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A B S T R A C T   

Poly(aspartic acid) (pAsp)-based fiber networks were developed via electrospinning and photo-crosslinking. 
Fiber networks hold the advantage that they exhibit a high surface-to-volume ratio, giving rise to a high 
water uptake and retention capacity, along with the ability to release moisture under desired circumstances (e.g. 
reduced relative humidity, mechanical pressure, etc.). Herein, polysuccinimide (PSI), the precursor of pAsp, was 
modified with 5-norbornene-2-methylamine to obtain crosslinkable norbornene-modified PSI (PSI-NB) with two 
different degrees of substitution, i.e. 19% and 46%. These derivatives were electrospun into thin uniform fibers 
after optimization of the processing parameters. The fiber sheets were crosslinked via a thiol-ene step-growth 
mechanism with three different thiol crosslinkers exploiting UV-A irradiation in the presence of TPO-L as photo- 
initiator. Using this strategy, fiber networks with diameters ranging between 1.27 ± 0.29 and 2.20 ± 1.05 µm 
were obtained, as visualized with scanning electron microscopy (SEM). Successful crosslinking was evidenced by 
a dissolution test in dimethylformamide and through X-ray photoelectron spectroscopy. Finally, the PSI-NB fiber 
networks were hydrolyzed to obtain pAsp-NB fiber networks by alkaline hydrolysis in a carbonate buffer solu
tion, as confirmed by Fourier-transform infrared spectroscopy. The morphology of the fibers following hydrolysis 
was visualized by SEM and the average fiber diameters were calculated and compared to the diameters before 
hydrolysis, generally showing a diameter increase due to swelling of the fibers in aqueous solution. In conclusion, 
pAsp-based fiber networks were successfully developed and stabilized via photo-crosslinking.   

1. Introduction 

Electrospinning is a versatile, low-cost processing technique able to 
fabricate thin polymer fibers with diameters in the micro- and nano
meter ranges [1]. It relies on the generation of electric charges on the 
surface of a polymer solution or melt by application of a high voltage 
between a nozzle and a collector plate, causing an ejection of a polymer 
jet once the accumulated charges overcome the surface tension, result
ing in stretching into thin fibers [2–4]. Due to the small dimensions that 
can be obtained with electrospinning, electrospun fibers are character
ized by a particularly high surface-to-volume ratio and interesting me
chanical properties (Young’s moduli up to 2.07 × 105 MPa, depending 
on the material type) [5], rendering fibrous structures useful for many 
applications, e.g. food packaging [6], energy-conversion materials like 
solar cells and batteries [7,8], materials for filtration [9], 

pharmaceuticals and drug delivery [10,11], cosmetic applications and 
wound dressings [12,13]. Furthermore, electrospun fibrous structures 
strongly resemble the human extracellular matrix, making them highly 
useful in the field of tissue engineering [14–17]. However, for many of 
the above-mentioned applications, crosslinking of the fibers is required 
in order to retain their integrity in a medium and protect them from 
dissolving, which would result in loss of structure and consequently also 
loss of the properties [18]. Crosslinking is generally realized during 
electrospinning (i.e. reactive electrospinning) [19–21] or via the modi
fication of polymers with crosslinkable side-groups followed by 
post-electrospinning crosslinking, including exposure of the cross
linkable electrospun fibers to UV light [22,23], heat [24] or γ-irradiation 
[25]. 

A wide range of polymers have been processed via electrospinning, 
both synthetic and natural, to obtain fibrous hydrogel structures, for 
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example collagen [26], gelatin [27,28], alginate [29], poly(oxazoline)s 
[30,31], acrylate-endcapped polyurethanes [13,32,33] and poly(acrylic 
acid) [34]. Collagen, gelatin and alginate are natural polymers exhib
iting excellent biocompatibility and biodegradability. As a result, they 
are extremely useful for the preparation of fibrous membranes serving 
biomedical applications, but they suffer from issues in terms of repro
ducibility and limited freedom regarding modification strategies [35]. 
Poly(oxazoline)s are biocompatible synthetic polymers, with hydro
philic or hydrophobic properties depending on their side chain, which 
are synthesized in a controlled manner via cationic ring-opening poly
merization [36]. The main advantage associated with 
acrylate-endcapped polyurethanes encompasses their solid-state pho
to-crosslinkability, in addition to their hydrophilicity and biocompati
bility. However, these polymers also have limitations in terms of 
introducing functional side-groups [13]. Finally, poly(acrylic acid) is a 
synthetic polymer with a particularly high water absorption capacity as 
a result of its anionic nature, but it is based on fossil raw materials and it 
is also not biodegradable [37]. 

One type of polymers which have been emerging in recent years for 
fiber fabrication are poly(amino acid)s [38,39]. These synthetic poly
mers consist of amino acids, which are the building blocks constituting 
proteins and are therefore intrinsically biocompatible [40]. One of these 
is poly(aspartic acid) (pAsp), which is a water-soluble polyanionic 
polymer with excellent biocompatibility, biodegradability and proper
ties similar to poly(acrylic acid). Therefore it has been considered as a 
sustainable alternative thereof [41,42]. When crosslinked, pAsp 
hydrogels can be made which exhibit a high water absorption capacity 
due to the high abundancy of carboxylic acid groups present in their 
chemical structure [43]. pAsp can be obtained by hydrolysis of its pre
cursor polysuccinimide (PSI), which is synthesized through poly
condensation of aspartic acid or by a reaction of maleic anhydride. Since 
PSI consists of reactive succinimide groups, modified pAsp can be easily 
synthesized by reaction of PSI with virtually any functional primary 
amine under mild reaction conditions followed by hydrolysis of the 
remaining succinimide units, providing a widely accessible range of 
modified pAsp derivatives [44]. pAsp-based fibrous materials hold great 
potential for use in biomedical (e.g. drug delivery [45,46], wound 
healing [47] and tissue engineering [20,48]) as well as sensing [49,50] 
applications. In addition to the high surface-to-volume ratio, surface 
area and porosity, which are characteristic for fibrous structures ob
tained via electrospinning [51], these applications can also greatly 
benefit from the hydrophilicity and anionic nature of the pAsp backbone 
[39,52,53]. As a result of their intrinsic hydrophilicity, pAsp-based 
fibrous networks show a high water uptake/retention capacity, 
rendering them promising for several applications, e.g. wound dressings 
and hydrating face masks [39,54]. Moreover, due to the possibility to 
introduce various functional side-groups in pAsp, electrospun fibrous 
pAsp networks can be highly tailored towards the desired application, 
for example to introduce affinity towards drugs or additives to create 
therapeutic wound dressings and skin care masks [54,55]. However, 
waterborne electrospinning of pAsp has not yet been described in 
literature and electrospinning from aqueous solutions is generally 
challenging due to the high boiling point of water [56]. Therefore, 
pAsp-based fibrous materials can be obtained by electrospinning of 
(modified) PSI, crosslinking and subsequent hydrolysis of the PSI fiber 
meshes. Crosslinking of PSI fibers is either done via reactive electro
spinning or via post-electrospinning crosslinking. Reactive electro
spinning of PSI can be done by electrospinning of modified PSI (e.g. with 
cysteamine) and spontaneous crosslinking of the fibers when they are 
emerging from the Taylor cone upon exposure to a trigger (e.g. exposure 
to air or UV light) [20,48,57] or via co-axial electrospinning when 
separate solutions of PSI and the crosslinker are electrospun and react by 
coming into contact with each other when leaving the needle [21]. 
Crosslinking via a post-electrospinning method on the other hand usu
ally involves electrospinning of unmodified PSI and treatment with a 
solution containing a diamine to modify and crosslink the fibers [49,50, 

