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Electrospinning is a widely investigated and used technique for creating nano and microfibres
which has a wide range of medical and pharmaceutical applications. For cell culturing and tissue
engineering, it is a greatly investigated method because it resembles the extracellular matrix.
Changing the electrospinning parameters we affect the properties of these systems to fine-tune it
for our needs. To create a high porosity fibrous mesh for culturing different cells in a suitable
three-dimensional way, we need to step forward from conventional electrospinning.

In this paper, we are presenting a strategy involving the addition of inorganic salts to
electrospinning solution to reproducibly synthesize nano and microfibrous fluffy 3D structures
from polysuccinimide (a biocompatible and biodegradable polymer). Effect of different
concentrations of LiCl, MgCl, and CaCl; on fibre properties are presented. Results show that the
3D structured fibrous meshes were produced in the presence of LiCl, MgCl, or CaCl, in a
narrow concentration range. To understand the effect of salt on the resulting meshes
characterization of the ion-ion and ion-solvent interactions were carried out using vibration

spectroscopy and density functional theory calculation.

Keywords: polysuccinimide, 3D electrospinning, inorganic salt, fluffy

structure, spectroscopy



1. Introduction

Ever since Formhals introduced the idea of electrospinning to the scientific community it
has been one of the most investigated and used methods for the preparation of nano- and
microfibres in research [1]. In basic solvent-based electrospinning, a polymer solution is fed
through a metal needle on high DC voltage and a grounded metal collector is placed in front of
it. If the developing electric field strength is strong enough, a thin polymer jet emerges and
travels in the direction of the collector, and in a whipping movement it is elongated, thinned and
its solvent evaporates. At the end of the process, one can obtain a web of randomly oriented
fibres [2]. However, by using fast rotating mandrel collector or 3D printed collectors, fibres with
different orientations or web morphologies could be prepared as well [3], [4]. There is a wide
variety of applications of such fibrous materials ranging from industrial filters, through energy
materials to drug delivery and biomedical implants [5]-[8].

These fibrous meshes are exceptionally investigated for cell culturing and tissue
engineering since the fibrous structure can resemble the backbone of the human soft tissue,
called extracellular matrix (ECM). ECM is a similarly fibrous substance consisting of collagen
fibres [9], [10]. With thorough research and choice of polymeric material, fibre diameters and
surface properties can be fine-tuned to fulfil the requirements for maintaining different cells
ranging from fibroblasts to stem cells [11], [12]. Electrospun fibre meshes are often considered
3D objects (just like natural ECM) as compared to the lower than a few micron fibre diameters,
the thickness of these meshes is very big [10]. However, the fibres are tightly packed creating
very small pore sizes inevitably hindering cells from entering the inner layers of the matrix.
Although cell culturing is still feasible and often give better results than standard cell culturing
plates, cells still cannot obtain their natural 3D morphology, unless they enter the matrix [13],
[14]. An effort has been made for raising the pore size between the fibres in the mesh, thus
loosening it up to provide cells with a platform, in which free migration is possible. As of now,
there are two strategies for preparing loose, fluffy fibrous samples: physical and chemical
methods. We consider all the methods physical, where real 3D is achieved by changing collector
geometries or using outer electrodes. Nice collections of these techniques can be found in the
article by Wu et al., Sun et al. and Rnjak-Kovacina et al. [15]-[17]. These include but not
limited to using a liquid bath collector; cryogenic, where water crystals are developing between
the fibres and they are freeze-dried post spinning; ultrasonication; custom-made ball-shaped



collectors; salt leaching, where salt crystals are deposited during-, and dissolved post
electrospinning, layering, etc. [18]-[24]. Chemical techniques involve changing solution
properties by changing the solvent composition or by the addition of salts or other chemicals:
Lee et al. introduced gas foaming, where ammonium bicarbonate and sodium chloride is added
to the solution to “blow up” the mesh after heating it to 90 °C post spinning [25]. Our group has
shown that the addition of magnetite nanoparticles can also cause the electrospun fibres to be
collected in real 3D [26]. Also, the addition of Multi-Walled Nano Tubes (MWNT) to
poly(acrylonitrile) resulted in fluffy structures [27].

