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d spatial distribution of the
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mats†
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and Dmitry Bagrov *ac

Biodegradable blended electrospun mats are promising for biomedical applications such as wound

dressing, tissue engineering, and drug delivery. Electrospun mats based on polyesters can be modified by

the addition of other polymers or proteins to accelerate the degradation, improve mechanical properties

or biocompatibility. However, relatively little is known about the distribution of the components

throughout the blended mats. In the present work, we prepared polylactide (PLA), bovine serum albumin

(BSA), and the blended PLA–BSA electrospun mats. We demonstrated that PLA and BSA are miscible in

a common solvent HFIP (1,1,1,3,3,3-hexafluoro-2-propanol) at concentrations below 3%, but become

immiscible as concentration increases. We used three methods (fluorescence microscopy, EDX, and

Raman microspectroscopy) to validate that PLA and BSA can be blended in a single electrospun fiber

despite the phase separation in the blend. The homogeneity of the blend influences on the homogeneity

of the distribution of PLA and BSA components throughout the electrospun mat, as measured by Raman

microspectroscopy. When the blended electrospun mats were incubated in water, they demonstrated

the prolonged release of BSA. The presented results show a step-by-step approach for manufacturing

blended electrospun mats made of immiscible components, which involves the analysis of component

miscibility, the mat morphology, and composition. This approach can be used for the rational design of

multicomponent electrospun mats.
Introduction

Electrospinning is a popular method to obtain non-woven mats
consisting of ultrane bers by applying high voltage to a poly-
mer solution or melt.1 Electrospun mats are used as lters,
sorbents, substrates for cell culturing, materials for wound
dressing, and tissue engineering.2–4 Combining several
components in a single mat allows one to nely tune its phys-
ical, chemical, and biological properties.5 Electrospun mats
from protein-based blends are especially valuable for biomed-
ical applications because proteins makemats more hydrophilic,
biocompatible and bioactive.6 From the technological point of
view, it is far easier to mix the two components in a common
solvent than to use the alternative methods of multicomponent
electrospinning, such as coaxial electrospinning7 or emulsion
electrospinning.8 The electrospun polymer–protein mats can be
used for prolonged release of proteins and peptides.9–11

However, most polymer–polymer and polymer–protein pairs are
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poorly miscible and undergo phase separation,12 which can
alter the structure, morphology, and properties of the mats.
How does the inhomogeneity of the electrospun blend manifest
itself in the morphology of the blended mat? How are the
different components distributed throughout the electrospun
bers – are they combined in a single ber or form the inde-
pendent networks? In other words, how homogeneous are the
blended electrospun mats?

Only a few works address these questions taking the poor
miscibility of the components into account. In 2001 Mikhail
Bognitzki and colleagues13 proposed three possible ways of two-
component bers structure, having regard to the size of the
different phases. First, if the size of phases is large enough
(more than ber diameter), they form independent bers.
Second, if the size of the phases is close to the ber diameter,
the bers consist of alternating domains. Third, if the phase's
size is smaller than the ber diameter, the two components
could be spread within one ber and form complex
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interpenetrating domains. The third case led to the formation
of rough ber morphology, and removal of one component
resulted in holes on the ber surface. In 2017 Annalisa Aluigi
and colleagues14 used Fourier-transform infrared spectroscopy
to demonstrate that homogeneous electrospun mats could be
prepared from an immiscible blend (keratin and polyamide).
The authors emphasized that the homogeneity resulted from
the fast solvent evaporation, which helped to avoid phase
separation. In 2019 our group15 also conrmed the presence of
both components within the electrospun polymer–protein
blend (gelatin and PLA) ber using Raman spectroscopy. The
immiscible polymer–protein blends sometimes yield special
morphologies of the electrospun mats, including bimodal
networks.16

