution in a therapeutic vehicle, drug
front moving, and an aqueous solvent ﬂux that could promote degradation and swelling.
In the many papers which used diﬀusivity modeling, it was shown
that the geometry of polymer vehicles aﬀects crucially the release
proﬁles. Most often computing or analytical solutions were performed
for relatively simple geometries such as plane membranes, cylinders,
and spheres [46–48] but transport phenomena description in ellipsoid
entity types is found extremely rare. A few works have been devoted to
moisture desorption from prolate/oblate spheroids as the models of
banana or food grains [49,50]. In the case of drug release from ultrathin
ﬁbers with the geometry of alternating cylinders and ellipses, the authors could not discovered any scientiﬁc publications. Nevertheless,
this situation is quite typical in the case of biomedical investigations
especially during scaﬀold exploration or vascular stenting and embolization.
For the series of PHB/PLA ﬁbers, the ﬁrst-presented kinetic data
have been accompanied by structure-morphology features in combination with thermal characteristics. The latter characterize the physical
state of the ultrathin ﬁbers and their crystallinity degree that

π

∫0 ∫0 ∫−π Ce (r , θ, φ, t ) a3sin(θ)sinh(r )[sin(θ)2 + sinh(r )2] dφdθd
r

αce

formation that conﬁrmed by the Fig. 7 and at following concentrations
3 and 5 wt.% in the PHB/PLA mats the cylindrical ﬁbrils prevail only. In
general case, the volume ratio between the cylinders and ellipsoids as
the geometric forms of ﬁbrils determines the kinetic proﬁles of drug
release at the initial diﬀusion stage and does not aﬀect the nontopological chemical process that does not depend on the geometry (the
spatial coordinates) of the ﬁbrils.

Because of the transcendence of spheroidal functions [37,38], this
integral has been calculated only numerically using the programming
package MathematicaTR[39].
Fig. 8 shows the series of drug ﬂuxes at diﬀerent position of the
ellipsoid surface as function of the coordinate and time of release. Based
on the calculations in accordance with Eq. (11), the decrease in the
angle θ (from π/2 to π/6) leads to the surface curvature increment and
simultaneously increasing the drug ﬂux.
Considering the Fig. 8, it is easy to see that the largest ellipsoid
fraction belongs to the ﬁbrillar sample with the lowest content of DPD.
Hence, the impact of release from ellipsoid-like entities should be
maximal.
In view of the foregoing, drug release from the ﬁbers with the cylindrical and spindle-like (ellipsoidal) elements is determined by two
kinetic constituents. The latter include drug diﬀusion in the volume of
cylindrical elements described by Eq. (4) and diﬀusion in the spindlelike elements with geometrical form that is approximated by revolving
ellipsoid (see Eq. (10)). Providing a minor contribution of PHB/PLA
hydrolysis into general release process, i.e. at relatively small duration
of the drug release (short-term of drug release [20]), the total diﬀusion
ﬂux consists of two relevant contributions such as desorption from
cylinders and ellipsoidal particles simultaneously:

K=

DPD wt.%

αce is the volume fraction of cylinders relative to total volume of ﬁbrils.

∫0 ∫0 ∫−π Ce (r , θ, φ, t ) a3sin(θ)sinh(r )[sin(θ)2 + sinh(r )2] dφdθd
r

PHB/PLA wt. ratio

(12)

The submitted results argued that the ellipsoid elements being included in the PHB/PLA ﬁbrils can play a prominent role in the control
of DPD release owing to its diﬀusion. The initial release stage followed
Fickian kinetic mechanism (classical Case I kinetics), but in the ﬁnal
stage this mechanism was replaced by another process related to the
hydrolytic reaction. As in our previous works [17,20,28], the hydrolysis
of polyester groups is described by the equation of zero power that is
well conﬁrmed by the appearance of the curves in Fig. 7. Additionally,
this is expressed by the values of diﬀusion coeﬃcients and corresponding reaction constants presented in the Table 2.
The DPD loading above 1 wt.% sharply reduces the ellipsoids'
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satisfactory correlate with segmental mobility in the specimens. The
multifactor investigation of PLA/PHB ultrathin ﬁbers with the diﬀerent
geometrical forms will allow the experts to facilitate an understanding
of operation perspectives in submicron-sized drug delivery vehicles.
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