Another interesting method is the addition of salts to the electrospinning solution [28],
[29]. Salts raise the conductivity of the electrospinning solution leading to lower surface
resistivity and higher surface charge. Cai et al. hypothesize that as the jet touches the oppositely
charged collector, the charges from the fibres go away rapidly, thus reducing the attraction
between the collector and fibres, while the fibres may be recharged by the collector, causing
them to repel each other [27]. In contrast to this, Yousefzadeh et al. say that due to the high
conductivity the highly charged fibres are the ones repelling each other leading to fluffiness [30].
However, salt addition not always leads to lose structures. Song et al. experimented with rotating
mandrel collector and the addition of different salts to the polymer solution (Ca(NO3z),, MgCl,,
CaCly) [31]. They found that without salts they could collect randomly oriented fibres on the
collector at 750 rpm rotating speed, but salt addition caused the orientation of fibres at the same
speed. They conclude that the higher surface charge led to stronger pulling toward the collector
(also thinner fibres) as well as faster electrospinning, both causing fibre orientation. Zhang et al.
prepared porous polyethersulfone fibres with the addition of CaCl, but no 3D structure was
reported [32]. Therefore, we aimed to investigate the possibility of preparing fluffy structures
from polysuccinimide (PSI) by the addition of different salts to the spinning solution and
understanding the interaction between the solvent components leading to 3D structures. PSl is a
biocompatible and biodegradable polymer synthesized from aspartic acid, which can be
electrospun easily to form 2D structures [33]. At pH 7.4 it undergoes hydrolysis turning into
poly(aspartic acid) (PASP) [34]. Therefore it has gained interest in bio-based research for
different applications [35], [36]. The only limiting factor of using PSI, that the solubility is

limited, the best solvent for electrospinning is DMF.



It is well established that in the electrospinning method, mixtures of different salts in
dimethylformamide (DMF) (in addition to the spinning conditions, the polymer concentration,
the geometry of the electrospinning set up, the electric field strength) affect the fluffy 3D
structure of some polymers [37]-[39] Different hypotheses were postulated associating the salt
effect with the faster solvent evaporation due to the increase of the conductivity [38]. In another
work, based on IR and rheological measurements, the authors conclude that the addition of salts
induces a decrease of both viscosity and hydrogen bonding in the mixtures and this results in
defect-free nanofibres [39]. Lu et al. [40], showed that the diameters of fibres depend on the
nature of the solvents. The results show that in the case of Ca?* and Fe®" cations the orientation
relaxation of the polymer in a given solvent correlates with a small diameter of the fibre. In
another work by Zong et al. it was shown that the concentration and salt addition was found to
have a relatively larger effect on the fibre diameter than the rest of the parameters [38]. Finally,
in a simulation work [41], the rate of evaporation of the solvent improves the mixture
spinnability and also reveals that the ions are coordinated by the polymer chains and when these
ions are accelerated the stretching of the polymer is efficient.

Thus in this paper, we used PSI as a potential biocompatible polymer to create fibrous
structure at the presence of different inorganic salts. The focus of the research was to create 3D
fluffy structure form PSI in a reproducible way. The presence of inorganic salts in different
concentrations causes some effect between the fibres during the electrospinning procedure which
is not described in the literature yet. Using FTIR spectroscopy and density functional theory
calculation (DFT) we explain the effect of the salt in the solvent (dimethylformamide) and the
structural changes of the fibrous mesh by macroscopic and SEM (Scanning Electron

Microscopy) images.

