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ABSTRACT

In this study, modified fibrous mats of poly(ethylene oxide) (PEO) were fabri-

cated through the versatile technique of electrospinning. Acrylic monomers

were added to PEO with different composition ratios, and the mats were irra-

diated. The kinetics of photo-cross-linking reaction in the presence of the acrylic

cross-linkers, as well as the structural, thermal and mechanical properties of the

nanofibers, were studied. The morphology of the fibrous membranes before and

after water treatment was monitored, and the insoluble fraction of the fibers was

measured. As a result, by tuning the photo-cross-linking reaction, the control

over fibers properties was feasible. The photo-cured PEO-based nanofibrous

mats showed the solubility resistance needed to use them as membranes and to

apply them in aqueous environments, as in water treatment processes and

biomedical applications.
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GRAPHICAL ABSTRACT

Introduction

Electrospinning is a unique technique to produce fine

polymer fibers through electrostatic process [1, 2] and

obtain mats that can be used as membranes.

Nanofibrous electrospun membranes are attracting

tremendous attention in numerous applications, such

as tissue engineering, drug delivery, insulating

materials, food encapsulation, energy conversion,

filtration, sensing systems and protective clothing

[3–11], especially thanks to their high surface area-to-

volume ratio, large surface functionality and excel-

lent mechanical performances. One of the main

advantages of electrospinning is surely related to the

possibility of processing a large set of polymers, both

natural and synthetic [12–15]. The affecting parame-

ters in the transformation of polymer solutions or

melt into nanofibers are associated with solution

properties, processing variables and environment

conditions. For instance, the polymer solution should

provide an optimum amount of viscosity, conduc-

tivity and surface tension [16–19].

Polyethylene oxide (PEO) is a crystalline, thermo-

plastic polymer with general formula of (–O–CH2–

CH2–)n. Unlike many other polymer systems, PEO is

commercially available in a wide range of molecular

weights from tens of repeating units (in this case the

polymer is called polyethylene glycol, PEG) to higher

than a million [20]. PEO is colorless, odorless,

stable against heat and hydrolysis, acts as inert sub-

stance to many chemical reagents and is a non-toxic

polymer. Its biocompatibility, non-immunogenicity,

alongside interesting physicochemical properties,

make PEO an excellent candidate for biomedical

applications, particularly as scaffolds in tissue engi-

neering [21, 22] and biocompatible coatings [23–25],

together with other wide application fields, such as

filtration for CO2 separations [26–28] and energy

storage applications [29, 30]. However, this polymer

is soluble in water as well as in organic solvents, and

as a result, its application domains are limited [21].

Over recent decades, several methods have been

reported to tackle this obstacle of solubility. First of

all, cross-linking (i.e., the formation of a polymer

network) can hinder the solubility or even make the

polymer insoluble. Consequently, cross-linked PEO

introduces new applications in the above-mentioned

fields such as surgical dressings [3, 31], drug delivery

systems [9], filtration and membranes with controlled

permeability [32]. Cross-linking techniques can be

categorized in the following three subgroups:

(i) cross-linking by gamma irradiation [33], which

was introduced as an efficient method for cross-

linking dilute aqueous PEO solutions, while in solid

state or bulk such method demands a very high

radiation dosage [34]; (ii) cross-linking by UV irra-

diation [35, 36], which is an accessible and eco-

friendly technique applicable to PEO both in solid

form and in solution [37]; and (iii) chemical cross-

linking [38] by the introduction of reactive end-

groups in the polymer structure or by using low

molecular weight cross-linkers [39].
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PEO in the field of electrospinning mainly acts as a

carrier/template for non-electrospinnable or hardly

electrospinnable polymers, such as chitosan [13, 40],

alginate [41, 42], collagen [43], hyaluronic acid [44]

and keratin [45]. In these studies, a cross-linking

reaction (upon UV irradiation, thermal treatment,

chemical treatment, vapor deposition, etc.) is per-

formed with the aim of enhancing the properties of

the blend electrospun membranes. However, in many

of these works, PEO is extracted from the electrospun

membrane [41, 44], leaving only the main component

of the fibers.

UV-induced cross-linking is an interesting method

for the modification of polymeric membranes in

order to increase their mechanical strength, solvent

resistance or permeability. Among the curing pro-

cesses, the use of light to induce cross-linking reac-

tions has several advantages, such as short

conversion times, low energy consumption, ambient

temperature operations and selective curing with an

intimate control both in time and space. One draw-

back in UV cross-linking is the light penetration

power, which is limited to a layer of around 200 lm
from the surface [46]. But this obstacle does not apply

to thin electrospun membranes.

Upon UV irradiation, preferably in the presence of

a suitable photo-initiator, hydrogens of the PEO car-

bon chain can be abstracted and radicals generated;

the combination of these polymeric radicals yields a

cross-linked network [39]. PEO can also undergo

chain scission during UV irradiation: C–O bonds can

break resulting in a pair of free radicals. Generally,

the probability of cross-linking in aqueous medium is

higher, whereas in bulk chain scission predominates

over cross-linking [20, 36, 37]. However, the compe-

tition between the two reactions greatly depends on

irradiation time, photo-initiator concentration and

oxygen presence. Additionally, the introduction of a

cross-linking agent accelerates the photo-induced

reaction among PEO chains, limiting their degrada-

tion [9, 37, 47].