58–60]. Another possible post-electrospinning crosslinking method en
compasses plasma treatment of electrospun allylamine-modified PSI 
[18]. 

Herein, we report the fabrication of fibers from PSI modified with 
norbornene side-groups followed by thiol-norbornene crosslinking upon 
UV irradiation, which is, to the best of our knowledge, the first report on 
photo-crosslinkable PSI fibrous materials. Using photo-induced cross
linking allows to tune the properties of the fiber networks by control 
over crosslinking density via the degree of modification of the electro
spun fibers and variation of the thiol crosslinker used, in terms of spacer 
length, functionality and chemical structure. The parameters for elec
trospinning were optimized to obtain uniform, thin fibers which were 
investigated via scanning electron microscopy (SEM) and the fiber 
diameter distribution was calculated. The fibers were crosslinked with 
three structurally different thiol crosslinkers, as evidenced by a disso
lution test and X-ray photoelectron spectroscopy (XPS). The crosslinked 
PSI-based fiber networks were converted into pAsp-based fiber networks 
through hydrolysis in an alkaline buffer solution, as shown by Fourier- 
transform infrared (FTIR) spectroscopy, and the influence of hydroly
sis and the crosslinker used on the fiber morphology and diameter was 
investigated. 

2. Materials and methods 

2.1. Materials 

DL-dithiothreitol (DTT, 97.0%), 2,2’-(ethylenedioxy)-diethanethiol 
(EDDET, 95.0%), trimethylolpropane tris(3-mercaptopropionate) 
(TMTMP, ≥ 95.0%), sodium bicarbonate (NaHCO3, ACS reagent, ≥
99.7%) and poly(ethylene glycol) (PEG, Mv ~ 1,000,000 g mol− 1) were 
purchased from Sigma-Aldrich. Sodium carbonate (Na2CO3, anhydrous, 
99.5%) was acquired from Acros Organics. 5-Norbornene-2-methyl
amine (NB-NH2, mixture of isomers, > 98.0%) was acquired from TCI 
Europe. Disinfectol (C2H5OH denaturated with 3% diethylether) was 
purchased from Chemlab. N,N-dimethylformamide (DMF, > 99.9%) was 
purchased from VWR. Ethyl acetate was supplied by UnivarSolutions. 
Ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (TPO-L) was sup
plied by SpeedCure. Deuterated dimethylsulfoxide (d6-DMSO, 99.8% D) 
was obtained from Eurisotop. All chemicals were used as received. 
Polysuccinimide (PSI) was prepared according to a procedure described 
previously [61]. Double distilled water was used for the preparation of 
aqueous solutions (Merck Synergy UV, Millipore Milli-Q gradient, ρ =
18.2 MΩ cm at 25 ◦C). 

2.2. Synthesis of norbornene-modified polysuccinimide (PSI-NB) 

Synthesis of PSI-NB was performed according to our previously 
established procedure [61,62]. In brief, PSI (Mn = 13,400 g mol− 1, Ð =
4.1) was dissolved in DMF (10 w/v%) at 60 ◦C. After complete disso
lution, NB-NH2 was added to the PSI solution. A degree of substitution 
(DS) of 20% and 50% was targeted for the final norbornene-modified 
polysuccinimide (PSI-NB) by adding 0.20 eq. and 0.50 eq. (with 
respect to the amount of succinimide units in the starting material) of 
NB-NH2, respectively. The reaction mixture was degassed 3 times and 
the reaction was continued for 24 h at 60 ◦C. The reaction mixture was 
precipitated in a 10-fold excess ethyl acetate, filtered, washed 3 times 
with ethyl acetate and dried under reduced pressure at 50 ◦C for 48 h. 

2.3. Electrospinning of PSI-NB 

Electrospun fibers were obtained using an in-house developed elec
trospinning set-up [22]. The set-up consisted of a high voltage source 
(Glassman high voltage DC power EL series), a collector plate and a 
syringe pump (ProSense B.V. NE-300) in a closed chamber with dehu
midifier to decrease the relative humidity (RH) (Figure S1, SI). Elec
trospinning was performed at room temperature (21.5 ± 1.5 ◦C) and the 
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relative humidity (RH) in the chamber was on average 32%. Solutions 
were prepared containing 30 wt% PSI-NB precursor in DMF and 0.5 – 
1 wt% PEG (1 × 106 g mol− 1) to ensure sufficient chain entanglements 
for electrospinning. The following parameters were varied in the elec
trospinning set-up: voltage (10 – 20 kV), needle diameter (18 – 21 
gauge), flow rate (0.2 – 1.0 mL h− 1) and needle-to-collector distance (15 
– 25 cm). The optimized electrospinning solution and parameters used 
to prepare fibrous samples for crosslinking and hydrolysis were: 30 wt% 
PSI-NB containing 0.5 wt% PEG (1 × 106 g mol− 1) in DMF, 15 kV 
voltage, 18 gauge needle diameter, 0.6 mL h− 1 flow rate and 25 cm 
needle-to-collector distance. 

2.4. Crosslinking of electrospun PSI-NB fibers 

Crosslinking of the fibrous samples developed with the optimized 
electrospinning parameters was attempted with two bifunctional thiol 
crosslinkers (DTT and EDDET) and one trifunctional thiol crosslinker 
(TMTMP) (Fig. 1). Crosslinking solutions containing an excess of the 
thiol crosslinker and TPO-L photoinitiator in disinfectol were prepared, 
taking into account the DS of the electrospun PSI-NB fibers and the 
functionality of the crosslinker. The composition of the solutions used is 
presented in Table 1. 

