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Abstract

The following manuscript presents a comprehensive investigation regarding the influence of
electrospinning parameters on fibre quality and mechanical properties of nanofibrous
poly(amino acid) meshes. At first, we examine parameters including: solvent options,
polymer concentrations, collector speed and distance, voltage, needle sizes and flow rates to
prepare fibrous scaffolds based on polysuccinimide. The main objective was to attempt and
decrease the fibre diameter as much as possible while not reducing the fibre quality. After that
mechanical properties of the meshes was investigated, we demonstrate two possible methods
to reinforce them: mechanically induced alignment of the fibres and multi-layer compression.
Characterisation methods include a solubility study, viscosity and conductivity measurements,
ATR-FTIR spectroscopy, scanning electron microscopy, and mechanical uniaxial test. Fibre
size was successfully reduced from 615 nm to 280 nm without any quality aberrations.
Mechanical performance not only improved almost three-fold, but, was also enhanced in two
directions due to the multi-layer composition. With these optimisations the PSI mesh now

possess favourable features for biomedical application according to the relevant literature.



1. Introduction

Poly(succinimide) (PSI), also known as polyanhydroaspartic acid or polyaspartimide is
the most basic of polyimides. PSI has been recently gaining attention as its reactive nature
makes it a versatile, potential component for functionalised systems [1,2]. Its production is
fairly simple, as it only requires heat (as it is produced via thermal polycondensation), a
catalyst (e.g. phosphoric acid) and the monomer itself (L-aspartic acid) [3]. Being an easily
modifiable polymer (due to the imide-ring opening even under mild conditions) it has been
exploited by researchers and utilized to produce for example thermal and pH reactive or
magnetic nanoparticles incorporating systems [1,4,5].

PSI has been utilized in different forms (powder, gel, particles) [6-8] but the literature on
nanofibrous membranes is very limited. Electrospinning is a fascinating method to fabricate
meshes, membranes or scaffolds composed of nano- or micro-sized fibres. Briefly, the
system’s most basic setup, requires a high voltage power supply, a syringe pump, a syringe
filled with a polymer solution and a grounded collector as a target. As the polymer solution is
pushed through a needle attached to the syringe, due to the high voltage the electrostatic
power is larger than the surface tension of the solution resulting in the spatter polymer fibres
in the process. While seemingly simple, several parameters have to be modified and fine-
tuned for a specific polymer to produce good quality fibres [9]. These include the polymer’s
parameters (molecular weight and architecture) the solution’s parameters (viscosity,
conductivity, surface tension) extrinsic parameters (electric potential, solution flow rate,
needle gauge, collector’s size and distance) and ambient parameters (ambient temperature,
humidity) [10,11]. It is important mentioning that these parameters are not static and have
dynamic relationships with each other meaning that adjusting one almost certainly will
require to modify another. Therefore, comprehensive studies including examinations of
multiple parameters are indispensable as they can provide insights into how a specific
polymer or polymer family behaves and can be exploited[10,12].

PSI is hydrolysed in slightly alkaline media and water (albeit quite slowly in the latter)
and recent studies have already demonstrated its cyto- and potential biocompatibility [13,14]
therefore it could be considered as a candidate for environmental and biomedical applications
[15].

The following work aimed to investigate which electrospinning parameters are crucial

during the fabrication of a poly(amino acid) system, namely polysuccinimide, in regards to



fibre quality and size. Fibre size is crucial as according to the desired application it can
enhance or hinder the abilities of the system. Regarding biomedical application for example,
different fibre sizes are used to replicate different tissues [16,17]. Variations in the fibre size
of collagen or other connective tissues macromolecules do exist (e.g. loose connective tissue
vs. cartilage tissue) [18], therefore a tissue replacement scaffold will work best when it
replicates the innate tissue as best as it possibly can. In addition enhanced adhesion,
proliferation and even differentiation has also been documented at smaller fiber diameters
[19-25].