In the present work, we investigated the relationship
between the composition of blends used for electrospinning,
the morphology and the composition of the resulting bers.
Our experimental system consisted of polylactide (PLA) and
bovine serum albumin (BSA) with 1,1,1,3,3,3-hexauoro-2-
propanol (HFIP) as the solvent. We used the PLA–BSA system,
because PLA is a widely used biocompatible and biodegradable
polyester, and albumin is a convenient model protein, which
can be subjected to electrospinning and used for
manufacturing scaffolds.17–19
Materials and methods
Materials

The following materials were used: PLA (REC, Russia), BSA
(Sigma-Aldrich, USA), 1,1,1,3,3,3-hexauoro-2-propanol (HFIP,
P&M-Invest, Russia).
The ternary phase diagram

In order to show the correlation between the composition of the
PLA–BSA–HFIP blend and the compatibility of its components,
we built the ternary phase diagram. Each point of the diagram
reected the composition of the PLA–BSA–HFIP mixture (mass
concentration of the components) and different states of the
solution: transparent, opalescent, or phase-separated. Trans-
parent solutions had a ratio of components at which the
components were compatible. Likewise, the opalescent blends
contained partly compatible components (metastable state),
and the blends with phase separation contained incompatible
components. The blends were prepared by HFIP adding to dry
mixes of BSA and PLA weighted using Ohaus (USA) lab balance.
Prior to the examination, the mixtures were kept at a tempera-
ture of 25 �C at least 8 hours.
Electrospinning

Electrospinning of PLA and BSA solutions and PLA–BSA blends
in HFIP was carried out using the Nanober Electrospinning
Unit (China) at 30 kV accelerating voltage and 1 ml h�1 solution
feed rate. An inner diameter of a needle with a polymer solution
or blend was 0.7 mm; the distance between the needle and the
counter electrode was 20 cm. The electrospun mats were
This journal is © The Royal Society of Chemistry 2020
obtained either on aluminum foil or on a polypropylene frame
positioned between the needle and the counter electrode.

Fluorescence microscopy

BSA was labeled with rhodamine B (Rho B, Sigma-Aldrich, USA)
in 0.1 M Na2CO3 solution at pH 9.3 for 1 hour at room
temperature and then was puried by Sephadex G25 gel-
chromatography followed by mild centrifugation at 700g. BSA-
RhoB was dissolved at a concentration of 100 mg ml�1 in
HFIP. Solutions (100 mg ml�1 in HFIP) of BSA-RhoB, BSA, and
PLA were mixed in proportion 1 : 4 : 5 (BSA-RhoB : BSA : PLA).
Then the blend was electrospun and bers were collected on
a glass slide (ApexLab, Russia). The uorescent electrospun
bers were investigated using the uorescent microscope Nikon
Eclipse Ti (Nikon, Japan) with a Plan Fluor 60�/0.70 objective
(Nikon, Japan) with a set of lters providing excitation for RhoB
at 528–553 nm and emission at 590–650 nm. The images were
captured with camera ORCA-Flash4.0 (Hamamatsu, Japan) with
500 ms exposure time.

Electron microscopy and EDX spectroscopy

Electrospun mats were covered by 10 nm gold–palladium alloy
using Sputter Coater Q150T (Quorum Technologies, UK) and
examined with a Zeiss Merlin microscope equipped with
Gemini II Electron Optics (Zeiss, Oberkochen, Germany). SEM
imaging was done at 1–3 kV accelerating voltage and 30–100 pA
probe current.

EDX was performed by SEM via Silicon Dri Detector (SDD)
X-MaxN 150 (Oxford Instruments, Abingdon, Oxfordshire, UK)
and AztecEnergy EDX Soware (Version 3.0). For EDX analysis
electrospun bers were collected onto silicon wafers; the probe
current and accelerating voltage were set to 500 pA and 8 kV.