The samples (15 × 15 × 0.025 mm3) were incubated in 5 mL of the 
crosslinking solutions for 24 h at room temperature. The solutions were 
degassed with N2 gas for 1 min and sealed off from the air to limit the 
formation of disulfide bonds during the period of incubation. After
wards, the incubated samples were irradiated from the top with UV-A 
light (365 nm, 10 mW cm− 2, UVP High Performance UV Trans
illuminator) for 2 h to induce crosslinking. The samples were covered 
with a UV transparent glass plate to avoid evaporation of the cross
linking solution. The samples were removed from the solution and 
washed with disinfectol to remove residual traces of the photo-initiator 
and crosslinker, followed by drying in the vacuum oven for 24 h at 60 ◦C 
to remove possible solvent remnants. 

Crosslinking of the fiber networks was evaluated by a dissolution test 
in DMF. The crosslinked fibrous samples and a non-crosslinked fibrous 
sample were incubated in DMF for 6 h, followed by washing with double 
distilled water and drying in the vacuum oven for 24 h at 60 ◦C. SEM was 
used to evaluate the morphology of the samples before and after the 
dissolution test. 

2.5. Hydrolysis of PSI-NB fiber networks into pAsp-NB fiber networks 

The crosslinked PSI-NB fiber networks were hydrolyzed to obtain 
crosslinked pAsp-NB fiber networks. The samples were placed in 3 mL of 
carbonate buffer (0.1 M, pH 10) for 6 h at room temperature to induce 
ring-opening of the succinimide rings in the fibrous structures. The 
samples were removed from the buffer solution and rinsed with double 
distilled water. The samples were dried overnight in the vacuum oven at 
80 ◦C. 

2.6. Characterization 

2.6.1. Nuclear magnetic resonance (1H NMR) spectroscopy 
1H NMR spectra were recorded on a 300 MHz Bruker Avance I 

Ultrashield spectrometer at room temperature with d6-DMSO as solvent. 
Spectra were analyzed using MestReNova software. 

Fig. 1. (a) Chemical structure of PSI-NB, (b) chemical structures of the three thiol crosslinkers used to obtain PSI-NB fiber networks, i.e. DL-dithiothreitol (DTT), 2,2’- 
(ethylenedioxy)diethanethiol (EDDET) and trimethylolpropane tris(3-mercaptopropionate) (TMTMP), and (c) schematic representation of the thiol-norbornene 
crosslinking reaction. 

Table 1 
Constitution of the solutions used for crosslinking of the PSI-NB fibrous samples.  

Crosslinker PSI-NB target DS 20% PSI-NB target DS 50% 

CTPO-L (w/v 
%) 

Ccrosslinker (w/v 
%) 

CTPO-L (w/v 
%) 

Ccrosslinker (w/v 
%) 

DTT  0.05  0.75  0.12  1.75 
EDDET  0.05  0.75  0.12  1.75 
TMTMP  0.05  0.50  0.12  1.15  
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2.6.2. Gel permeation chromatography (GPC) 
GPC measurements were performed on a Waters Alliance e2696 

Separations Module device coupled to one PSS GRAM analytical GPC 
precolumn (8.0 × 50 mm2, 10 µm particle size), followed by one PSS 
GRAM analytical GPC column with molar mass range 100 – 
10,000 g mol− 1 (8.0 × 300 mm2, 10 µm particle size) and two PSS 
GRAM analytical GPC columns with molar mass range 1000 – 
1,000,000 g mol− 1 (8.0 × 300 mm2, 10 µm particle size) connected in 
sequence and exposed to a column temperature of 40 ◦C. Detection was 
based on a refractive index (RI) detector 2414 with temperature 35 ◦C. 
Molar masses were determined from the obtained retention times via an 
external calibration curve with ReadyCal-Kit PMMA standards (Mp =

800 – 2,200,000 g mol− 1). As eluent, DMF containing 0.035 mol L− 1 

LiCl was used at a flow rate of 1 mL min− 1. Samples were prepared by 
dissolving 5 mg of polymer in 1.5 mL of eluent. 

2.6.3. Viscosity measurements 
Prior to electrospinning, the viscosities of 30 wt% PSI-NB19 con

taining 0.5 wt% PEG and 30 wt% PSI-NB46 containing 0.5 wt% PEG 
were measured through rheology. Rheology measurements were per
formed on an Anton Paar Physica MCR 301 rheometer with parallel 
plate-plate geometry, with an upper plate diameter of 25 mm (PP25). All 
measurements were performed at 25 ◦C with a shear rate of 30 s− 1. 
300 µL of the solution was injected between the parallel plates and a 
measuring gap of 0.300 mm was employed. The measurements were 
performed in triplicate for statistical relevance. 

2.6.4. Scanning electron microscopy (SEM) 
Fiber diameters and morphologies of the electrospun samples were 

visualized by SEM. Images were obtained with a Jeol JCM-700 benchtop 
SEM. The samples were dried prior to visualization in the vacuum oven 
at 60 ◦C for 24 h to remove all potential solvent remnants. Samples were 
attached to the sample stage with EM-Tec CT12 double-sided conductive 
carbon tape and sputter-coated with gold particles using an automatic 
Emitech Au Sputter Coater K550X with a RV3 two-stage rotary vane 
pump. Average fiber diameters and their standard deviations were 
determined using ImageJ software based on 100 measurements for each 
sample. 

2.6.5. X-ray photoelectron spectroscopy (XPS) 
Incorporation of the thiol crosslinkers in the fiber networks was 

studied by XPS. The PSI-NB fiber networks crosslinked with the three 
different thiol crosslinkers were compared to the non-crosslinked PSI-NB 
fiber mats. XPS was performed using an S-probe monochromatized XPS 
spectrometer from Surface Science Instruments (VG). The device had a 
monochromatic Al Kα X-ray source (1,486.6 eV), a take-off angle of 45◦, 
a 10 kV voltage source and a 200 W power source. A flood gun and Ni 
grid were used for compensation of charging effects. The spectra were 
collected with a pass energy of 140.83 eV and energy steps of 0.160 eV. 
The base pressure of the measuring chamber was 1 × 10− 7 Pa. The spot 
size was 250 × 1,000 µm2. For each sample, two or three spots on the 
sample surface were measured and the relative atomic composition (at 
%) of the samples is given as the mean value of these measurements with 
their standard deviation. All spectra were analyzed using CasaXPS 
software. 

2.6.6. Fourier-transform infrared spectroscopy (FTIR) 
FTIR measurements were performed using a PerkinElmer Frontier 

FTIR spectrometer combined with a MKII Golden Gate Single Reflection 
Diamond ATR system from Specac. Spectra were recorded for a wave
number range of 600 – 4,000 cm− 1. The spectra were analyzed with 
PerkinElmer Spectrum Analysis software. 