Another important aspect regarding biomedical application are mechanical parameters.
During the long history of electrospinning, numerous polymers have been investigated, from
polypropylene to polycaprolactone to collagen. Regarding fabrication of membranes, the
choice of polymer depends on the choice of application and therefore the polymer’s
advantageous features. For example, when the goal is mechanical strength and robustness,
polymers like polyvinyl chloride are used [26]. However, generally speaking, polymers with
favourable mechanical properties tend to have biocompatibility and biodegradability issues
[27]. On the other hand, biocompatible and biodegradable polymers (i.e. polylactic acid,
poly(succinimide)) typically suffer from lack of mechanical strength [28].

Therefore, we also investigated the effects of mechanically induced fibre orientation and
multi-layer addition aiming to improve the mechanical characteristics of the fabricate PSI
meshes. Approaches to enhance the mechanical properties of electrospun nanofibrous meshes
have been implemented in the past. These can be categorized as either physical or chemical
reinforcements. Fibre orientation, incorporation of additional components e.g. 3D printed
fibres, heat treatment etc., can be categorised as physical reinforcement methods [26,29]
while cross-linking for example is a chemical reinforcement method [30]. One method does
not necessarily exclude the other, in this study, however, we focus on a physical-based
reinforcement as it is the simplest of the two, it can be performed during the electrospinning
itself, and does not hinder any potential future modifications (e.g. addition of drugs,
nanoparticles etc.) to the system [31] with the use of additional chemicals which could affect
the polymer solution’s properties. While this work presents a methodology for a PSI system, a
secondary objective was that these modifications could be proved a useful tool for the
optimisation of other fibrous poly(amino acid) based systems with fibre quality or mechanical

issues.



2. Materials

L-Aspartic Acid (reagent grade > 98 %, Mw ~133, Sigma Aldrich, USA), Orthophosphoric
Acid (reagent grade > 99 %, Mw ~98, Sigma Aldrich, USA), Acetone Puriss (reagent grade >
99.5 %, Lach:ner, Czech Rebublic), Acetonitrile (reagent grade >99.5%, AnalaR
NORMAPUR® ACS, VWR Chemicals BDH®, VWR International, USA), Acetic Acid
(reagent grade > 99.7 %, Sigma Aldrich, USA), Dichloromethane (reagent grade >99.5%
stabilised with 2% ethanol, AnalaR NORMAPUR®, VWR Chemicals BDH®, VWR
International USA), N,N-Dimethylacetamide (reagent grade > 99.8%, technical, VWR
Chemicals BDH®, VWR International, USA), N,N-Dimethylformamide (recagent grade >
99.8%, AnalaR NORMAPUR®, VWR Chemicals BDH®, VWR International, USA),
Dimethyl sulfoxide (reagent grade >99.5%, dehydrated max. 0.03% H.O, AnalaR
NORMAPUR®, VWR Chemicals BDH®, VWR International, USA), Distilled Water,
Ethanol (reagent grade >99.5 %, Honeywell USA), Ethylene Glycol (reagent grade > 99.8 %,
Sigma Aldrich, USA), Methanol (reagent grade > 99.9 %, Chromasolv®, Sigma Aldrich,
USA), Methyl Ethyl Ketone (reagent grade >99.0% ACS, VWR Chemicals BDH®, VWR
International, USA), Propanol-1 (>99.5%, AnalaR NORMAPUR® Reag. Ph. Eur. analytical
reagent, VWR International, USA), Cyclohexane Puriss (reagent grade >99.5 %, Riedel-de
Haén®, Honeywell USA), 1-Octanol (reagent grade > 99 %, anhydrous, Sigma Aldrich,
USA), Tetrahydrofuran (anhydrous, inhibitor free, Reagent Grade >99%, Sigma Aldrich,
USA), Toluene (>99.5%, AnalaR NORMAPUR®, VWR Chemicals BDH®, VWR
International, USA)

3. Experimental Part

3.1 PSI Synthesis

L-aspartic acid and phosphoric acid were mixed at a 1:1 ratio and mixed in a rotary vacuum
evaporator system (RV10 digital rotary evaporator, IKA, Germany) (Figure 1. and Supporting
Figure 1). The mixture was heated to 180 °C while the pressure inside the flask was decreased
to 5 mbar at a predetermined gradual rate. The entire synthesis lasted eight hours. The PSI
characterization gave the same details as it was written in our previous paper [25,26] and had
a viscometry average molecular weight of 27500 + 3000 g/mol. Further details about the
synthesis and quality control of the synthesized PSI can be found in the research group’s

previous works [32,33].