Raman spectroscopy

Raman measurements were performed at room temperature
with a confocal Raman microscope INTEGRA Spectra (NT-MDT,
Russia). The spectra were recorded with an electron-multiplying
charge-coupled device (Newton, Andor; Abingdon, Oxfordshire,
UK) cooled down to �65 �C. The recorded spectra covered the
range between 600 and 3000 cm�1 (the diffraction grating with
600 lines per mm was used). For the measurements, a 532 nm
laser was used; the intensity was adjusted to 2 mW; the spectra
were recorded using 100�/0.9 objective.

The electrospun bers were collected at low surface density
onto aluminum foil to facilitate the acquisition of Raman
signals from the individual bers. Raman spectra were pro-
cessed with median ltering, baseline subtraction (via Origin
8.6 soware, OriginLab, Northampton, Massachusetts, USA) to
reduce the noise; then the peaks above the background were
detected and measured.

BSA release kinetics from PLA–BSA blended electrospun mats

The release kinetics of BSA in water (at room temperature) from
the electrospun mats (3% BSA + 3% PLA) was examined by
measuring the concentration of BSA in supernatants by
RSC Adv., 2020, 10, 4672–4680 | 4673
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NanoDrop 2000c UV-vis spectrophotometer (Thermo Scientic,
Waltham, MA, USA). The fraction of the released BSA was
calculated as

Percent of the released BSA ¼ mass of BSA released from mat

initial mass of BSA in mat

� 100%
Results and discussion
Ternary phase diagram of the PLA–BSA–HFIP mixture

The polymers are poorly miscible,20 and the polyester–protein
pair PLA–BSA is not an exclusion. We built the ternary phase
diagram for PLA–BSA–HFIP system via the method of turbidity
points13,21 (Fig. 1). The solutions (ternary mixtures) were
homogenous only at relatively low concentrations (PLA and BSA
less than 3% wt in total) or when one of the components was
prevalent and the system behaved as a two-component mixture
(PLA concentration less than 1% and BSA concentration less than
5%). Red dots on the phase diagram corresponded to opalescent
blends, which maintained this metastable state at least 2 weeks.
Remaining areas (black dots) of phase diagram reected blends
with clear phase separation. The diagram demonstrates a spino-
dal curve, which is typical for the ternary mixtures of two
immiscible polymers and a common solvent.13,21,22
Morphology of single-component and blended electrospun
mats

Several solutions and blends were electrospun at the same
conditions, and the morphology of electrospun mats was investi-
gated by SEM (Fig. 2, 3 and Table SI1†). We focused on the elec-
trospinning of three types of solutions: PLA in HFIP, BSA in HFIP
and PLA–BSA in HFIP at equal mass fractions of PLA and BSA.

At low concentrations, the solutions of BSA in HFIP formed
single electrospun beads with themorphology of “deated balls”.
As BSA concentration increased, the number of balls decreased,
Fig. 1 Ternary phase diagram of PLA–BSA–HFIP system. The mass
concentration range for BSA and PLA is from 0% to 10%, green dashed
lines show the concentration scheme.

4674 | RSC Adv., 2020, 10, 4672–4680
and the at ribbons appeared (Fig. 2). At concentrations below
4.5% BSA–HFIP system was in electrospray regime, rather than
electrospinning due to low solution viscosity. Noteworthy, in
electrospun BSA samples only a few cylindrical (round-sectioned)
bers were observed, and the ribbons were the dominant
morphology. A similar ribbon-like morphology of BSA bers was
obtained from 14% BSA solution in TFE with b-mercaptoethanol
addition.18 The electrospinning of a 7% albumin solution inHFIP
also resulted in ribbons.23

Electrospinning of PLA solutions at low concentrations
resulted in beaded bers, which became smoother (beadless)
and thicker as PLA concentration increased (Fig. 2). The same
behavior was observed for polystyrene,24 polymethyl methacry-
late,25 poly(3-caprolactone),26 silk broin27 and PLA.27–29 Aer
electrospinning of the 11–12% PLA solutions in HFIP, some
ribbons were observed along with the cylindrical bers.