2. Materials and methods

N,N-dimethylformamide (DMF) (Lach-Ner), MgCl, (Reanal), CaCl, (Reanal), LiBr
(Acros Organics), NaBr (Sigma-Aldrich), Nal (VWR), KI (VWR), KBr (VWR), LiCl (Sigma-
Aldrich). Polysuccinimide (PSI) was synthesized based on our previous paper [26] and had a

viscometry average molecular weight of 28500 + 3000 g/mol.



2.1. Salt-polymer solutions

For the electrospinning experiments salt solutions were prepared the following way: first,
salts were dissolved in DMF with concentrations ranging from 1-10 w/w%, depending on their
solubility [42]. The compositions of salt solutions can be found in Table 1. Then PSI was added

to have a 25 w/w% polymer solution. In all cases 1 mL of solution was prepared.

Table 1 Compound of inorganic salt — DMF solutions, where green colour highlights the salts
inducing 3D fluffy structure in a reproducible way, whereas the blue and grey colours indicate
those for which neither the 2D or the 3D structures are reproducible.

Salt name| LiCl m{! MgCl, mg CaCl, rgi:lg LiBr NaBr Nal Kl
c 1 0.23 1 0.1 1 0.09 1 1 1 1
< 2 0.46 2 0.2 2 0.17 3 3 3 3
= 32 4 0.93 3 0.41 3 0.26 5 5 5 5
52 5 118 4| 052 4| 036
8 s 6 1.43 5 0.64 5 0.45
§° 8 1.94 6 0.87

10 111

2.2. The conductivity of salt solutions

The conductivity of salt solutions was measured with a Thermo Scientific Orion 4-Star
Benchtop pH/conductivity meter with a Thermo Orion 013605MD conductivity cell. In every

case, 10 mL of DMF-salt solution was measured with 1, 3 and 5 w/w% concentrations.

2.3. Electrospinning setup

The electrospinning machine consisted of a Genvolt 73030P power supply, a KD
Scientific KDS100 pump, a Fortuna Optima 7.140-33 type syringe and a Hamilton G18 blunt
end steel needle (Figure 1). The collector was a 3D printed disc of 2 cm diameter, which was
aluminium coated with Schuller Eh’klar’s Prisma Color 100% Al spray to be conductive. The

distance of the needle and the collector was kept at 10 cm in all cases.
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Figure 1 Schematic of the electrospinning process

Throughout the electrospinning process, the needle was connected to the positive plug of
the power supply and the ground plug was connected to the collector. A small drop of the
polymer was pumped out from the needle to instantly start the electrospinning when the voltage
was applied. The flow rate was set to 1 mL/h and the applied voltage was 15 kV in all cases.

2.4. Scanning Electron Microscopy (SEM)

A ZEISS EVO 40 XVP SEM machine with an INCA energy dispersive X-ray detector
was used to create SEM recordings on the fibres. 20kV acceleration voltage was applied. The
samples were fixed into a two-sided carbon tape. Then, 20 — 30 nm thick layer was coated with
palladium or gold with the help of a 2SPI Sputter Coating System. The average fibre diameter is
given in every case with the error calculated at p=0.05 confidence level and was determined from
measuring 100 individual fibres with ImageJ Software. For comparing the averages double-
sided, two-sample Student t-tests were conducted using the averages and standard deviations of

the samples. It was assumed that the fibre diameter shows a normal distribution.

2.5. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
(ATR FT-IR)

The ATR-FTIR spectra of the DMF - salt solutions were recorded with a BRUKER
Vertex 70 FT-IR instrument. In every case, 64 recordings were averaged from scans made
between 5000 and 600 cm™ with a resolution of 2 cm™. For recording the spectra and baseline
corrections the OPUS 7.5 software was used. OriginPro 2015 9.2 software was used for spectral
characterization. The spectra of the fibrous meshes were recorded with a JASCO FT/IR-4700



spectrophotometer fitted with an Attenuated Total Reflection (ATR) accessory (JASCO ATR
Pro One). Spectra were collected in a range of (4000 cm™ — 400 cm™) with a resolution of 2 cm™
and the number of scans was 126. The baseline of the spectra was corrected by using JASCO
spectra analysis program.