2.6.7. Dynamic vapor sorption (DVS) 
DVS measurements were executed to determine the moisture uptake 

capacity of the pAsp-NB fiber networks at different RH as well as sample 

hysteresis during desorption. The DVS device consists of a Cahn mi
crobalance, a temperature-controlled housing and mass flow controllers 
to control the flow of wet and dry N2 gas. This set-up allows to control 
both RH and temperature. The temperature was set at 20 ◦C for all 
measurements. 5 – 10 mg fibrous sample was placed in the sample pan. 
A first step at RH of 0% was established to start with completely dry 
material. Afterwards, the RH was increased in systematic steps of 10%, 
with a final step of 8%, until a RH of 98% was reached. Every subsequent 
step was initiated when the change in sample mass as a function of time 
was lower than 0.002 mg min− 1. After an equilibrium value was ob
tained at the highest RH, desorption was realized by decreasing the RH 
via the same systematic steps as the sorption process until complete 
desorption was realized. 

2.6.8. Statistical analysis 
The obtained fiber diameters and pore sizes are reported as their 

mean value with standard deviation. Significant differences in fiber di
ameters and pore sizes were identified by a one-way ANOVA test, fol
lowed by a Tukey post-hoc test when more than two samples were 
compared and a student’s t-test when only two samples were compared. 
The tests were performed in SPSS Statistics 28 software and the level of 
significance was set at p ≤ 0.05. 

3. Results and discussion 

3.1. Synthesis and characterization of PSI-NB 

Photo-crosslinkable PSI was synthesized by modification of a PSI (Mn 
= 13,400 g mol− 1, Ð = 4.1, as determined via GPC in DMF containing 
0.035 mol L− 1 LiCl) precursor with a functional primary amine, namely 
NB-NH2 (Figure S2, SI). Two PSI-NB derivatives with a different targeted 
DS (20% and 50%) were synthesized by adding 0.20 and 0.50 eq. NB- 
NH2, with respect to the amount of succinimide units in the PSI. When 
adding 0.20 eq. NB-NH2, PSI-NB with a DS of 19% was obtained with a 
yield of 63%, while when adding 0.50 eq., PSI-NB with a DS of 46% and 
a yield of 82% was obtained, which will be further referred to as PSI- 
NB19 and PSI-NB46, respectively. The obtained DS was calculated 
exploiting the relative integrations from the 1H NMR spectra (Figure S3, 
SI). PSI-NB19 exhibited a number-average molar mass (Mn) of 
10,200 g mol− 1 and a dispersity (Ð) of 2.2 and PSI-NB46 had an Mn of 
12,300 g mol− 1 and a Ð = 1.9, as determined via GPC in DMF containing 
0.035 mol L− 1 LiCl (Figure S4, SI). 

3.2. Electrospinning of PSI-NB 

In order to produce PSI-NB based fibers which could be crosslinked 
and hydrolyzed, the parameters of the electrospinning process were 
optimized. The parameters were optimized for the PSI-NB19 derivative 
and afterwards also adopted for the PSI-NB46 derivative. The first 
parameter that was varied was the constitution of the polymer solution. 
Using a solvent with a moderate volatility (e.g. pure ethanol or mixtures 
thereof), which is generally beneficial for electrospinning as it results in 
a faster evaporation of the solvent upon deposition of the fibers [2,63], 
was not an option since the developed PSI-NB derivatives are only sol
uble in DMF and dimethyl sulfoxide (DMSO). Therefore, all solutions 
used for electrospinning were prepared in DMF. Solutions of PSI-NB19 in 
DMF with a concentration ranging from 20 to 50 wt% were prepared. 
The polymer concentration should not be too low as this leads to the 
formation of isolated droplets instead of a continuous flow when it 
leaves the needle, which is necessary to spin thin fibers, while a high 
concentration quickly leads to blockage of the needle [64]. However, 
electrospinning attempts of solutions of pure PSI-NB in DMF failed for all 
tested concentrations and electrospraying occurred instead, which en
tails the deposition of small particles from a polymer solution by fast 
evaporation of the solvent under the influence of the high voltage [65]. 
This process is related to electrospinning and uses a similar set-up, while 
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the occurrence of one versus the other is mainly dictated by the con
centration of the solution and the molar mass of the polymer. When the 
concentration and molar mass are both high, the charged polymer jet 
originating from the Taylor cone is stabilized by chain entanglements 
and elongation into fibers takes place by whipping instability [66]. 
When the concentration and/or the molar mass are however too low, 
insufficient chain entanglements are present to stabilize the jet, causing 
the fibers to break which results in the formation of fine droplets instead 
[64,67]. Hence, the formation of particles instead of fibers indicated that 
the molar mass of the polymer used was not high enough to provide 
sufficient chain entanglements. An elegant way to solve this problem 
encompasses the addition of another polymer with high molar mass in 
small quantities, for example high-Mw PEG (1 × 106 g mol− 1) [13,22, 
29]. Therefore, 0.5 versus 1 wt% high-Mw PEG were added to a solution 
of PSI-NB19 with a moderate concentration (30 wt%) to induce more 
entanglements and to improve fiber formation. 

The four other parameters that were varied in the set-up include the 
needle diameter, the distance between the needle and the collector 
plate, the flow rate of the polymer solution and the applied voltage. The 
needle diameters employed were 18 gauge (0.838 mm) and 21 gauge 
(0.495 mm). However, the use of a small needle diameter (21 gauge) led 
to blockage of the needle and an irregular polymer jet. Therefore, a 
needle diameter of 18 gauge was used for further optimization. 
Furthermore, the flow rate was varied between 0.3 and 0.6 mL h− 1, the 
needle-to-collector distance between 15 and 25 cm and the voltage be
tween 10 and 20 kV. SEM images of the resulting electrospun fiber 
sheets are displayed in Fig. 2 

When considering the SEM images, one can observe that rather 
uniform fibers with small diameters and a random deposition were ob
tained. For the solution containing 0.5 wt% PEG (Fig. 2a-b), the fiber 
diameter decreased when going from a flow rate of 0.3 – 0.6 mL h− 1 at a 
needle-to-collector distance of 15 cm and a voltage of 10 kV (images A 