Figure 1. PSI synthesis steps: A. thermal polycondensation, B. dissolution in DMF, C. precipitation in water, D. polymer
washing through filtration, E. drying in dehydrator

3.2 Solubility Study

Choosing a solvent is paramount when preparing a polymer solution for electrospinning.
Interestingly, polysuccinimide solubility data is very limited. A selection of solvents typically
used for polymer solutions intended for electrospinning was therefore selected and solubility
studies were performed. Polymer concentration was set at 10 w/w % (0.1 g PSI + 0.9 g
Solvent). Solutions were prepared with a magnetic stirrer at room temperature. The solutions

were measured with Agilent 8453 UV-VIS spectrometer.

3.3 Viscosity and Conductivity Study

Examination of viscosity and conductivity was performed with solvents that were able to
dissolve the minimal 10 w/w % PSI concentration. Viscosity studies were performed with a
SV-10 Vibrational Viscometer (A&D Company, Limited, Japan) for the specific and a MFR
2100 Micro Fourier Rheometer (GBC Scientific Equipment Pty Ltd, Australia) for relative

measurements. An Orion Star™ Series Meter (Thermo Fisher Scientific, USA) was then used



for conductivity assessments. All measurements were performed in ambient laboratory
conditions (25 +1.5 °C, 30 15 %).

3.4 Nanofibrous Mesh Fabrication

Polymer solutions were transferred to 5 mL Luer slip-syringes (Chirana, Slovakia). equipped
with customized blunt needles of various diameters (Becton Dickinson, USA). Polymer
solutions were delivered by an infusion pump (KDS100, KD Scientific, USA). The electric
potential was provided by a high voltage DC supply (73030P series, Genvolt, UK). The
grounded collector was a custom made rotating cylinder (width = 10 cm, diameter = 8 cm).
The electrospinning setup can be seen in Figure 2. The exact details about the polymer
concentrations and electrospinning parameters presented in the main manuscript can be found
in Table 1 and 2. Parameters of additional meshes can be found in the Supporting information
(Supporting Table 1).

Table 1. Preliminary electrospinning parameters

PSI Needle Collector | Collector
] Voltage Flow Rate . .
Concentration Solvent Size Distance Speed
(kV) (ml/h)
(W/w %) (G) (cm) (rpm)
DMACc
25 DMF 13 1 18 15 60
DMSO




Table 2. Parameters of PSI-DMF meshes presented in the manuscripts

PSI Needle Collector Collector
) Voltage Flow Rate ] )
Concentration Diameter Distance Speed
(kV) (ml/h)
(wiw %) (G/mm) (cm) (rpm)
60
225 13 06255 18/0.838 ;8 2000
25 15 1 30/0.159 o5 4000
6000
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Figure 2. Electrospinning setup and investigated parameters presented in the study
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3.5 ATR-FTIR Analysis

Chemical analysis of the electrospun fibrous meshes was performed using an FTIR
spectrophotometer (4700 series type A, JASCO, Japan), equipped with a diamond ATR head
(ATR Pro One, JASCO, Japan). All measurements were carried out in a mid-infrared range of
wavelength (4000 — 400 cm™?), with 2 cm™ resolutions and 126 total number of scans. Prior to
starting the analysis, background spectra (H20, CO2, ATR Head exclusion) were obtained on
a clean and dry diamond crystal and were subtracted from the sample spectra.