Deconvolution of the spectra were carried out with Microsoft Excel and its built-in
Solver plugin. Gaussian curves were fitted for the peaks and Lorentzian where shoulders

appeared.

2.6. Density functional theory calculation

The optimized configurations of ions and DMF complexes were obtained in a polar
medium treated via implicit solvent approach. As the dispersion plays an important role in
describing the interionic and ions-DMF interactions, we used the M06-2X functional to better
take into account the medium-range dispersion effect. This functional was coupled with 6-
311+g(d,p) basis set [43].

The geometry optimizations were followed by harmonic frequency analysis to ensure that the
obtained structure was true minima by the absence of imaginary wavenumber and to rationalize
the experimental results in terms of the obtained optimized configurations.

Density functional theory calculations were conducted using Gaussian 16 software package. [44]

Visualization was performed with Gaussview 6.



3. Results and discussion

In the first part, we are focusing on salt — DMF interaction than on results related to

electrospinning and fluffy meshes.

3.1 Characterization of the salt solutions

The salts were chosen depending on their solubility in DMF based on the IUPAC
Solubility Data [42]. A series of solutions were prepared from the different inorganic salts (Table
1).

After the complete dissolution of the salts, the solutions were transparent but, in some
cases, (KI, Nal and MgCly) the colours deepened with respect to the salt concentration. When the
suggested solubility could not be reached crystal growth was observed (Figure S1).

The conductivity is a key parameter in electrospinning affecting fibre properties or even
the possibility to produce fibres [45]. The measured conductivities are displayed in Figure 2. As
it can be seen, an increase in salt concentration induces higher conductivity in every case.
However, the extent of increase of the conductivity values is dependent on the ions pairing in the
mixture. It is important to note, that in the case of salts, where the anions are iodide and bromide,
the conductivity is much higher (above 8 mS/cm) compared to salts with chloride as an anion.
From the biological point of view, chloride is a more suitable co-ion in the living system, thus
we continued our experiments just with LiCl, MgCl, and CaCls,.
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Figure 2 Conductivities of the different salt solutions, where “*’ refers to the salts which

produced 3D structures in electrospinning

To have information at the molecular level on the ion-ion and ion-DMF solvent
interactions, we recorded the IR spectra of these mixtures (Figure 3 and S2). Vibration
spectroscopy has been proven to be an efficient tool for investigating the ion-ion and ion —
solvent interactions through the changes in the shape of specific vibration modes (changes of
frequency, intensity and peak width) [46]-[49]. DMF has two distinct vibration modes (C=0
stretching, and the NC"=0 bending vibration modes, at 1667 cm™ and 661 cm™, respectively),
that can be analysed to get information s from its dependence on the salt concentration [47],
[49]-[52] on the solvation shell of the ions. Figure 3a and 3b show the FTIR spectra regions of
the C=0, the NC"=0O and the C-H (in the inset) bending vibration modes at various
concentration of LiCl, MgCl, and CaCl,.
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Figure 3 IR spectra of the NC"=0 a) and the C=0 b) vibration modes in mixtures of LiCl (2, 4,
6 and 8 w/w%) CacCl, (1, 2, 3 and 4 w/w%) and MgCl, (2, 4, 6 and 10 w/w%) with DMF

In principal the intense C=0O vibration is very asymmetric and is skewed negatively,

which may be associated with the presence of spectral contribution at the lower wavenumber