Fig. 2. SEM images of fibers obtained through electrospinning of a solution of 30 wt% PSI-NB19 with a 18 gauge needle exploiting (a) 0.5 wt% PEG (1 × 106 

g mol− 1) and a needle-to-collector distance of 15 cm, (b) 0.5 wt% PEG (1 × 106 g mol− 1) and a needle-to-collector distance of 25 cm, (c) 1 wt% PEG (1 × 106 

g mol− 1) and a needle-to-collector distance of 15 cm or (d) 1 wt% PEG (1 × 106 g mol− 1) and a needle-to-collector distance of 25 cm in DMF and through variation of 
flow rate and voltage. The average fiber diameter is provided below each image. 
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and B). The latter is not in agreement with many literature reports, as the 
fiber diameter generally increases with increasing flow rate, since a 
higher flow rate results in a higher deposited volume and an increased 
fiber diameter [68,69]. However, other literature reports also showed 
that upon exceeding a critical flow rate threshold, again a decrease of 
the fiber diameter occurred [70,71]. At a distance of 25 cm, the fiber 
diameter showed the expected trend at 10 kV and the fiber diameter 
increased with increasing flow rate (images D and F), while the differ
ence in fiber diameter with variation of flow rate was not significant (p >
0.05) at a voltage of 20 kV (images E and G). For a flow rate of 
0.6 mL h− 1 and a distance 15 cm, there were no significant differences 
in average fiber diameter when going from 10 to 20 kV (images B and C). 
For a distance of 25 cm and a constant flow rate of 0.3 mL h− 1, there was 
no significant difference in fiber diameter when increasing the voltage 
(images D and E), while it did decrease with increasing voltage for a flow 
rate of 0.6 mL h− 1 (images F and G). Literature showed that the fiber 
diameter generally decreases with increasing voltage, which is a result 
of the electrostatic repulsive forces on the polymer surface, which results 
in a higher tensile force on the polymer jet and hence a reduction in fiber 
diameter. Considering a constant flow rate of 0.3 mL h− 1 and constant 
voltage of 10 kV, the fiber diameter also decreased with increasing 
needle-to-collector distance (images A and D), while this was the other 
way around for a flow rate of 0.6 mL h− 1 and a voltage of 10 kV (images 
B and F). At a higher voltage, the fiber diameter was independent of the 
distance (images C and G). Generally, the fiber diameter decreases with 
increasing needle-to-collector distance, as the solvent has more time to 
evaporate from the polymer solution jet and full extension of the fiber 
thread can be achieved [71]. For the solution containing 1 wt% PEG 
(Fig. 2c-d), fibers with defects (droplets and irregularities) were formed 
when electrospun at a flow rate of 0.3 mL h− 1 irrespective of the voltage 
and distance (images H, K and L). Therefore, these conditions were not 
considered as no uniform fibers could be produced. For a flow rate of 
0.6 mL h− 1, a decrease in average fiber diameter with increasing voltage 
was observed, both for a needle-to-collector distance of 15 cm (images I 
and J) and 25 cm (images M and N). The fiber diameter was independent 
of the needle-to-collector distance when considering a constant flow rate 
and voltage (images I and M; J and N). In Fig. 2, no images are presented 
for electrospinning at a flow rate of 0.3 mL h− 1, a distance of 15 cm and 
a voltage of 20 kV, both for 0.5 and 1 wt% PEG. For the solution con
taining 1 wt% PEG, no electrospinning was possible exploiting the 
conditions mentioned. For the solution containing 0.5 wt% PEG, fibers 
were deposited on the collector plate, but also thick threads of the 
polymer solution jet were deposited since the solvent was not 
completely evaporated. As the sample contained a lot of solvent rem
nants, no SEM pictures were recorded, but optical microscopy images 
show thin fibers connected by large clots of polymer solution (Figure S5, 
SI). 

Furthermore, the fiber diameter distribution of all samples obtained 

via electrospinning and resulting from a variation of the electrospinning 
parameters was determined. Fig. 3 shows the fiber diameter distribution 
of the samples which were electrospun with a needle-to-collector dis
tance of 25 cm and a voltage of 20 kV. For a solution of 30 wt% PSI- 
NB19 containing 0.5 wt% PEG (Fig. 3a-b), a non-uniform fiber distri
bution was obtained for a flow rate of 0.3 mL h− 1 with fiber diameters 
ranging between 0.30 and 2.40 µm. For a flow rate of 0.6 mL h− 1 on the 
other hand, a uniform distribution was observed with all fiber diameters 
ranging between 0.50 and 1.10 µm and the main fraction within 0.70 – 
0.80 µm (Fig. 2a, image G). For a solution of 30 wt% PSI-NB19 con
taining 1 wt% PEG (Fig. 3c-d), broader fiber diameter distributions 
could be observed at both flow rates applied. However, similar to the 
solutions containing 0.5 wt% PEG, the fiber diameter became more 
narrow with increasing flow rate. For a flow rate of 0.6 mL h− 1, the fiber 
diameter distribution was relatively narrow with all fiber diameters 
being situated between 0.50 and 1.40 µm. The fiber diameter distribu
tions for the other conditions are depicted in the supplementary infor
mation (Figure S6). 

Based on the results obtained from SEM and the calculated fiber 
diameter distributions, fiber sheets for crosslinking were prepared using 
the following electrospinning conditions: 30 wt% solution PSI-NB (DS 
19% or 46%) containing 0.5 wt% PEG (1 × 106 g mol− 1), 18 gauge 
needle diameter, 0.6 mL h− 1 flow rate, 25 cm needle-to-collector dis
tance and 15 kV voltage. Viscosity measurements of the employed so
lutions prior to electrospinning provided values of 2.01 ± 0.21 Pa s and 
1.4 ± 0.25 Pa s (25 ◦C, 30 s− 1 shear rate) for the 30 wt% PSI-NB19 +
0.5 wt% PEG and 30 wt% PSI-NB46 + 0.5 wt% PEG solution, respec
tively. Both viscosities observed are within the range of values reported 
earlier for electrospinning of PSI-based solutions in literature [20,46]. 

3.3. Crosslinking of electrospun PSI-NB fibers to obtain PSI-NB fiber 
networks 

The electrospun PSI-NB fiber sheets were crosslinked with three 
types of thiol crosslinkers to obtain PSI-NB fiber networks (Fig. 1). The 
thiol crosslinkers were selected based on their structural differences in 
order to study their effect on the fiber morphology following cross
linking. DTT is a bifunctional thiol with a relatively short spacer, EDDET 
is a bifunctional thiol with a slightly longer spacer and TMTMP is a 
trifunctional star-shaped thiol. Crosslinking was realized by incubating 
the PSI-NB fiber sheets in a solution with excess of the thiol crosslinker 
and the TPO-L photo-initiator in disinfectol for 24 h, followed by irra
diation with UV-A light for 2 h. The incubation period of 24 h was 
chosen to allow the crosslinking solution to penetrate into the fibers and 
allow crosslinking also in their core. Furthermore, it was also investi
gated whether the fibers could be crosslinked in the “dry state” by 
treatment with UV after removal of the crosslinking solution instead of 
in the solution. Investigation of the fiber morphology with optical 

Fig. 3. Distribution of the diameters of fibers obtained via electrospinning with a 18 gauge needle (0.838 mm), a needle-to-collector distance of 25 cm and a voltage 
of 20 kV exploiting a solution of 30 wt% PSI-NB19 containing (a) 0.5 wt% PEG and a 0.3 mL h− 1 flow rate, (b) 0.5 wt% PEG and a 0.6 mL h− 1 flow rate, (c) 1 wt% 
PEG and a 0.3 mL h− 1 flow rate or (d) 1 wt% PEG and a 0.6 mL h− 1 flow rate. 
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microscopy prior to SEM measurements showed a superior retention of 
the fiber morphology upon UV treatment in the presence of the cross
linking solution compared to in the absence of the solution, particularly 
for the crosslinked PSI-NB46 fibers (Figure S7, SI). Hence, UV treatment 
in solution was selected to retain the fiber morphology and to ensure 
maximum availability of the crosslinker and photo-initiator during the 
crosslinking process. 