The ribbon formation can be explained by buckling insta-
bility.30,31 Evaporation of the solvent from the surface of an
electrospun jet leads to the formation of the core–shell structure
with a glassy polymer shell. The further contraction of the jet
and mechanical mismatch between the core and the shell can
result in buckling of the shell, which is similar to the instability
of a long elastic rod under compression. The instability requires
a certain threshold compressive pressure, which depends on
the mechanical properties and the sizes of the core and the
shell.31 It yields a wrinkled ber or a ribbon – if the wrinkle
wavelength is limited by the ber circumference.32

For a given polymer–solvent pair, the “ber to ribbon” tran-
sition is facilitated by the increase in concentration, molecular
weight, or applied voltage (Table 1). Firstly, an increase in
viscosity (or molecular weight) raises the diameter of the jet
during the electrospinning process,33,34 and leads to an increase
in local charge density. Secondly, high applied voltage facilitates
the ionization of polymer chains. As a result, an increase in the
abovementioned parameters leads to an increase in the charge
density per unit length of the polymer jet. We hypothesize that
the charge density makes one of the most important contribu-
tions to glassy shell formation and, as a result, to at ribbons
obtaining. An increase in charge density leads to an increase of
Coulomb repulsion between polymer molecules, and they tend to
locate in the periphery, forming a shell.

Our results are in overall agreement with the previous data
(Table 1). First, we observed more electrospun ribbons at higher
concentrations of solution. Second, the electrospinning of BSA
solutions in HFIP resulted mostly in ribbons. This is not
surprising since many proteins tend to form ribbons rather than
bers – gelatin,35 BSA,18,36 human serum albumin,16 silk broin.37

The SEM images of electrospun PLA–BSA blends are shown
in Fig. 3 (PLA : BSA ¼ 1 : 1, total concentration of 1%, 2%, 3%,
6%, 9% and 12%). The rst two blends (1% and 2%) belong to
the homogeneous area of the ternary phase diagram; the 3%
blend is at the spinodal curve, and the rest ones (6%, 9%, 12%)
belong to the heterogeneous area with phase separation (Fig. 1).
All the blends were stirred violently before loading into the
syringe. Electrospinning of the rst three blends (1%, 2%, and
3%) led to roughly similar mats consisting of bers and beads,
and the number of beads decreased with increasing
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of BSA (two upper lines) and PLA (two lower lines) electrospun mats obtained from HFIP solutions at different mass
concentrations (from 1.5% to 12%).
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concentration. Electrospinning of 6%, 9% and 12% blends
resulted in bers and ribbons formation without beads (Fig. 3).
Thus, the concentration increase caused the disappearance of
the beads and the transition from bers to ribbons (Fig. 3).

Thus, we have shown the following features of the PLA–BSA–
HFIP system:

(1) HFIP is a good solvent for both BSA and PLA, but the
ternary system PLA–BSA–HFIP demonstrates a spinodal
decomposition behavior.

(2) Regardless of the doping solution composition and
regardless of the phase separation, we observed that

(a) At a low concentration of the doping solution, the elec-
trospun mats involved beads.

(b) At a high concentration of the doping solution, the
electrospun mats involved ribbons.

(3) BSA demonstrated a higher tendency to form electrospun
ribbons than PLA.

Fig. 3 (PLA–BSA mats) demonstrates the same trends as
shown in Fig. 2 for the single-componentmats. Thus, we did not
This journal is © The Royal Society of Chemistry 2020
observe any drastic change in morphology of the electrospun
mats when the solution composition shied from the homo-
geneous area of the diagram through the spinodal curve and
Fig. 3 Electrospun mats made from PLA–BSA blends in HFIP.