The cross-linking of PEO electrospun membranes

has not been extensively studied. In fact, few works

[48] [49] investigating the UV-cross-linking of PEO

electrospun membranes by using an acrylic cross-

linker (i.e., pentaerythritol triacrylate) are present in

the literature, but although the reaction was demon-

strated to be successful, the cross-linking efficiency

and the fibrous morphology stability of the mats were

not discussed. In a recent work, Şimşek et al. [50]

proposed such PEO-based electrospun membrane as

a biomedical coating for metallic implants; after

immersion in distilled water of the PEO electrospun-

coated Ti implant, a fused fibers morphology was

reported.

Herein, two multifunctional acrylic monomers,

namely polyethylene glycol diacrylate (PEGDA) and

trimethylol propane triacrylate (TMPTA), were used

as cross-linking agents for PEO fibers [51]. PEGDA is

non-toxic, biodegradable and provokes minimal

immune system response, and thus is an excellent

candidate for PEO cross-linking [51]. TMPTA, as a

trifunctional cross-linker, has been widely used in

hydrogels synthesis with further application in

biomedical, pharmaceutical and environmental fields

[52, 53].

In this work, photo-cross-linking of PEO electro-

spun nanofibrous mats containing a cross-linker was

applied to enhance the membrane properties and in

particular to overcome the PEO solubility issues.

PEO-based fibers were produced by electrospinning

of aqueous polymer solutions containing benzophe-

none as photo-initiator and different contents of a

multifunctional cross-linking agent (i.e., PEGDA or

TMPTA); for PEGDA and TMPTA, similar PEO/

acrylate group (mol/mol) ratios were used. The

electrospun fibrous membranes were then photo-

cured. The effect of the type and amount of cross-

linker on the photo-curing reaction and on the final

properties of the nanofibrous membranes was eval-

uated. Accordingly, the photo-cross-linking reaction

kinetics and its efficiency were monitored through

photo-differential scanning calorimetry (photo-DSC),

Fourier transform Infrared (FTIR) spectroscopy and

insoluble fraction measurements. The final morphol-

ogy, porosity, thermal and mechanical properties,

permeability and water resistance of the photo-cross-

linked membranes were studied.

Experimental

Materials

High molecular weight polyethylene oxide (MW

1,000,000 g/mol), benzophenone (C 99%), poly-

ethylene glycol diacrylate (MW 575 g/mol, viscosity

57 cP) and trimethylolpropane triacrylate (MW

296 g/mol, viscosity 70–12 cP) were purchased from

Sigma-Aldrich.
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Sample preparation

5 wt% aqueous solution of PEO was prepared and

homogenized overnight by magnet stirring at room

temperature; subsequently, PEGDA and TMPTA

cross-linkers were added to PEO solution in order to

have different blends of PEO/PEGDA and PEO/

TMPTA. Benzophenone 2 wt% with respect to PEO

weight was added to the solution before electro-

spinning process. Benzophenone is a well-known

photo-initiator which has two main absorption peaks

at a wavelength of * 250 nm and * 350 nm.

In this work, we examined PEO/PEGDA and

PEO/TMPTA blends with a similar ratio of C = C

double bonds over ethylene oxide (EO) units of PEO

(C = C/EO, mol/mol). The composition of the

investigated samples is summarized in Table 1. Three

C = C/EO ratios were used: C = C/EO = 0.065

mol/mol corresponds to the samples with the lowest

amount of cross-linker (PEO/PEGDA 70/30 and

PEO/TMPTA 87.5/12.5), C = C/EO = 0.15 mol/mol

corresponds to the samples with the medium amount

of cross-linker (PEO/PEGDA 50/50 and PEO/

TMPTA 75/25), and C = C/EO = 0.35 mol/mol cor-

responds to the samples with the highest cross-linker

content (PEO/PEGDA 30/70 and PEO/TMPTA

55/45). To simplify the samples name, the following

abbreviations are used (Table 1): L-PEGDA and

L-TMPTA for the lowest value of C = C/EO ratio

(and thus of cross-linker), M-PEGDA and M-TMPTA

for the medium C = C/EO ratio, and H-PEGDA and

H-TMPTA for the highest C = C/EO ratio.

Electrospinning procedure

Electrospinning was performed by an E-fiber elec-

trospinning system SKE apparatus in horizontal

setup with high-voltage power supply, a

programmable syringe pump (syringe tip diameter of

1 mm) and a stationary collector. Aluminum foils

were used as the substrate during. Electrospinning.

The electrospun mats were prepared at room tem-

perature by applying a voltage between 8 and 12 kV

(12 kV for pure PEO solutions and 8 kV for PEO/

PEGDA and PEO/TMPTA solutions) and a flow rate

of 0.1 ml/h, while the distance between the needle

and the collector was kept 15 cm. Membranes with a

thickness between 10 and 40 lm were fabricated. The

thickness was measured by digital micrometer; for

each sample at least 5 values in different spots of the

membrane were collected and the average value was

calculated.