3.6 Fibre Quality and Size Analysis

Small samples (10 mm?) were taken from the prepared meshes. Images were taken with a
JSM 6380LA scanning electron microscope (JEOL, Japan). After securing them on an adaptor
with conductive stickers, samples were coated with a thin layer of gold using a JFC-1200
Sputter Coating System (JEOL, Japan). The applied voltage was 15 kV and micrographs were
obtained at a 1000x, 2500x and 5000x magnifications. Average fibre diameter and size
distribution were determined by measuring 100 individual fibres. All measurements and
studies were performed using Fiji software (Open Source Software) and a non-parametric
one-way ANOVA analysis (Kruskal-Wallis test, p<0.05) was performed using STATISTICA
10 software (TIBCO Software Inc, USA)

3.7 Uniaxial Mechanical Studies and Mesh Reinforcement

After the optimisation of the meshes according to fibre diameter, a mechanical study was
performed on the meshes. Rectangle samples (1.5 cm x 6 cm) were taken from the selected
meshes in both a vertical (N = 5) and horizontal (N = 5) orientation (to that of the collector’s

axis of rotation) direction (Figure 3).

Vertical Samples Horizontal Samples

Figure 3. Visual comparison of vertical and horizontal samples taken from a single layer mesh

For the study, a uniaxial mechanical tester (4952, Instron, USA) was used. Samples were
pulled until tearing at a pulling speed of 1 mm/minute. The highest load registered was
regarded as the maximal sustained load. Mechanical assessment of thin fragile and soft
biomaterials can be a challenging task, therefore, to be as objective as possible, the surface

area and the mass of the samples were both taken in to consideration.



A specific loading capacity was calculated using the following formula:

o . Nm? Maximal Sustained Load (N)
Specific Load Capacity ( g ) =

Area Density (%)

where

Sample Mass (g)
Sample Sur face Area (m?)

. g
Area Density (W) =

To reinforce the meshes from different directions. 10 x 10 cm samples were cut from the
meshes then placed onto each other creating four-layer stacks. Different arrangements were
prepared with layers having different fibre orientations (Figure 4). The four-layer meshes
were then compressed along their entire surface with 5 t of pressure with a hydraulic press
(RH-97331 Hydraulic Press, Shanghai Reach Automotive, China). Vertical and horizontal
rectangles samples (1.5 x 6 cm, N = 5) were subsequently cut and uniaxial mechanical
measurements were once again performed in a similar manner to the single layer samples.

A non-parametric one-way ANOVA analysis (Kruskal-Wallis test) was performed on the
Specific Load Capacities using STATISTICA 10 software (TIBCO Software Inc, USA)
(p<0.05).

A B C

Figure 4. Four-layered mesh arrangements: A. 4 x 0°, B: 0°+90° variation, C: 0°+45° +90° +125°, D: 0°+ non oriented
fibre layer variation



4. Results and Discussion

4.1 Solubility Study

As observed in Figure 5, PSI can be dissolved in dimethylacetamide (DMAC),
dimethylformamide (DMF) and dimethyl sulfoxide (DMSOQO) (Supporting Figure 2).
Furthermore, PSI dissolution in DMF was almost immediate occurring even at room
temperatures without requiring assistance. On the other hand, although PSI can be dissolved
in DMAc and DMSO however, this occurs at slower rates unless assisted heating (40-50 °C)

is implemented.
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Figure 5. Solubility study results for 10w/w% PSI

The colour of the polymer solution changes as the polymer concertation increases. At 10 w/w% its
yellow and almost transparent while at 25 w/w % it becomes dark amber (Supporting Figure 3). As
results show PSI is truly soluble only in three of the tested organic solvents, while in the limited

literature regarding electrospun PSI fibres only DMF was utilised [32,34].

4.2 Viscosity and Conductivity Study

Subsequent to the solubility study, the first round of the viscosity and conductivity
investigation was performed with solvents that were able to dissolve the PSI. The
concentration was 25 w/w % as typically this concentration is used for PSI electrospinning
[34,35]. DMSO and DMF solutions as expected proved to be the most viscous and least
viscous solutions (Table 3). DMF proved to be the most conductive (Table 3). These results
are rather unexpected as they do not concur with the properties of each organic solvent
provided by the literature (Table 4). The results suggest that some type of polymer-solvent
interaction is occurring between PSI and DMF. This phenomenon has been documented



before [35]. Additional comparative viscosity measurements performed with the rheometer
depicting relative viscosities can be found in the Supporting information (Supporting Figure
4).