To prove successful crosslinking, the obtained PSI-NB fiber networks 
were subjected to a dissolution test in DMF, which is an excellent solvent 
for PSI and PSI derivatives [60]. The non-crosslinked fiber sheets of both 
PSI-NB19 and PSI-NB46 immediately dissolved when they were 
immersed in DMF, while the crosslinked fiber networks remained intact, 
indicating the presence of crosslinks that maintained the fiber structure 
and protected them from dissolving. SEM was used to study the effect of 
incubation in DMF on the fiber morphology and fiber diameter. Fig. 4 
shows SEM images of PSI-NB19 and PSI-NB46 fibers crosslinked with 
DTT before and after exposure to DMF. For both crosslinked PSI-NB19 
and PSI-NB46, no visual changes in fiber morphology were apparent 
following exposure to DMF and the fibers could still be distinguished. 
The average fiber diameters observed were not significantly different (p 
> 0.05) before (1.93 ± 0.72 µm for PSI-NB19 + DTT and 1.48 ±
0.34 µm for PSI-NB46 + DTT) and after (1.89 ± 0.79 µm for PSI-NB19 +
DTT and 1.41 ± 0.24 µm for PSI-NB46 + DTT) the dissolution test. 

The presence of crosslinks was further evidenced by XPS measure
ments. The relative atomic composition in percentages (at%) of each 
sample was calculated as the average value of the elements obtained by 
measurement of two or three spots on the surface of each sample. The 
calculated relative at% for each sample are summarized in Table 2 and 
one representative spectrum of each sample can be found in the sup
plementary information (Figure S9). For all samples where a crosslinker 
was used, two signals for sulfur (164 eV for S 2p and 229 eV for S 2 s) 
could be identified in the spectra, which indicated the presence of this 
element in the fibrous structures and hence the incorporation of the thiol 
crosslinker. Only for PSI-NB19 + DTT, no S was detected, indicating that 
the at% was probably below the detection limit of XPS, which is 0.1 – 
1 at% for nearly all elements [72]. For PSI-NB46 + DTT on the other 
hand, the presence of S was clearly detected. When comparing the 
samples of PSI-NB19 and PSI-NB46 crosslinked with EDDET, one can 
observe that a significantly (p < 0.05) higher at% of S was obtained for 

the higher DS, as a higher content of crosslinker was used for higher DS 
PSI-NB. For PSI-NB46 + TMTMP, the at% of S was not significantly (p >
0.05) different from the at% obtained for PSI-NB19 + TMTMP. How
ever, XPS is a surface analysis technique with a penetration depth of 
~10 nm, hence only conclusions can be made regarding the composition 
of the surface of the samples and not on the bulk of the material. 

3.4. Hydrolysis of PSI-NB fiber networks into pAsp-NB fiber networks 

Following incubation in the crosslinking solution and treatment with 
UV irradiation, the PSI-NB fiber networks were incubated in a carbonate 
buffer solution (0.1 M, pH 10) at room temperature for 6 h to induce 
alkaline hydrolysis of the remaining succinimide units in the PSI-NB 
fibers to convert them into aspartic acid units thereby obtaining pAsp- 
NB fibers. The method for hydrolysis of the fiber networks was based 
on previously reported procedures [18,20,60], but the buffer solution, 
time and temperature were optimized for the fibers described herein. 
The samples were still visible and kept their integrity after this incu
bation period, indicating that they were not soluble in the buffer solu
tion and the crosslinks were strong enough to resist the swelling 
resulting from the conversion of PSI into pAsp. The color of the samples 
went from white to almost completely transparent and they exhibited a 
more gel-like appearance, indicating the conversion into a more hy
drophilic structure that absorbed the aqueous buffer solution. 

The conversion from PSI-NB fiber networks into pAsp-NB fiber net
works was confirmed by FTIR spectroscopy (Fig. 5), as PSI and pAsp 
both have characteristic signals in their fingerprint region that allow to 
differentiate between them [44]. Before hydrolysis, a characteristic 
band was observed at 1390 cm− 1 which originated from N-H bending 
and C-N stretching from the amide moieties. Furthermore, a strong peak 
at 1710 cm− 1 and a smaller peak at 1790 cm− 1 could be observed, which 
originated from the C––O stretching and an adjacent carbonyl coupling 
effect, indicating the presence of an imide ring structure. When 
considering the spectra of the PSI-NB46 fiber networks before cross
linking (Fig. 5b), the signal at 1650 cm− 1 became more prominent while 
it was only visible as a “shoulder” signal of the peak at 1710 cm− 1 in the 
spectra of PSI-NB19 fiber networks (Fig. 5a). This signal could be 
attributed to N-H bending which was stronger for PSI-NB46, as there 
were more NH entities present in the structure compared to PSI-NB19 
due to the higher modification degree. When comparing with the 
spectra after hydrolysis, the most pronounced difference was the 
disappearance of the strong signals at 1710 cm− 1 and 1790 cm− 1, 
indicating the absence of imides from PSI and the successful conversion 
into pAsp. Furthermore, an absorption band appeared at 1600 cm− 1, 
which was a result of the stronger N-H bending that originated from the 
higher abundancy of NH groups present in pAsp compared to PSI. 
However, only for PSI-NB46 crosslinked with TMTMP, the peak at 
1710 cm− 1 remained more prominent compared to the absorption band 
at 1600 cm− 1 after hydrolysis, indicating that conversion to pAsp-NB46 
upon incubation for 6 h in the buffer solution was not complete. This can 
be a result of the higher crosslinking density of the sample, causing less 
swelling of the network and consequently less hydrolysis. In an attempt 

Fig. 4. Comparison of the fiber morphology of (a) PSI-NB19 and (b) PSI-NB46 
fiber networks crosslinked with DTT before (top) and after (bottom) the 
dissolution test in DMF. 