side (~1640 cm™). As it is shown in Figure 3 b), this vibration mode is shifted toward lower
wavenumbers upon coordination by Li*, Ca** or Mg**. However, the extent of the downshift of
this wavenumber is difficult to assess as this vibration mode is strongly overlapping with both
the overtone of the C-N vibration mode (Fermi coupling) that weakly appears at 865 cm™ and the
C-H deformation [48], [53]-[59]. Many mechanisms, such as dipole — dipole interactions, the
failure of the above mentioned Fermi-coupling condition, specific interactions with the cation
through the O atom, prevent any unambiguous use of the C=0O vibration mode to analyse the
ions-DMF interactions. Instead, the NC"=O bending peak is suitable for the ions-DMF
interactions. Effectively, when adding the salt to DMF, a new broad spectral contribution
emerges at the higher wavenumber (named here after new peak, ~675 cm™) side of the main
NC"=0 bending peak (named here after main peak, ~660 cm™). This new peak (the intensity of
which is named 1" at higher wavenumbers) is associated with the complex formed between DMF
and the salt, whereas the main peak (the intensity of which is named I™) is associated with DMF
molecules that are not involved in this complex or by distant molecules from the salt ions [48],
[50], [65], [51]-[53], [60]-[64]. To quantify the changes in this range of wavenumber domain,
we fitted this spectral region hypothesizing two spectral contributions, the position and the
intensity of which are given in Figure 4a for each salt-DMF mixtures. This figure shows that the
position of the main peak is affected neither by the nature of the salt nor by its concentration.
This is consistent with the interpretation that this peak is mainly associated with DMF molecules
that are surrounded mainly by DMF molecules (the salt being at a farther distance from a
reference DMF molecule).

The position of the new peak, which is at the higher wavenumber, is dependent on the
nature of the salt. The large upshift is observed in the MgCl, salt-DMF mixture, which indicates
that the DMF molecules are tightly bound to MgCl,, than with LiCl and CaCl; salts. A similar
trend was observed by Forero et al. in the case of the mixture of DMF and salts with the same
cations coupled with bis(trifluoromrthansulfonyl)imide (TFSI, anion [60]. However, they found
a much larger shift compared to our data. This indicates that this new peak, which is at higher
wavenumber is associated with both the cation and the anion interacting with DMF.
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As it is shown in Figure 4a, the position of the new peak’s salt concentration dependence
is weak. We noticed that at high concentrations of LiCl, the position of this peak is the lowest
indicating a weak ion-DMF interaction. One of the parameter, that quantifies the ion-DMF
interac tions strength is the ratio Z/r. proposed by Waghorne et al. [65], where Z and r. are the
cation charge and its radius respectively [66]. The values of this ratio are 1.67, 2.02 and 3.08, for
Li*, Ca®* and Mg*", respectively. These results suggest that the ion-DMF interactions are the
strongest for MgCl; salt and this results in the highest wavenumber shift as it is shown in figure
4a.

The concentration dependence of the experimental intensity ratio between the new peak,
I" and that of the main peak, I, is shown in Figure 4b. It shows that the population of the DMF
molecules that are close to the cation increases with respect to that of bulk DMF molecules,
having DMF molecules in their environment and then are too far to be influenced by the cation.
Also, it indicates that there are more DMF molecules in complex with Li* cation than with Ca**

and Mg?* cations.



To establish the main peculiarities of the intermolecular interactions in salt-molecular
solvent mixtures, DFT calculations have been performed on a set of representative
configurations. These configurations were constructed to simulate different environments at the
lowest computational cost. The first configuration is formed by 4 DMF molecules and the three
other configurations include each, a pair of LiCl, MgCl, and CaCl, with 4 DMF molecules. They
are intended to mimic the conditions of pure DMF and very high concentration (saturated) of the
DMF-salts mixtures. The optimized geometries are shown in Figure 6. Contrary to most of the
published calculations [46], [49], [67], we included the anion in these configurations. Because of
the limited number of ions and DMF molecules considered, one should distinguish between the
geometrical and wavenumber values involving atoms located at the border of these
configurations (which are then not involved in the interaction with their environment) and those
located in the core of these configurations (and then experiencing interactions with their
neighbours). Table 2 contains the values of the maximum and minimum values of the
intramolecular distances and the C=0, C-H and NC"=O modes’ frequencies. For the
intermolecular distances, describing the ion-DMF interactions, we reported the two lowest
values.