Table 3. Viscosity and conductivity measurements results using different solvents at 25 w/w % PSI

Sample Temperature (°C) Viscosity (mPas) | Conductivity (uS/cm)
DMAc 3150 3.316 £0.03
DMF 24 +1 2810 20.748 £0.04

DMSO 8020 4.625 +0.04

Table 4. Properties of the used organic solvents according to the chemical data banks (HSDB, ICSC, CAMEO Chemicals)

) Density Viscosity Vapour Pressure ) )
Solution Dielectric Constant
(g/mL) (mPas) (mm Hg)
DMACc 0.936 0.945 2.00 37.8
DMF 0.944 0.920 3.87 36.7
DMSO 1.100 1.987 0.60 46.7

Viscosity and conductivity of PSI-DMF solutions was further examined. In Table 5, a correlation is
observed as decreasing the concentration results in a decreases in viscosity and increase in
conductivity.

Table 5. PSI/DMF solution viscosity and conductivity

Sample Temperature (°C) Viscosity (mPas) | Conductivity (uS/cm)
25 Wiw% (DMF) 2810 20.748 +0.04
22.5 w/w% (DMF) 2440.5 716 21.453 £0.04
20 w/w% (DMF) 320 22.318 +0.03

4.3 Fibre Quality and Size Optimisation
Effect of Solvents

Scanning electron microscopy examination was performed to visualize the quality of the
fabricated nanofibres and the effect of the different solvents. DMF proved to be the best
option as not only the polymer solution preparation was achieved with less effort but the
produced fibres are evidently the best in terms of quality (Figure 6). In contrast DMAc and

DMSO based solutions produced fibres containing beads and other artefacts (Figure 6).



Figure 6. Electrospun meshes produced with 25 w/w % PSI in DMSO, DMAc, and DMF. Note: exact electrospinning
parameters can be found in Table 1. Scale bar set at 10um

In addition to having the highest vapour pressure examining the viscosity and conductivity
study results DMF based solutions had the lowest viscosity and highest conductivity (Table 5)
indicating that these parameters are needed to produced quality PSI fibres. While DMSO and
DMACc did not produce fibres of equal quality to DMF, these solvents could be potentially
beneficial in formulation of binary solutions for electrospinning or blend electrospinning of
two polymers [36]. This is further suggested by the chemical analysis, as prominent peaks
found in the solvents cannot be found in the corresponding meshes therefore we can conclude
that the solvents have indeed evaporated during the electrospinning process and can be
utilised without any potential side effects caused by the solvents. The characteristic peaks
from the meshes concur with ones found in other works and not significant difference can be
found amongst meshes fabricated using different solvents. Examining Figure 7, in order; the
peaks depict the asymmetric stretching vibration (1705 cm™), the stretching bending vibration
(1385 cm™?) for the imide ring, the C—N stretching vibration (1159 cm™), the C=C (835 cm™)
and C-H (697 cm™) bending vibration [37].

Based on these finding all the following experiments were done by using DMF as a solvent.
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Figure 7. ATR-FTIR analysis of meshes produced with 25 w/w % PSI

Effect of Collector Speed and Distance

Increasing the speed of the collector had one prominent effect, increasing fibre alignment. In
Figure 8 (A-D) the correlation of collector speed and fibre alignment can be visually as well
as quantitatively observed. Regarding fibres size, the influence of the collector speed was
deemed insignificant as the fibre size changes were within the standard deviation and
statistically not significant. In addition, collector distance was also proven to be a non-
significant parameter as neither fibre size or orientation was influenced (Supporting Figure 5).
This is contradictory to what the relevant literature indicates as typically larger distance

correlates with thinner fibers [38—40] making PSI an excpetion.
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Figure 8. Effect of collector speed on fibre alignment (25% PSI/DMF). Scale bar set at 10um

Effect of Needle Size and Flow Rate

Needle size and flowrate adjusted together can significantly decrease the fibre diameter of the
meshes. These two parameters have a rather synergistic relationship which can be exploited to
decrease the fibre diameter without altering the concentration of the polymer solution. This
can be especially useful for example in cases where drugs, nanoparticles or other components
have been added to the polymer solution. Figure 9 depicts the results achieved by using the
largest and smallest needle we had in our disposal and the effect of the decreased in flow/rate.
The combined effect of these two parameters was able to produce significant 130 nm decrease
in fibre size (from 550 £120 to 420 + 60, p < 0.0005) but also narrow the fibre size deviation
from the mean, making these meshes not only composed of thinner but more uniform fibres.
Decreasing the flow rate was not significant only in two occasions (Figure 9). Additional
results depicting the all investigated needle sizes and flow rates can be found in the