Photo-cross-linking

Photo-curing was performed by Dymax ECE 5000

UV-Curing flood lamp. The UV lamp in this work

produces UV of long wavelength from 400 to 320 nm

(UV-A) and some amount of bandwidth of medium

UV wavelength from 320 to 280 nm (UV-B). The

samples were cured under inert atmosphere to pre-

vent the oxygen quenching phenomena by blowing

nitrogen continuously into the curing chamber. The

UV light intensity was measured by an EIT

radiometer and was 70 mW/cm2 on sample surface;

the time of irradiation was 20 min.

Characterization

Membrane morphology and fiber diameter were

characterized by FE-SEM (Field Emission Scanning

Electron Microscopy, ZEISS Supra 40). The samples

were coated with a 10-nm Cr film via sputtering (by a

Quorum Q150T ES sputter coater) prior to analysis.

The size distribution of fibers and the surface

porosity were obtained by analyzing the FE-SEM

Table 1 Composition details

of the investigated samples Sample name C = C/EO ratio

(mol/mol)

Cross-linker Composition

PEO

(wt%)

Cross-linker

(wt%)

L-PEGDA 0.065 PEGDA 70 30

M-PEGDA 0.15 PEGDA 50 50

H-PEGDA 0.35 PEGDA 30 70

L-TMPTA 0.065 TMPTA 87.5 12.5

M-TMPTA 0.15 TMPTA 75 25

H-TMPTA 0.35 TMPTA 55 45
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images with image J software. By adjusting the

grayscale threshold, binary images were obtained by

having the outer layer of fibers (black foreground) in

contrast with white background.

The photo-cross-linking reaction was monitored by

photo-DSC measurements, performed by a Mettler

Toledo DSC1 STARe system, equipped with a high-

pressure mercury-xenon lamp (LIGHTNINGCURE

Spotlight source LC8, Hamamatsu) with an intensity

of 200 mW/cm2. During measurement, nitrogen was

continuously purged with a flux of 60 mL/min, and

isothermal condition of 25 �C was maintained. The

sample solution was prepared prior to the measure-

ment and placed into the sample pan; then, pans

were left in the dark at room temperature for a couple

of hours for solvent evaporation. Before starting UV

irradiation, samples were maintained under nitrogen

flow and isothermal conditions for one minute.

Afterward, the samples were irradiated and the heat

flow evolution versus time throughout the photo-

cross-linking reaction was monitored.

In the case of pure PEGDA and TMPTA, the photo-

DSC heat evolution versus time curve was used to

calculate the conversion of acrylic groups under UV

irradiation. The area under the curve after subtract-

ing the baseline was obtained; accordingly, the

required energy for converting one gram of cross-

linker was calculated. By considering the required

energy for converting 1 mol of vinyl group as

86 kJ/mol [54], the conversion of acrylic groups in

the sample was acquired.

For assessing the chemical bonds and compositions

of electrospun fibers prior and after UV curing,

attenuated total reflection FTIR spectroscopy (ATR-

FTIR, Thermo Scientific Nicolet iS50) was used. All

the spectra were normalized to the absorption at

845 cm-1 associated with PEO backbone, which is not

affected by UV irradiation [55, 56].

Conversion was calculated by monitoring the

decrease in the area A of the FTIR absorption band of

the reactive functionality (acrylate C = C peak around

1640 cm-1) with time t. The area was normalized by a

constant signal in the spectra (C = O peak at

1720 cm-1). PercentC = Cconversion is givenbyEq. 1:

Conversion % ¼ 1�
AC ¼ C=AC ¼ O

�
�
�

�
�
�
t

AC¼C=AC¼O

�
�
�

�
�
�
t¼0

0

B
@

1

C
A� 100 ð1Þ

Three repetitions were performed, and the average

conversion value and the standard deviation were

calculated.

The insoluble fraction of UV-cured electrospun

mats of PEO/PEGDA and PEO/TMPTA was mea-

sured by soaking the samples with a weight of

20 ± 2 mg in distilled water (which is a solvent for

the uncross-linked blend) for 24 h, drying them at

room temperature for 48 h and calculating the mass

loss of the samples.

Dynamic Mechanical Thermal Analysis (DMTA)

was performed in order to investigate the polymer

structural properties. A Triton Technology instru-

ment was used, and scans were carried out in the

temperature range -100 �C–80 �C, with a heating

rate of 3 �C/min, in tensile configuration at a fre-

quency of 1 Hz. The glass transition temperature (Tg)

values of the samples were measured as the maxima

of tan d.
The cross-linking density of the polymer material

can be estimated by the classical rubber theory of

elasticity (Eq. 2):

G0 ¼ mRT ð2Þ

where G’ is the shear modulus, m is the cross-linking

density (mmol/cm3), R is the gas constant (J/(K.mol))

and T is the absolute temperature (K). Here, a tem-

perature of 40 �C, assuring the rubbery plateau for

the investigated systems, was considered for the

estimation of m. G’ can be written as Eq. 3, by having

the Poisson ratio mp and the storage tensile modulus

E’ obtained from DMTA:

G0 ¼ E0

2 1þ mp
� � ð3Þ

Poisson ratio for rubbery materials is estimated

as * 0.5, though shear can be obtained as Eq. 4:

G0 ¼ E0

3
ð4Þ

Three replicates for each sample were measured by

DMTA, and afterward, the single-factor ANOVA was

performed on acquired data.