Table 2 
Average at% with standard deviation of each sample calculated based on XPS 
spectra.  

Sample C 1 s (%) N 1 s (%) O 1 s (%) S 2p (%) 

PSI-NB19 66.3 ± 1.3 9.2 ± 1.9 24.5 ± 0.7  
PSI-NB19 + DTT 66.8 ± 0.2 9.4 ± 0.9 23.8 ± 0.7  
PSI-NB19 + EDDET 65.4 ± 2.3 7.4 ± 1.9 23.5 ± 0.6 3.7 ± 0.5 
PSI-NB19 + TMTMP 66.4 ± 0.5 8.7 ± 0.3 21.6 ± 1.0 3.3 ± 0.2 

PSI-NB46 67.9 ± 1.8 10.8 ± 0.2 21.3 ± 1.6  
PSI-NB46 + DTT 65.1 ± 0.1 6.3 ± 1.6 23.2 ± 0.4 5.5 ± 1.2 
PSI-NB46 + EDDET 64.6 ± 0.7 1.9 ± 0.2 24.0 ± 0.5 9.6 ± 0.3 
PSI-NB46 + TMTMP 74.4 ± 1.6 1.6 ± 1.4 23.2 ± 1.0 0.8 ± 1.1  
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to realize complete hydrolysis of PSI-NB46 + TMTMP fibers, the time of 
incubation in the buffer solution was prolonged with several hours up to 
3 days (Section 4 , SI). However, when considering the spectra obtained 
of the samples after different time points, it is clear that the character
istic PSI peak at 1710 cm− 1 never completely disappeared, even after 
72 h (Figure S10, SI). Therefore, for further discussion of the results, the 
time of incubation in the buffer solution was kept at 6 h to be able to 
compare the obtained fiber network with the others and because expo
sure to an alkaline medium for a long period of time can result in 
degradation of the peptide bonds [73], which would disintegrate the 
fiber network. 

SEM measurements were executed on the PSI-NB fiber networks and 
the pAsp-NB fiber networks after drying in the vacuum oven to compare 
the morphology and average fiber diameters before and after hydrolysis 
(Fig. 6). A first observation that can be made is that all fiber networks, 
irrespective of the DS or the crosslinker used, retained their fibrous 
structure, which shows that our strategy outperforms multiple previ
ously reported strategies to create pAsp-based fiber networks [18, 
74–76]. Furthermore, a morphological change could be observed for the 
fiber networks following hydrolysis, as they exhibited a more swollen 
and dense appearance. Only for PSI-NB46 + TMTMP, the morphological 
change was limited, which can be explained by the hydrolysis that was 
not completed and therefore resulted in more resemblance in chemical 
structure between the networks before and after hydrolysis. SEM images 
at higher magnification are provided in the supporting information 
(Figure S11). The average fiber diameters before and after hydrolysis 
were calculated and are summarized in Table 3. In general, the fiber 
diameter increased following hydrolysis. This increase can be attributed 
to the conversion of PSI into pAsp in the fiber structure, leading to the 
formation of hydrogel fibers that take up aqueous solutions and swell. 
For PSI-NB19 + DTT, PSI-NB46 + DTT and PSI-NB19 + EDDET, the 
differences in diameter before and after were, however, not significant. 
For PSI-NB46 + EDDET and PSI-NB46 + TMTMP, moderate increases in 
fiber diameter of 17% and 27%, respectively, were observed upon hy
drolysis. For PSI-NB19 + TMTMP, a more significant increase in fiber 
diameter (79%) was observed, which can be attributed to the lower DS 
of the fibers, leading to a less dense network architecture and hence a 

higher swelling [77]. Furthermore, when examining the SEM images in 
greater detail, the fusion of some of the fibers and cord-like structures of 
several fibers running in parallel can be observed following hydrolysis, 
in particular for PSI-NB19 + TMTMP, which also resulted in the larger 
fiber diameters observed [60]. The fiber diameter distribution was in 
general more uniform for the PSI-NB46 fiber networks compared to the 
PSI-NB19 fiber networks, both before and after hydrolysis and for all 
crosslinkers, which was reflected by the smaller standard deviations of 
the average diameters. 

Visually, a reduction in average pore size upon hydrolysis of the 
fibrous networks could be observed. The average pore sizes were 
calculated exploiting the SEM images and are also included in Table 3. 
The calculated average pore sizes (i.e. distance between fibers) were 
used to get an indication regarding the change in porosity upon hy
drolysis. For both DS, a significant decrease (p ≤ 0.05) in average pore 
size was observed for the fibrous networks crosslinked with DTT and 
EDDET. For PSI-NB19 + DTT and PSI-NB19 + EDDET, the pore sizes 
decreased with 55% and 24%, respectively. For PSI-NB46 + DTT and 
PSI-NB46 + EDDET, the average pore sizes showed a decrease of 18%. 
The larger reduction observed for the samples with the lower DS was 
expected, when considering the lower network density which results in a 
higher swelling [77]. The differences in pore size before and after hy
drolysis were not significant (p > 0.05) for PSI-NB19 + TMTMP and 
PSI-NB46 + TMTMP. The observed decrease in average pore size and 
increase in average fiber diameter resulted in a more densely packed 
membrane following hydrolysis. The pore sizes and pore size reductions 
observed upon hydrolysis from PSI- to pAsp-based fiber networks are in 
line with previous reports from literature, showing mean pore sizes in 
the range of 1 – 8 µm [59,78]. 

The moisture uptake capacity of the pAsp-NB fibrous networks with 
different DS and thiol crosslinkers was determined via DVS measure
ments as a function of RH. Two isotherms, representing the sorption and 
desorption of moisture, were obtained. In Table 4, the moisture uptake 
at low, medium and high RH are displayed. For the pAsp-NB19 cross
linked fiber networks, the moisture uptake capacity showed similar 
values irrespective of the crosslinker type applied. All networks showed 
an uptake capacity > 100% their own mass at high RH, indicating that 

Fig. 5. FTIR spectra of the fibrous networks before (blue line) and after (green line) hydrolysis of (a) PSI-NB19 and (b) PSI-NB46 crosslinked with DTT, EDDET 
and TMTMP. 
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the hydrogel fiber networks can absorb and retain high moisture 
amounts. For pAsp-NB46, the moisture uptake capacity at low and 
medium RH was independent of the crosslinker used and showed similar 
values to those obtained for pAsp-NB19. At high RH (98%), the moisture 
uptake showed a larger discrepancy depending on the crosslinker type. 
For DTT and EDDET, relatively high moisture uptake capacities of 
62.7% and 70.9% were found, respectively. For TMTMP, the moisture 
uptake was only 33.5% at RH 98%, which can be explained by the 
incomplete hydrolysis of the network, resulting in a lower content of 
hydrophilic aspartic acid units. Furthermore, a limited hysteresis, which 
is defined as the difference between the sorption and desorption 
isotherm, was observed for the pAsp-NB19 networks (Figure S12, SI), 
indicating that the hydrogel fiber networks desorb most of the initially 

Fig. 6. SEM images of the PSI-NB fiber networks after crosslinking of (a) PSI-NB19 and (b) PSI-NB46 and after hydrolysis in the carbonate buffer solution (0.1 M, pH 
10) to obtain pAsp-NB fiber networks. 