Supporting Information (Supporting Figure 6). While decreasing the flow rate makes the



mesh fabrication more time consuming, options such as multiple needle setups or multi-

needle spinnerets can be utilised to circumvent this issue.
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Figure 9. Effect of decreasing needle diameter and flow rate (electrospinning parameters: 13 kV, 25cm, 6000 rpm, 25%
PSI/DMF), Note: the inner diameter of the 18 and 30 G needles are 0.838 and 0.159 mm respectively

Effect of Polymer Concentration and Voltage

Polymer concentration and voltage are also two parameters which are rather closely
connected as they are typically adjusted together. Generally, increasing the concentration
produces thicker fibres, and on the contrary increasing the voltage results in thinner fibres.
The lowest PSI concentration producing fibres without defects was 22.5 w/w %. At lower
concentrations (22 and 21 w/w %) bead formation was visible (Supporting Figure 7).
Furthermore, the upper voltage limit was 15 kV as by further increasing it, the jet becomes
unstable, hindering uniform fibre formation. As observed in Figure 10, after decreasing the

concentration and increasing the voltage the produced fibres are even visually thinner.



Figure 10. Effect of polymer concentration and voltage (solvent: DMF). Scale bar set at 5um

Increasing the voltage did not decrease the fibre dimeter although it shortened the standard

deviation of the average fibre size (Supporting Table 1). In contrast, the added adjustment of

concertation to the previously optimised parameters produced fibres of 280 + 50 nm diameter
and had statistically the most significant effect (p < 0.0005) (Table )

Table 6. Effect of concentration on fibre diameter

Polymer Flow Collector Average fiber
Concentration Voltage rate distance Collector speed diameter
(Wiw %) VY1 (mirmy (cm) (rpom) (nm)
25 615 +100
15 0.25 20 6000
22.5 280 +50

)

With fibres of this diameter range, literature reports significantly better results regarding

biomedical applications. According to several studies, cell adhesion, proliferation and

differentiation was higher on scaffold composed of thinner fibres [41,42]. As PSI is a

poly(amino acid) and a biocompatible and biodegradable polymer [13,43], PSI fibrous



systems with advantageous fibre sizes would greatly complement an already promising
candidate for tissue engineering. On the other hand, a nanofibrous drug carrier system could

also benefit as the total surface area of the system is dramatically increased [44].

4.4 Uniaxial Mechanical Studies and Mesh Reinforcement
Effect of Fibre Alignment

Mechanical orientation of electrospun fibres has been already documented in literature
[26,45]. This effect can be utilised to increase the mechanical performance of fibrous
materials in the direction of the orientation. However, the method can be simultaneously
counterproductive as while improving the performance of the meshes from one direction (the
direction of fibre orientation, parallel with the axis of the collector rotation) the meshes
weaken in the other (90° to the fibre orientation). In Figure 11 the increase of the specific
loading capacity can be observed. By increasing the rotational speed of the collector the
mechanical performance drastically improves in one direction while decreasing it in the other.
This can be explained the increase in fibre alignment. When exposed to a pulling force, fibres
resist better when the vector of the force matches the orientation of the fibres. In contrast,
when fibres are pulled from direction 90° to that of their alignment the mesh performs poorly.
As this is a physical system with no cross-linkage features, when highly oriented fibres are
pulled from a horizontal direction the fibre-fibre attachment, entanglement and traction is
minimal resulting in a mechanically weak performance. This is further evident as no
significant difference was documented in the specific loading capacity of 4000 rpm (p = 0.51)
and 6000 (p = 0.27) rpm samples compared to the 2000 rpm samples or between the 4000 rpm
and 6000 rpm samples (p = 0.51) while a significant difference as observed in the

corresponding horizontal samples (p < 0.05) (Figure 11).