In order to study the influence of photo-cross-

linking on melting temperature (Tm), Tg and degree of

crystallinity, differential scanning calorimetry (DSC)

was performed. The measurements were executed

with a Mettler Toledo DSC1 STARe instrument. DSC

analyses were carried out in 6 steps: 5 min isothermal
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step at -60 �C, heating step from -60 �C to 190 �C,
5 min of isothermal phase at 190 �C, cooling step

from 190 �C to -60 �C, 5 min isothermal step at

-60 �C and heating to 190 �C. The heating and

cooling rate was 20 �C/min. The midpoint of the

increment in specific heat was recorded as the Tg, and

the maxima of the melting peak in the second heating

cycle was obtained as Tm. The crystallization degree

(Xc) was measured by enthalpy of fusion in the sec-

ond heating cycle (DHf) with respect to the enthalpy

of fusion for the 100% crystalline PEO (DHf
0), which

is 196 J/g [57], at the equilibrium melting point (Tm
0),

by Eq. 5:

Xc ¼
DHf Tmð Þ
DH0

f T0
m

� � ð5Þ

The thermal stability of the samples was analyzed

by a thermogravimetric analyzer (TGA), using a

Mettler Toledo TGA/SDTA 851 apparatus. Samples

were heated up to 800 �C by a rate of 10 �C/min.

Nitrogen flow through the furnace prevented oxida-

tion processes, and thus, solely the thermal decom-

position of samples was monitored.

The tensile strength of the samples and their

elongation at break were measured using an

INSTRON 3366 electromechanical universal testing

machine (ITW Test and Measurement Italia S.r.l.,

Instron CEAST Division) equipped with a 10-kN load

cell. The fibrous mats were carefully peeled off from

the aluminum substrate, cut to obtain samples with

dimensions of 30 mm in length, 8 mm in width and

thickness of 10–40 lm and placed between the

clamps. A constant stretching speed of 5 mm/min at

room temperature was applied, and at least three

replicates were tested for each sample. During the

tensile testing, the stress (through machine-recorded

force) and strain (the displacement based on initial

cross-section area and gauge length) were measured

and the Young’s modulus E was calculated based on

the initial linear elasticity regime of stress–strain

curves.

The permeability of samples was evaluated by

ASTM E96/E96M–16 standard [58]: the electrospun

fibrous membrane was sealed to the open mouth of a

test vessel containing distilled water with air space of

19 ± 6 mm from the specimen. The assembly of

membrane, water and vessel was kept in controlled

atmosphere (humidity = 45%, temperature = 25 �C),
and the amount of water vapor transmission through

the membrane was determined by periodic weighing

of the assembly. The water vapor transmission

(WVT) could be calculated by Eq. 6:

WVT ¼ W

tA
ð6Þ

in whichW is weight change (g), t is time (h) and A is

the test area (vessel mouth area) (m2).

Results and discussion

In this work, as represented in Fig. 1, fibrous mats

were produced by electrospinning of PEO added of

two different acrylic cross-linkers, i.e., polyethylene

glycol diacrylate and trimethylolpropane triacrylate.

PEO/PEGDA and PEO/TMPTA blend solutions

were used with different composition ratios (Table 1),

after addition of a photo-initiator. Then, the fibrous

mats were irradiated to promote radical curing of the

material, exploiting both the high reactivity of the

acrylic groups of the multifunctional cross-linker and

the photo-induced hydrogen abstraction reaction

from PEO [56]. Cross-linking was used to enhance the

properties (e.g., chemical, thermal and mechanical

properties) of the nanofibrous membranes, in partic-

ular their solvent resistance, and thus enlarge their

applicability. The fiber fabrication and the membrane

morphology, the kinetics of the cross-linking reaction

as well as the photo-cross-linking efficiency were

studied. Moreover, the fibrous membranes were

characterized in terms of thermal and mechanical

properties, water resistance and permeability. In

particular, the effect of the type (difunctional PEGDA

or trifunctional TMPTA) and amount of cross-linker

was evaluated.

Electrospun mat morphology

The morphology of photo-cured PEO/PEGDA and

PEO/TMPTA fiber mats was analyzed by FE-SEM.

As observed in Fig. 2a, the presence of both cross-

linkers did not interfere with the fiber formation

during electrospinning; thus, fibrous membranes

were obtained with all starting solutions. However,

the photo-cured PEO/PEGDA mats showed regions

of un-homogeneity along the single fiber, whereas the

PEO/TMPTA mats were more uniform and defect-

free.
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In order to check the uniformity of the membranes

along their thickness, they were analyzed also on

their back side (Fig. 2b), by carefully peeling them off

from the collector and imaging them by FE-SEM, as

sketched in Fig. 1. As shown in Fig. 2, PEO/PEGDA

mats have a totally different morphology on the two

sides: with the lower amount of cross-linker (L-

PEGDA), connections among fibers are formed on the

bottom part of the mat, while with the medium and

highest amount of cross-linker (M-PEGDA and

H-PEGDA) a semi-film is produced and the fiber

morphology is even completely lost on the back side.