RSC Adv., 2020, 10, 4672–4680 | 4675
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Table 1 Electrospinning conditions which lead to fiber-to-ribbon transition

Material Solvent Factors promoting the “ber to ribbon” transition References

Gelatin Formic acid (1) Concentration increase 35
(2) Voltage increase

PVA Water (1) Molecular weight increase 38 and 39
(2) Concentration increase

Nylon 6 Formic acid (1) Concentration increase 40
Silk broin Water (1) Concentration increase 37

(2) Voltage increase
Zein 70% ethanol (1) Concentration increase 41
Polyacrylamide Water with sodium bis(2-ethylhexyl) sulfosuccinate (1) Concentration increase 42
Poly(vinyl pyrrolidone) Ethanol (1) Concentration increase 43
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into the “phase separation” region. How are the PLA and BSA
components distributed in the electrospun bers? To answer
this question, we investigated the electrospun PLA–BSA bers
using uorescent microscopy, EDX analysis, and Raman
microspectroscopy. Hereaer we focused on the 6% blend,
because it is prone to phase separation, and it allowed us to
observe the ribbons and bers simultaneously.
Tracing the bers composition

In order to investigate the composition of individual bers
within the electrospun PLA–BSA mat we used three methods:
uorescent microscopy, EDX and Raman microspectroscopy.
All the three methods proved that the two components of the
dry mat (PLA and BSA) could be combined in a single ber.

Fluorescent microscopy showed that BSA-RhoB was detected
in all the bers obtained by electrospinning of a freshly
prepared PLA–BSA–HFIP blend (Fig. 4). Although the fraction of
the labeled BSA was only 10% of all the mat weight, it was
enough to label all the bers.44,45

A similar result was obtained by EDX analysis. We plotted the
elemental maps of carbon, oxygen, and nitrogen and focused on
the localization of nitrogen, since it is present in BSA and absent
in PLA. We compared three samples: bers obtained by elec-
trospinning of the 6% blend (3% PLA and 3% BSA) and two
control samples obtained by electrospinning of the single-
Fig. 4 Light microscopy of BSA-RhoB : BSA : PLA (1 : 4 : 5) electro-
spun fibers. Left – transmitted light, right – fluorescence image.
Images size is 222 mm � 222 mm.

4676 | RSC Adv., 2020, 10, 4672–4680
component PLA and BSA 6% solutions (Fig. 5). The nitrogen
elemental maps were relatively noisy because the characteristic
peak of nitrogen (Ka 392 eV) is difficult to detect in the EDX
spectra between the peaks of carbon (Ka 277 eV) and oxygen (Ka
525 eV). However, we managed to detect nitrogen both in bers
and ribbons produced by electrospinning of the 6% blend (3%
PLA and 3% BSA). When the control samples were examined,
nitrogen was observed in the BSA sample and was not detected
in the PLA sample.

The uorescent microscopy and EDX analysis prove that
both bers and ribbons are bi-component, but these methods
cannot provide us with information about components ratios of
different types of blended bers. Therefore, our further inves-
tigation was performed by Raman spectroscopy.

For obtaining Raman spectra from individual nanobers we
used the procedure which was developed previously for the
electrospun PLA–gelatin bers.15 Individual blended bers were
deposited onto aluminum foil and mapped by light microscopy
and elastic scattering signal. Aer that Raman spectra were
collected form approximately 1 mm spots. Raman spectra of
single component BSA and PLA bers have specic
Fig. 5 EDX analysis of the electrospun fibers. The top row fibers ob-
tained from 6% PLA solution, themiddle ribbons obtained from 6% BSA
solution, the bottom row – from 6% blend (3% PLA and 3% BSA).