1.0

[1]]])Vertical
r Horizontal
N-E-n 0.8 - A A A
E ° ®
3 e
= 0.6 -
'S
N -
=%
=
“ 04+
~
=
2 L
%) ] | ]
=
5 0.2
g * *
wn i i‘
0.0 - I l

60 rpm 2000rpm 4000 rpm 6000 rpm

A Specific loading capacity significantly different to the vertical 60 rpm samples
M Specific loading capacity significantly different to the horizontal 60 rpm samples
* Specific loading capacity significantly different to the horizontal 2000 rpm samples

@ Specific loading capacity not significantly different to the vertical 60 rpm samples

Figure 11. Effect of collector speed/ on the mechanical properties of the meshes

Fibre Diameter Correlations

Surprisingly the effect of fibre diameter on the mechanical performance of a fibrous material
is not universal. According to the relevant literature, a smaller fibre diameter results in an
increase of tensile strength [26,46]. However, PSI seems to be an anomaly in this regard as
meshes composed of thinner fibres (d = 280 +50 nm) were significantly weaker (p < 0.0005)
than ones with thicker fibres (d = 615 £105 nm) (Figure 12). We could not find a literature
reference regarding the mechanical performance of other electrospun non-composite
poly(amino acid) materials. The decrease of specific loading capacity could be in the future
compensated by chemical methods like heat treatment, freeze cycles, addition of other
components [47,48]. However, it is apparent that fibre size should be determined according to

the desired application as it is essential in terms of mechanical performance.
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Multi-layer Compression
The technique was successful in enhancing the bidirectional mechanical performance of the

meshes. In Figure 13, representative stress-strain curves of the different mesh layer
configuration as well as their specific loading capacity is presented. Examining the results, it
is evident that when alignment is kept in parallel as expected, no change is observed in the
horizontal direction. In contrast, in a configuration where the layers placed with 90°
alternating directions the mechanical performance of the mesh is significantly improved from
either direction (p = 0.04). When the mesh is configured having 45 ° alternating directions a
similar effect is observed, however the specific loading capacity is significantly less (p =
0.04). The fourth configuration with the aligned and randomly oriented layers performed
better than expected but not as well as the aligned meshes with 90° alternating directions. In
addition, while the difference may seem small, aligned meshes are more uniform as shown by
their stress-strain curves and therefore their performance can be predicted which in practical
terms means they will be trustworthy during application. The corresponding mesh
configuration with the thinner fibres can be found in the Supporting information (Supporting

Figure 8).
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Figure 13.Mechanical evaluation of multi-layer meshes
6. Conclusion

The purpose of this study was to comprehensively investigate and optimise electrospun
poly(amino acid) nanofibrous meshes. The first objective was to decrease fibre size as much
as possible without lowering the quality of the electrospun fibres. From the different solvents,
DMF was the best to prepare defect free fibers during the electrospinning, thus the further
optimization was based on that solvent. The thinnest fibres (280 nm) were produced at a 22.5
w/w % PSI concentration, 15 kV voltage, with a 6000 rpm rotating collector at a 25 cm
distance with a 0.25 ml/h flow rate and a 30 G needle, according to our results polymer
concentration flow rate and needle size were the most crucial parameters. Improvement of the
mechanical parameters was achieved mechanically induced fibre alignment with the help of a
high speed rotating cylindrical collector resulting in an almost three-fold increase of specific
loading capacity.. PSI seems to be an anomaly regarding fibre diameter and mechanical
performance correlation. While in most cases electrospun systems with smaller fibre

diameters have larger tensile strengths, PSI does not follow this pattern. In addition, multi-



layer stacking oriented layers improved the mechanical performance of the meshes from
different directions. According to our result using the four-layer mesh where fiber orientation
is alternating at perpendicular positions is is the most reliable option having enhanced
performance on both axes. Furthermore, compared to randomly oriented samples where fibre
alignment cannot be regulated, perpendicularly positioned layered meshes are more
reproducible and trustworthy. Polysuccinimide, being an easily modified polymer has high
functionalisation potential. With optimisation of its features, it can be specifically designed

according to the desired application.
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