Table 3 
Average fiber diameters and pore sizes of the fiber networks crosslinked with the different thiol crosslinkers before and after hydrolysis. The values obtained after 
hydrolysis which are significantly different (p ≤ 0.05) from the values before hydrolysis are marked with an asterisk (*).  

DS (%) Crosslinker Average fiber diameter Average pore size 

Before hydrolysis (µm) After hydrolysis (µm) Before hydrolysis (µm) After hydrolysis (µm) Reduction (%)  

19 DTT 1.93 ± 0.72 1.82 ± 0.55 2.46 ± 0.97 1.11 ± 0.41*  54.7 
EDDET 2.20 ± 1.05 2.60 ± 1.16 2.41 ± 0.86 1.84 ± 0.67*  23.8 
TMTMP 1.49 ± 0.48 2.67 ± 1.17* 2.89 ± 1.12 2.61 ± 0.97  10.0  

46 DTT 1.48 ± 0.34 1.43 ± 0.40 2.22 ± 0.76 1.81 ± 0.74*  18.1 
EDDET 1.39 ± 0.26 1.63 ± 0.40* 2.03 ± 0.74 1.67 ± 0.49*  17.8 
TMTMP 1.27 ± 0.29 1.62 ± 0.41* 2.21 ± 0.75 2.02 ± 0.51  8.7  

Table 4 
Moisture uptake (%) of the pAsp-NB crosslinked fiber networks at 30%, 60% and 
98% RH.  

DS (%) Crosslinker Moisture uptake (%) 

30% RH 60% RH 98% RH  

19 DTT  6.6  16.9  115.3 
EDDET  6.5  15.3  104.5 
TMTMP  6.1  15.5  104.3  

46 DTT  5.7  13.3  62.7 
EDDET  8.7  15.6  70.9 
TMTMP  7.2  11.6  33.5  
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absorbed moisture again at similar RH. For pAsp-NB46, a larger hys
teresis was observed, at medium and high RH, especially for pAsp-NB46 
+ TMTMP. Hence, particularly the pAsp-NB19 fibrous hydrogel net
works are promising to be used in applications which require high ab
sorption and quantitative desorption of the absorbed moisture, for 
example to serve as wound dressings to absorb wound fluids or release 
therapeutic substances [79]. 

4. Conclusions 

Herein, pAsp-based fibrous networks were developed by photo- 
crosslinking and hydrolysis of PSI-based electrospun fibers. PSI was 
first modified with NB resulting in DS values of 19% and 46%, in order to 
obtain photo-crosslinkable PSI. The effect of the electrospinning pa
rameters on the average diameter and morphology of the fibers was 
investigated and the electrospinning process was optimized for PSI-NB 
with low DS in order to obtain uniform thin fibers. It was also shown 
that the addition of high-Mw PEG to PSI-NB was necessary to establish 
sufficient chain entanglements to make fiber sheets. The PSI-NB19 and 
PSI-NB46 fibers were crosslinked with three types of thiol crosslinkers, 
DTT, EDDET and TMTMP, and irradiation with UV light. The crosslinked 
fiber networks retained their structure when they were exposed to DMF, 
which is an excellent solvent for PSI-based materials, and the average 
fiber diameter remained constant (1.93 ± 0.72 µm before exposure vs. 
1.89 ± 0.79 µm after exposure for PSI-NB19 + DTT) or decreased only 
slightly (1.48 ± 0.34 µm before exposure vs. 1.41 ± 0.24 µm after 
exposure for PSI-NB46 + DTT). Furthermore, the crosslinked PSI-based 
fiber networks were converted into pAsp-based fiber networks by in
cubation in a carbonate buffer (0.1 M, pH 10) for 6 h at room temper
ature. FTIR measurements showed successful conversion into pAsp- 
based fiber networks as the characteristic peaks for PSI in the spec
trum at 1710 cm− 1 and 1790 cm− 1 disappeared and were replaced by an 
absorption band at 1600 cm− 1, which is characteristic for pAsp. Only for 
PSI-NB46 + TMTMP, no complete conversion could be obtained. SEM 
images of the samples before and after hydrolysis showed a clear change 
in morphology of the fibers, and the pAsp fibrous networks had a 
swollen appearance. Generally, the change in average fiber diameter 
before and after hydrolysis was dependent on the crosslinker used and 
the DS, indicating a difference in network density. For PSI-NB cross
linked with DTT, no increase in fiber diameter was observed, PSI-NB 
crosslinked with EDDET showed a slight increase while PSI-NB cross
linked with TMTMP showed a larger increase, especially for a DS of 19% 
(increase with 79%). Finally, the moisture uptake capacity of the fibrous 
hydrogel networks was assessed through DVS measurements, which 
evidenced that the networks resulting from low DS pAsp could take up >
100% its own mass in moisture at high RH, which was also released 
while showing limited hysteresis upon decreasing the RH. 

In the current work, the possibility to fabricate PSI-based fiber net
works through photo-crosslinking and hydrolysis into pAsp-based fiber 
networks was shown. These biobased fibrous networks with high water 
uptake/retention capacity, which is resulting for the combined effect of 
the high surface-to-volume ratio and hydrophilic nature of pAsp, could 
potentially find applications in the biomedical and cosmetics field [51]. 
The fibrous networks could for example be developed to serve as wound 
dressings, to take up excessive wound exudate or to deliver therapeutic 
agents [39,55], or as hydration skin care masks, as they can retain and 
release moisture to hydrate and potentially transfer additives to the skin 
[63]. Furthermore, electrospun hydrogel networks based on bio
materials, have been used in tissue engineering applications to prepare 
artificial matrices to mimic living tissue [20,52,80]. However, for these 
applications, extensive biocompatibility and cytotoxicity assays are 
required, given the envisioned contact with the skin or other living tis
sue. Another potential use of the fibrous hydrogel networks which 
benefits from the large surface area of electrospun membranes and the 
anionic nature of pAsp encompasses sensing applications, e.g. to detect 
and adsorb metal ions for wastewater treatment [50]. 
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