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Raman spectra of BSA, PLA, and PLA–BSA electrospun fibers.
Characteristic PLA and BSA peaks marked by blue (PLA) and grey (BSA)
bands correspondingly.
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characteristic peaks which are not overlapping (Fig. 6):
�1655 cm�1 for BSA (the amide I peak) and�1765 cm�1 for PLA
(C]O stretching).15

We followed the ratio of the characteristic peak intensities
Jð1765 cm�1Þ
Jð1655 cm�1Þ of single bers obtained from 6% blend (3% PLA

and 3% BSA) and noticed that the ratio was changing greatly
from one ber to another (Fig. 7), despite the violent stirring of
the blend before electrospinning. For comparison, the ratio of
the characteristic peak intensities had a relatively narrow
spread when the bers were obtained by electrospinning the
homogeneous 2% blend (1% PLA and 1% BSA) (Fig. 7). The
bers were relatively uniform in composition when we used the
homogeneous 2% blend than instead of the phase-separated
6% blend. However, despite the phase separation in the solu-
tion, the bers could incorporate both components – PLA and
BSA. This result is in agreement with the previous results on
electrospinning of PLA–gelatin mixture.15 Fig. 7 shows that the
median ratios of the characteristic peaks were almost the same
Fig. 7 The ratio of characteristic peaks PLA and BSA from Raman
spectra of blended mats.

This journal is © The Royal Society of Chemistry 2020
for the bers obtained from the 2% and the 6% blends (1.34 and
1.36). This corresponds to the constant mass ratio of the PLA
and BSA components in the dry mats.

Since 6% blend is unstable and tends to be phase-separated,
aer 7 days of storage at room temperature it yielded two
conjugated solutions (Fig. SI1†). We calculated their composi-
tion using spectrophotometry and estimation of the volumes.
The upper transparent solution contained BSA at the concen-
tration from 8 to 11% (N¼ 7 experiments). If we assume that the
upper solution had only trace amount of PLA, then the lower
solution contained approximately 4% PLA. However, the lower
solution was not transparent, so the system did not reach the
equilibrium state due to the high viscosity. Thus, the lower
solution had also a small BSA fraction.

We electrospun the upper and lower conjugated solutions
separately, imaged the mats using SEM and performed Raman
microanalysis from individual bers (or ribbons). The upper
one yielded ribbons (Fig. 8a), as expected for a concentrated BSA
solution (Fig. 2), and only BSA peak was observed by Raman
spectroscopy from ribbons (Fig. 8b). The bottom solution yiel-
ded round-sectioned bers without ribbons (Fig. 8c). However,
Raman spectroscopy indicated the presence of BSA (Fig. 8d) and
the ratio of the characteristic peak intensities was 2.0 � 0.6
(mean � SD).

Thus, we analyzed the distribution of PLA and BSA
throughout the bers. If the 6% blend (3% PLA and 3% BSA)
was stirred violently before electrospinning, each ber con-
sisted of both PLA and BSA. If the conjugated solutions were
isolated aer phase separation and electrospun, they yielded
different morphologies. Electrospinning of the BSA-enriched
solution resulted in ribbons, and the PLA-enriched one yiel-
ded round sectioned-bers.
Fig. 8 Electrospinning of the conjugated solutions. (a) Ribbons
formed by the electrospinning of the upper solution (the one enriched
with BSA). (b) Raman spectra from independent ribbons of mat (a). (c)
Round-sectioned fibers formed by electrospinning of the bottom
solution (the one enriched with PLA). (d) Raman spectra from inde-
pendent fibers of mat (c).
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Fig. 9 Kinetics of BSA release from electrospun blended mat during
ten days.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 6

:1
9:

47
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
BSA release from the blended mats

Electrospun mats can be used for encapsulation and prolonged
release of bioactive substances, including drugs, peptides, and
therapeutic proteins.46–48 Incorporation of proteins into elec-
trospun mats can be tricky because most proteins undergo
denaturation during electrospinning due to the strong electric
eld and the presence of organic solvent.49 However, some
proteins withstand both denaturation factors and retain their
functionality aer electrospinning. These proteins include
insulin,50 chondroitinase,9 lysozyme,51,52 chymotrypsin,53,54 and
others.