This is likely due to the high content of liquid cross-

linker in the electrospinning solution (i.e., 50 and

70 wt% for M-PEGDA and H-PEGDA, respectively),

which can flow toward the bottom layer of the

membrane prior to solidification by the photo-curing

reaction. As shown in Fig. 2, the electrospun mats

containing TMPTA as cross-linker are more uniform

along their thickness and the nanofibrous morphol-

ogy is maintained on both sides, independently on

the amount of cross-linker used. In fact, in these

cases, the content of liquid TMPTA in the electro-

spinning solution is lower, ranging from 12.5 to

45 wt% (Table 1), and the cross-linker viscosity is

higher.

Figure 2c reports the size distribution of the elec-

trospun fibers, measured on the top surface (front

side): it can be seen that samples containing PEGDA

show a wider range of size distribution, while those

with TMPTA are more uniform and resulted in a

narrower size distribution window. Also this effect

could be ascribed to the fact that liquid PEGDA tends

to flow after electrospinning and prior to photo-cur-

ing. Moreover, the fibers containing TMPTA as cross-

linker are thinner; homogeneous photo-cured mem-

branes with an average fiber diameter of

320 ± 30 nm were obtained.

The surface porosity of the membranes was eval-

uated by performing image processing on the FE-

SEM images: data are reported in Fig. 2d. The PEO/

PEGDA front side has quite high surface porosity,

while the back side looks more like a film rather than

a fibrous membrane (very low porosity): the differ-

ence of surface porosity between the two sides of the

mat is at least 20 percentage points. Dissimilarly, the

PEO/TMPTA samples are much more uniform and

show a fibrous surface with a porosity of around 30%

on both sides; porosity is independent of the TMPTA

content.

Figure 1 Scheme of the electrospinning process coupled with photo-cross-linking of PEO/cross-linker blends to obtain photo-cured

fibrous membranes.
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Figure 2 Morphology of the PEO-based photo-cured electrospun

fibrous mats with different types of cross-linker and different

composition ratios of PEO/cross-linker (L-PEGDA, M-PEGDA,

H-PEGDA and L-TMPTA, M-TMPTA, H-TMPTA). a FE-SEM

images of the front side (top surface) of the membranes. b FE-

SEM images of the back side (bottom surface) of the membranes.

c Fiber diameters distribution of the top surface of the electrospun

mats. d Surface porosity of both sides of the fibrous membranes.
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Photo-curing of the fibrous mats

The photo-curing reaction and its efficiency were

monitored and analyzed by photo-DSC, FTIR spec-

troscopy and the measurement of the insoluble

fraction.

The generated heat rate during photo-cross-linking

can be considered proportional to the kinetics of the

reaction, including the initiation, propagation and

termination stages. Accordingly, photo-DSC was

carried out in isothermal conditions for measuring

the exothermic heat of photo-cross-linking reaction

over time for all blends as well as for pure PEO,

PEGDA and TMPTA. As shown in Fig. 3, all samples

alongside PEO alone, PEGDA alone and TMPTA

alone show the typical curve trend of a photo-cross-

linking reaction, including the initiation or activation

of the excited species, the propagation of cross-link-

ing reaction between the excited molecules and the

termination of reaction.

Neat PEO sample as a solid required a very long

curing time before reaching a plateau phase: in the

very first minutes of reaction the peak of heat flow

depending on radical formations along the PEO chain

was developed, and then, a long tail of slow termi-

nation phase was followed. The reaction continued

till 2 h before a stable regime was reached (data not

shown). The photo-cross-linking reaction of neat

PEGDA and TMPTA instead reached a plateau phase

very fast (in the range of few minutes), after the

exothermic peak of reaction. This peak is much more

pronounced (i.e., higher amount of heat generated)

for PEGDA than for TMPTA.

The PEO/PEGDA samples showed a highly

accelerated reaction with respect to PEO, dependent

on PEGDA content in the formulation. In fact, as can

be clearly seen in the inset of Fig. 3, higher the

amount of PEGDA in the formulation sharper the

heat flow peak, and higher the PEO content longer

the reaction tail. It is important to notice that the peak

of heat flow is associated with both PEO and PEGDA

reactions and cannot be considered solely as a heat of

conversion of PEGDA species.

For PEO/TMPTA samples, different photo-curing

kinetics results were obtained. Firstly, the reaction

was not as fast as that of PEO/PEGDA systems, and a

lower amount of heat was generated during the

photo-cross-linking. This means that the conversion

of TMPTA reactive groups proceeds with a lower

extent compared to PEGDA: in fact, after 5 min of

irradiation, the acrylic groups conversion was found

approximately 13% and 82% for TMPTA and PEGDA

cross-linker, respectively. The low acrylic conversion

degree of TMPTA-containing samples was confirmed

also by ATR-FTIR analyses on cured polymer after

photo-DSC. Moreover, the effect of the cross-linker

content on the reaction kinetics is the opposite for

PEO/TMPTA samples, compared to PEO/PEGDA

samples. As PEO reacts faster than TMPTA and

slower than PEGDA, lower the amount of TMPTA in

the formulation sharper the heat flow peak. As

expected, L-TMPTA resulted in slower reaction

demanding higher energy for evolution and more

Figure 3 Photo-DSC of PEO/

PEGDA and PEO/TMPTA

blends as well as pure PEO,

pure PEGDA and pure

TMPTA, in the presence of

photo-initiator, at isothermal

condition of 25 �C under inert

atmosphere of N2 and

irradiation with light intensity

of 200 mW/cm2. The inset

reports the photo-DSC curves

for the first 80 s of irradiation.
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similar to PEO developing pattern, while H-TMPTA

showed a very similar behavior to pure TMPTA.