In order to explain the preferential interactions between the cation or the anions with the
DMF molecules, we considered the DMF structure in terms of resonance, shown in Figure 5. It
indicates that the negative and positive charges are located at the oxygen and nitrogen atoms,
respectively. This is accompanied by a decrease in the C=0 and an increase in the C-N
intramolecular distances. The variation in the intramolecular distances can be used as indicators

of the strength of the ion-DMF interactions.

Q o)
L |
H/ \T/ c , H/C\N/H

H
Figure 5 Resonance structure of DMF molecule.

We noted the values of these intramolecular distances from the four configurations and
reported them in Table 2. In the following analysis, the values of these intramolecular distances
in ADMF configuration are considered as reference values. The intramolecular C=0, C-N and C-

H (of the amide group) distances increase/decrease in the following order LiCl, < CaCl,< MgCl..



Consistently, the corresponding C=0, C-H and NC"=0 wavenumber values increase for the
latter mode and decrease for the former ones. The behaviour of the intramolecular distances and
their corresponding frequencies leads to rank the salt-DMF interactions in the same order cited
previously.

& Hydrogen ‘ Oxygen J Calcium ‘ Magnesium
‘ Carbon ‘ Nitrogen () Lithium ‘ Chioride

I’
S I ™ 260 &
?
w 233 \{-66

Figure 6 Optimized geometries for a) 4DMF b) 4DMF - 2LiCl c) 4ADMF — 2MgCl, d) 4ADMF —

2CaCl,, Important interatomic distances in Angstrom are indicated with dotted lines

The distances between the ions and the O, N and H atoms of the NC™"=0 amide moiety is
a result of the balance between their electrostatic repulsive and attractive interactions. These
distances are reported both in Figure 6 and with more details in Table 2. The analysis of these



values suggests the following general trend: the cation is closer to the O atom than the anion,

while the anion is closer to the N atom than the cation.

Table 2 Intramolecular inter ions and atoms of DMF as obtained by DFT calculations on the
configurations given in Figure 6.

= 5 S 2
S 9 9
Intra molecular
max d(C=0) / A 1.222 1.228 1.238 1.243
min d(C=0)/ A 1.216 1.227 1.236 1.231
max d(C-N) / A 1.353 1.336 1.329 1.336
min d(C-N) / A 1.349 1.336 1.324 1.321
max d(C-H) / A 1.104 1.102 1.097 1.096
min d(C-H) / A 1.100 1.099 1.097 1.095
max (v (C = 0)/ cm™) 1782 1765 1747 1753
min (v (C = 0)/ cm™) 1753 1751 1733 1729
max (8(C — H)/ cm™) 1439 1432 1428 1427
min (8(C — H)/ cm™) 1426 1430 1427 1422
max (S§(NCH = 0)/ cm™) 678 684 688 705
min (8(NCH = 0)/ cm™) 670 681 683 689
Inter ions -DMF

1.951 2.318 2.004

d(Cation ...0) / A 1.947 2.269 2.068
3.591 3.907 3.551

d(Cation ...H-C) / A 3.393 3.894 3.185
3.392 4.169 4.256

d(Cation ...N)/ A 3.330 3.866 3.776
119 139 140

Z Cation ...0=C / deg 43 44 129
3.362 3.334 3.181
d(Cl...0)/ A 3.317 3.306 3.140
3.745 3.547 2.601
d(Cl...H-C)/ A 3.547 3.306 3.080
3.350 3.547 4538
d(Cl...N) / A - 3.478 3.630

In order to explain the trend in the C=0O vibration mode in the salt-DMF mixtures, we
considered both the intermolecular distance between the cation and the O atom and the angle

Zcation ...0O=C the values of which are shown in Table 2. The analysis of these two parameters



indicate that the shift of the C=0 vibration mode is in general determined by the orientation of
the cation with respect to the C=0O bond. This means that the larger this angle is (the
configuration tends to be linear), the larger the extent of the shift gets. The C=0 vibration mode
behaviour also correlates with the ratio Z/r proposed by Waghorne et al. [65], where r, in this
case, is equal to that distance between the cation and the O atom of DMF as obtained by our DFT
calculations (see table 2). The values of this ratio are 0.51, 0.68 and 0.99 for Li*, Ca** and Mg?",
respectively. This correlates with the fact that the C=0 vibration mode in MgCl, undergoes an
important downshift.