BSA is a commonly used model protein. The blended mats
described in the current study provide its prolonged release, as
shown in Fig. 9. We incubated the blended mats (3% PLA + 3%
BSA) in the water at room temperature during ten days, calcu-
lated concentration of the released BSA by UV spectrophotom-
etry, and estimated the mass percentage of released BSA.
Approximately 50% of BSA dissolved from the electrospun mat
for ten days. A similar BSA release prole was obtained for
electrospun polystyrene–BSA mats prepared by emulsion elec-
trospinning55 and for the blended poly(hydroxybutyrate-co-
hydroxyvalerate)–BSA mats.36

Although preparation of blended PLA–BSA mats was
accompanied by the dissolution of BSA in HFIP which can
promote the formation of alpha-helices in proteins and
peptides and cause protein denaturation,56,57 we expect the
denaturation effect to be relatively low since BSA has a high
content of alpha-helices. Previously we demonstrated that HFIP-
treated BSA could bind with the anti-BSA antibodies.58
Conclusion

Incorporation of a protein is a popular way of bringing bio-
functionality to electrospun mats. Here we analyzed the struc-
ture of electrospun blended mats made of PLA and BSA mixed
in a common solvent – HFIP. We can draw the following
observations and conclusions:
4678 | RSC Adv., 2020, 10, 4672–4680
(1) We plotted the ternary phase diagram of the PLA–BSA–
HFIP system and observed spinodal decomposition behavior,
which is typical for the ternary mixtures of two immiscible
polymers and a common solvent.

(2) Regardless of the doping solution composition and
regardless of the phase separation, we observed that (1) at a low
concentration of the doping solution, the electrospun mats
involved beads, and (2) at a high concentration of the doping
solution, the electrospun mats involved ribbons.

(3) BSA demonstrated a higher tendency to form electrospun
ribbons than PLA. BSA solution in HFIP showed a strong
tendency to form ribbons regardless of how the solution was
obtained – by the simple dissolution of BSA in HFIP or by phase
separation in a ternary blend.

(4) If the phase-separated ternary blend (3% PLA, 3% BSA,
94% HFIP) was stirred violently before electrospinning, both
components of the dry mats (PLA and BSA) were present in each
of the bers. This conclusion was conrmed by three analytical
methods – uorescence microscopy, EDX, and Raman
microspectroscopy.

(5) Raman spectra proved that when a homogeneous blend
(1% PLA, 1% BSA, 98% HFIP) was used for electrospinning, the
ratio of PLA and BSA component were spread more uniformly
throughout the mat, than in case of a heterogeneous blend (3%
PLA, 3% BSA, 96% HFIP).

The observations related to the immiscible ternary blends
can be explained if we regard the blend as a set of domains
enriched either by the polymer (PLA) or by the protein (BSA),
described by Hilliard–Cahn waves59 or later theories.60,61 If the
size of the domains is small, they are mixed during electro-
spinning, and the polymer and protein components co-localize
in a single ber or ribbon. As the phase separation occurs and
the domains grow, the probability of ribbon formation
increases. However, when the two conjugated solutions form,
only the one enriched with protein yields ribbons.

The data obtained in the current work have several aspects
which contribute to the signicance

(1) We demonstrated the rational way to control the
morphology of an electrospun mat prepared from a blend
consisting of two polymers and a solvent. The mat preparation
should start with plotting the ternary phase diagram.13 If we use
the homogeneous blend for electrospinning, the two compo-
nents of the dry mat will be distributed more uniformly than in
the case of the heterogeneous blend.

(2) When an immiscible blend is used for electrospinning, it
follows the same general tendencies (relation between the blend
concentration and mat morphology) as a single-component
polymer solution.

(3) Raman spectroscopy seems a suitable tool to assess the
chemical composition of individual electrospun bers. Previ-
ously it was used to examinemolecular orientation in individual
bers,62 and the core–shell structure.63

(4) The prolonged protein release from blended mats can be
useful for biomedical applications, including wound dressing,
drug delivery, and tissue engineering.
This journal is © The Royal Society of Chemistry 2020
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