Quantitatively studying the enthalpy of reaction, it

can be calculated that the slow photo-cross-linking of

pure PEO produces * 3000 J/g (in 80 min of irradi-

ation), while the faster reaction of PEGDA develops

only * 244 J/g and that of TMPTA * 110 J/g (in

200 and 300 s of irradiation, respectively) before

reaching the plateau state. For samples of PEO/cross-

linker, the reaction is more complex than in the case

of only one reacting species: different competing

reactions can take place at the same time, meaning

PEO-cross-linker, PEO-PEO, cross-linker–cross-linker

reactions.

Analyzing the photo-DSC results, it is clear that in

the case of PEO/PEGDA and PEO/TMPTA blends,

the irradiation time required for assuring a sufficient

cross-linking reaction without degrading the material

is around 7 min; thus, the UV dose (defined as the

product of light intensity and the irradiation time)

corresponds to 84 J/cm2. In the following, this dose

was used to cross-link the fibrous membranes.

The chemical structure of the electrospun fibrous

membranes prior and post-photo-curing was con-

trolled through ATR-FTIR spectroscopy (Fig. 4). As

an example, Fig. 4a shows the FTIR spectra of the

blend fibrous mats with the highest content of cross-

linker before curing (uncured H-PEGDA and

H-TMPTA) and after curing (UV-cured H-PEGDA

and H-TMPTA). The spectrum of pure PEO is also

reported as reference. In the PEO/cross-linker blend

mats, the peaks arising from PEO were found at

2876 cm-1 (C–H stretching), 1466 cm-1 (C–H bend-

ing); 1360 cm-1 and 1341 cm-1 (CH2 wagging),

1279 cm-1 (CH2 twisting), 1145 cm-1, 1100 cm-1 and

1060 cm-1 (triplet peak due to C–O–C absorption

complex). In PEO/PEGDA samples, the characteristic

peaks of PEGDA were found at 1638 cm-1 (double

peak due to the stretching of vinyl groups), and

910 cm-1 and 1720 cm-1 (C = O absorption band).

Similarly, characteristics peaks of TMPTA were

found for PEO/TMPTA samples at 1638 cm-1 (vinyl

groups) and 1720 cm-1 (intense carbonyl peak).

The UV-cured fibrous mats showed a small shift of

few wavenumbers of all peaks, but a degradation of

the PEO component could not be detected. The

decrease with UV irradiation of the peak at

1638 cm-1 related to C = C reactive groups (Fig. 4b)

is evident. The C = C double bond conversion after

photo-curing was calculated (Fig. 4c) and resulted to

be 70–80% for PEO/PEGDA and 40–45% for PEO/

TMPTA samples. The C = C conversion in samples

containing TMPTA is much lower than in those

containing PEGDA as cross-linker, although the FE-

SEM images and the gel content results (discussed

below) confirmed the successful cross-linking of the

material. Considering the branched structure of tri-

functional TMPTA in comparison with the linear

structure of difunctional PEGDA, we can presume

that some of the TMPTA double bonds did not react

due to their position in the polymer structure or in

the fiber, while a sufficient amount took part to the

reaction and formed the cross-linked network.

The gel content of the cured fibrous mats of PEO/

PEGDA and PEO/TMPTA was measured by

immersing them in distilled water (which is a good

solvent for uncured PEO polymer, and for PEGDA

and TMPTA monomers). Table 2 shows that the

weight loss of the samples varies from 8% to nearly

33% depending on the cross-linker content. For all

investigated samples, the insoluble fraction increases

with the amount of cross-linker. For the fibers con-

taining PEGDA in initial formulation, this increase is

very low: the membranes showed a comparable gel

content for medium and high cross-linker values (M-

PEGDA and H-PEGDA) and a slightly lower value

for the lowest amount of PEGDA (L-PEGDA).

Instead, the fibrous membranes containing TMPTA

showed larger changes of insoluble fraction percent-

age by adding cross-linker, from 68 to 92% for

L-TMPTA and H-TMPTA, respectively. It can be

concluded that, in case of L-TMPTA, although there

should be enough number of acrylic groups for a

complete cross-linking reaction, many of them do not

react during UV curing, and as a result, the uncross-

linked portion of the sample can be dissolved in

water and washed away.

By performing DMTA, it is possible to evaluate the

cross-linking density m of photo-cured films, as

described in ‘‘Experimental’’ section. By considering

the PEO-based fibrous membranes as plain films, the

classic rubbery theory can be applied and the cross-

linking density calculated. However, it should be

noted that the electrospun membranes are porous

structures, and thus, the measure of m can be used

only as rough estimation.