In the case of the C-H bending mode (~1400 cm™), the extent of the low wavenumber
shift is correlated with the short distance between the anion and the H atom. As this distance is
shorter in the case of MgCl,, the calculated C-H bending is the lowest.

Because of the strong overlap with another vibration mode, it is difficult to rationalise the
higher wavenumber shift of the NC"=0 bending. Its behaviour is a balance between the effect of
both the cation (through its preferential interactions with the O, and H atoms of NC"=0) and the
anion (through its interaction with the same atoms). Indeed, in the case of MgCl,, the NC"=0
vibration that is calculated to be the highest one among the studied salts is explained by the short

distance of the cation from the O and H atoms compared to that involving the anion.

3.2 Creating fibrous meshes using electrospinning

After the careful characterization of the salt-solvent solutions, fibrous structure
preparation was attempted. As it was mentioned in the introduction, only a few publications
show 3D fluffy electrospun meshes. The reproducibility was never mentioned in these papers,
thus our other aim was to synthesize the meshes in a reproducible way. In the beginning, all kind
of inorganic salts mentioned in Table 1 were tested for fibre formation. The iodide and bromide
containing salts never produced fluffy structures (Figure S3). Those samples showed the well-
known planar form on the target (Figure S3). Thus, in this chapter we again focus only on LiCl,
MgCl, and CaCl,, which electrospinning resulted in fluffy 3D structures in a reproducible way.

As it can be seen on Figure 7 and S4 the macroscopic structure looks roughly the same in
all 3 cases. SEM showed that fibres had smooth surfaces and homogenous thicknesses.

In the case of MgCIl, we experienced gelation during the electrospinning. This

phenomenon is well-known in polymer science and medical science for both Mg?* and Ca®* ions,



both of them create physical crosslinks between polymer chains resulting in a gel-like structure
[68]. In our system, the Mg®* created an inhomogeneous structure during the fibre formation.
Although the fluffy structure formation was reproducible, the fibre formation changed in time
parallel with fibre diameter.

It is worth to note that LiCl also caused gelation above 3 w/w% concentration, but below
that the fluffy structure clearly appeared without any viscosity increase in time as Figure 7
shows. For MgCl, the 3D structure appeared just when the concentration reached the 1 w/w%
whereas above 3 w/w% salt content the gelation happened roughly immediately after mixing the
solution with the polymer, prohibiting electrospinning. The fluffy structure was inhomogeneous
at every salt concentration using MgCl,, but the created structure was more compact than the
LiCl created meshes. From the reproducibility point of view, CaCl, at 1-3 w% concentration
range gave the best results. In all concentration the CaCl, created fluffy and sponge-like
structure. At the highest concentration (3 w/w%) the 3D expansion was the highest compared to
any other compounds (Figure S5). After turning off the electric field the meshes collapsed a little
(less than 10%), but from then on kept their shape and structure for more than 1 year now.

To compare the molarity of the different salts (Table 1), the only obvious thing, that the
CaCl, and MgCl;, containing systems form 3D fluffy structure at very low concentration (~0.1
mol/l DMF) compared to the LiCl. In the case of LiCl 0.23 mol/l DMF was necessary to get
similar fluffy result. If we use the parameter, that quantifies the strength of the interaction
between the DMF and the cation, (the ratio Z/r proposed by Waghorne et al. [65], where Z and r
are the cation charge and its radius respectively [66] — explanation in chapter 3.1) 1.67, 2.02 and
3.08, for Li*, Ca®" and Mg?*, respectively, it gives a better view on the molarity. Especially we
can explain, that the Mg®* and Ca?* cations, in which ionic radius is a little bit higher or equal
with the Li™’s, but in both cases the charge is double, can cause a 3D effect at lower molarity.
The interaction between the cation and the DMF molecule strongly depends on the charge
(specific charge —ionic radius is the same, but the charge is double), thus half of the number of

mol’s is enough to give the same fluffy result.