First, all the PEO/PEGDA and PEO/TMPTA cross-

linked mats showed a rubbery plateau regime after

the glass transition, which confirmed the cross-link-

ing efficiency. For all samples, the cross-linking
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density was in the range 10–3–10–2 mol/cm3 (Table S1

in the Electronic Supplementary Material, ESM), thus

proving that the electrospun membranes are ade-

quately cross-linked. The one-way ANOVA on dif-

ferent measurement results showed that all obtained

values of m belong to the same group of data, and

thus, they cannot be differentiated based on cross-

linker type or on the ratio of double bonds to ethoxy

group C = C/EO (i.e., cross-linker amount).

Figure 4 ATR-FTIR spectroscopic analyses. a Spectra of pure

PEO, and of H-PEGDA and H-TMPTA electrospun fibrous

membranes prior (uncured) and after (UV-cured) UV irradiation.

b Details of the spectra in the range 1600–1800 cm-1 showing the

reduction in the peak due to double bonds (C = C) after UV

curing. c C = C conversion for PEO/PEGDA and PEO/TMPTA

electrospun fiber membranes.

Table 2 Insoluble fraction of PEO/PEGDA and PEO/TMPTA

photo-cured fibrous membranes

Sample Insoluble fraction (%)

L-PEGDA 76.4 ± 1.8

M-PEGDA 87.4 ± 2.8

H-PEGDA 88.3 ± 2.6

L-TMPTA 67.7 ± 0.5

M-TMPTA 76.0 ± 3.3

H-TMPTA 92.0 ± 2.0
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Characterization of the photo-cured fibrous
mats

The thermal properties of the fibrous mats were

assessed by DMTA, DSC and TGA. In Table 3, the Tg

values obtained by DMTA are reported. The Tg of

uncured PEO was found at -53 �C. The three fibrous

mats of PEO/PEGDA showed a Tg with increased

values by increasing the cross-linker amount. The

PEO/TMPTA samples also showed higher Tg with

respect to PEO, but with an opposite trend of the

effect of the cross-linker amount. Interestingly, a

double Tg transition was detected for M-PEGDA and

H-PEGDA samples, indicating the presence of two

different species in the membranes. This is most

likely due to the flowing of liquid PEGDA and con-

sequent phase separation that occurs prior to photo-

curing: the mat top surface is mainly formed by PEO

fibers, while the bottom layer is a semi-film primarily

containing photo-cured PEGDA.

The glass transition temperature of all samples was

confirmed by DSC analyses, which provided also the

melting temperature of the polymers. For different

samples (i.e., L-PEGDA, M-PEGDA, H-PEGDA and

H-TMPTA), the DSC analysis showed the existence of

two Tms (Table 3 and Fig. S1 in ESM). In fact, in these

cases the second DSC heating cycle revealed an

endothermic double peak, in which one maximum is

close to the PEO melting temperature (64 �C) and the

other is found at lower temperature. This second

maximum can be associated with the variation in

microstructure due to the cross-linked portion of the

sample.

The degree of crystallinity of the photo-cross-

linked blend samples was evaluated by DSC analyses

(Table 3). They showed a reduced crystallinity with

respect to pure PEO (63% of crystallinity), as expec-

ted considering that only the long PEO chains can

crystallize, whereas PEGDA and TMPTA networks

are amorphous. However, it is important to notice

that the crystallinity of PEO/PEGDA and PEO/

TMPTA cross-linked fibrous membranes is compa-

rable with the theoretical values calculated consid-

ering the PEO content in the initial electrospinning

formulation (Table 3). Therefore, neither the electro-

spinning process nor the network formation through

photo-cross-linking hindered the PEO crystallinity.

The thermal resistance of the photo-cured fibrous

mats was evaluated by TGA; the thermograms are

reported in Fig. S2 of the ESM and the main results in

Table 3. According to the first derivative of the TGA

curves the decomposition peak occurred at a similar

temperature Td for all samples: the cross-linked sys-

tems showed the main thermal degradation at

around 407 �C, a slightly greater value compared

with pure PEO fibers. Concerning the T10 (i.e., the

temperature at which the sample loses 10% of its

initial weight) values, they decrease by adding the

cross-linker. The lower temperature of onset of

degradation can arise from residual cross-linker

content in the system that has not reacted during

irradiation.

The mechanical properties of the photo-cured

fibrous membranes were investigated by tensile tests

(Fig. 5). The Young’s modulus E was obtained from

the linear regime of the stress–strain curves. The

obtained values are in agreement with the literature

regarding PEO electrospun mats [35, 50]. All PEO/

cross-linker membranes exhibited elastic deformation

without undergoing permanent deformation before

their failure. However, the two sets of investigated

samples (i.e., membranes containing PEGDA and

Table 3 Thermal properties of PEO/PEGDA and PEO/TMPTA photo-cured fibrous membranes, as well as pure PEO, obtained by DMTA,

DSC and TGA analyses

Sample Tg (�C) by
DMTA

Tm (�C) by
DSC

Theoretical degree

of crystallinity (%)