Figure 7 Macroscopic picture of the 3D effect of different salts used and their SEM pictures on
the right a) LiCl 1 w/w% b) MgCl, 1 w/w% c) CaCl, 2 w/w%. The scale on the SEM images
correspond to 2um.

The fibre diameter analysis data is collected in Table 3. For both LiCl and CaCl; there
was no significant difference between 1 and 2 w/w%. However, for MgCl, all 3 concentrations
were significantly different, with 2 w/w% seemingly out of range. Similarly, 3 w/w% CacCl,
caused a significant rise in the diameter, however, it also seems out of range. According to the
data available and statistical analysis, it seems that there is little to no effect of salt concentration

on the average diameter.

Table 3 Size distribution of different fibres containing salts

Diameter [nm]

Name of the salt 1 w/w% 2 w/w% 3 w/w%
LiCl 570%160 615+100 NA

MgCl, 470%+130 1230200 625%110
CaCl, 660+220 675%110 950%150




After the macroscopic and microscopic evaluation, we performed spectroscopic analysis
using ATR-FTIR instruments. There were no differences between the spectra of the pure PSI
fibres and the ones with salts. (Figure S5). The representative peaks of polysuccinimide appears
at 1710 cm™ (asymmetric stretching vibration is attributed to the vCO of —(OC),N-), 1391 cm™
(C-O bending vibration, §) and 1355 cm™ (stretching vibration, vC—N of —(OC),N-) which are
the bands of imide rings in PSI as we published previously [33], [35]. The only observable
difference appeared around the OH vibrational bands at 3300-3600 cm™, which can be attributed
to the adsorbed water content of the meshes. None of the salts can be detected on the dry form
and there were no traces of DMF. Consequently, based on the FTIR spectra there are no
detectable chemical interaction between the salt and the polymer, at least not above the detection
limit of the instrument.

As the results showed the main difference between the fibre formation is based on the salt
quality itself and the interaction between the salt and the solvent. Thus, after creating the fibre
the difference is not observable in the spectrum anymore because of the evaporation of the

solvent, only the fibre diameter referred for the presence of the salt.



4. Conclusions

It is already known from the literature that the addition of salts to a polymer solution used
in electrospinning might cause real 3D collection of fibres resulting in loose and fluffy meshes.
Effort was made to understand what part the salts take in the production of these structures. FTIR
and computational investigation showed that there is a strong interaction between their respective
ionic components and DMF, new peaks appeared on the spectra depending on the strength of the
interaction. Furthermore, according to our data the most important thing is the quality of the salt
(both charge and size of the cation has a strong effect) and through that its interaction with the
solvent used for electrospinning. Interestingly, no correlation was found between the fibre
diameter and the concentration of the salt.

Based on these findings, fluffy 3D structured meshes of polysuccinimide were prepared
reproducibly with CaCl,, MgCl, and LiCIl. The DFT simulation and the FTIR analysis proved
that there is interaction between the solvent (DMF) and the ions used, that strongly depends on
their quality. This indicates that the reason why the presence of salts causes 3D fluffy structure
during electrospinning, might not be just because of charge accumulation (as described in the

literature), but also because of solvent-ion interactions.
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Highlights
- Asstrategy involving inorganic salts to reproducibly synthesize nano and microfibrous

fluffy 3D structures with electrospinning

- Tounderstand the effect of salt on the electrospun meshes

- To characterize the ion-ion and ion-solvent interactions with spectroscopy and
computational simulation