Degree of crystallinity

(%) by DSC

Td (�C) by
TGA

T10 (�C) by
TGA

PEO -53 64 – 62.9 399 380

L-PEGDA -30.2 61.7 55.3 44.0 39.74 408 368

M-PEGDA -27 -21.7 62 55.5 31.4 23.99 401 345

H-PEGDA -24.7 -19 62.7 56.3 18.9 22.63 400 351

L-TMPTA -34.4 63.48 55.0 61.19 408 358

M-TMPTA -35.4 61.1 47.2 55.34 418 364

H-TMPTA -47.6 56.15 48.58 34.6 33.22 408 356
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TMPTA) showed different behaviors. The sample

L-PEGDA exhibited lower tensile modulus and quite

higher elongation at the breaking point. The samples

M-PEGDA and H-PEGDA, with higher modulus by

nearly one order of magnitude, presented reduced

extension ability due to a more cross-linked network

with lower elastic characteristics. The values obtained

for M-PEGDA and H-PEGDA can be ascribed to the

formation of a semi-continuous highly cross-linked

film on the bottom surface of the membranes. On the

contrary, the PEO/TMPTA samples showed a

slightly decrease in E value (from 17 to 12 MPa) and

an increase in elongation capacity (from 9 to 26%) by

increasing the TMPTA amount in the initial

formulation.

The permeability of the fibrous membranes was

obtained by periodic gravimetric method. The weight

of the test assembly and accordingly the water vapor

transmission was controlled for two weeks. As

shown in Fig. 6, for PEO/PEGDA membranes the

samples containing the most amount of cross-linker

have the highest value of WVT, followed by medium

and lowest content of cross-linker. The highest per-

meability of M-PEGDA and H-PEGDA can be cor-

related with the higher surface porosity of the top

layer of the mats, while the packed backside of the

samples seems to not interfere with their permeabil-

ity properties. PEO/TMPTA fibrous membranes

showed instead all a similar water permeability, as

their surface porosity is independent on the amount

of cross-linker. The obtained permeability values, in

the range 900–1030 g.day-1 m-2, make cross-linked

electrospun fibrous mat as breathable membranes.

In order to control the water resistance of the

photo-cured membranes (including their fibrous

morphology retention), they were subjected to aque-

ous medium and left to get dried prior to FE-SEM

imaging. It is known that if a uncross-linked PEO

electrospun mat is immersed in water, first its fiber

morphology is lost (i.e., a continuous film is formed),

and then, the polymer is completely dissolved. As

shown in Fig. 7, all the PEGDA-containing samples

Figure 5 Mechanical tensile characterization of photo-cured

fibrous mats of PEO/PEGDA and PEO/TMPTA. a Stress vs.

strain curves; one curve for each sample is reported as an example.

b Young’s modulus E values obtained from the linear regime of

the curves in (a). c Elongation at break values, measured from the

curves in (a). The error bars in (b) and (c) were calculated

performing at least three replicates for each sample.
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showed fibers morphology even after water treat-

ment, whereas, apparently, 12.5 wt% of TMPTA (L-

TMPTA) was not sufficient for creating water-resis-

tant fibrous mats, although a similar ratio of vinyl

groups to the EO moiety based on initial formulation

was used as for L-PEGDA. Instead, both M-TMPTA

and H-TMPTA retained their homogeneous fibrous

morphology after water treatment and no change in

the fibers size was detected. Therefore, these two

systems allowed to form uniform nanofibrous mats

with superior water resistance by applying photo-

curing after the electrospinning process, paving the

way for a wider application of PEO-based

membranes.

Conclusions

This study presents a method to fabricate modified

electrospun PEO-based fibrous membranes with

enhanced properties and with superior water resis-

tance, the obstacle that generally hinders the appli-

cation of PEO fibers in different fields. By adding a

multifunctional cross-linker to the electrospinning

solution and applying UV curing to the electrospun

mat, a cross-linked network is formed. Two cross-

linkers were employed, namely PEGDA and TMPTA,

and different acrylic groups/PEO ratios were tested.

The membrane morphology was investigated by FE-

SEM: when PEGDA is used, only the upper surface of

Figure 6 Water permeability of the photo-cured electrospun membranes of PEO/PEGDA and PEO/TMPTA. a Water weight loss as a

function of time. b Average measurement of the water vapor transmission WVT after two weeks.

Figure 7 FE-SEM images of the photo-cured electrospun fibrous membranes of PEO/PEGDA and PEO/TMPTA after water treatment.
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the mat is formed by nanofibers and the bottom layer

is a semi-continuous film, whereas when TMPTA is

used homogeneous fibrous membranes with an

average fiber diameter of 320 nm are obtained. The

kinetics of photo-cross-linking reaction was studied

through photo-DSC, and an acceleration of the reac-

tion was observed when the cross-linker was added;

however, the reaction showed a complex nature due

to the presence of two concomitant reactive species

(i.e., PEO and the cross-linker). FTIR spectroscopy

and insoluble fraction measurements confirmed the

successful cross-linking of the electrospun

membranes.

The effect of the type and amount of cross-linker on

the thermal, mechanical and permeability properties

of the photo-cured fibrous membranes was evalu-

ated. More importantly, it was demonstrated that

their fibrous morphology is completely maintained

after water treatment, especially when 25 wt%–

45 wt% of TMPTA were used. This feature can highly

widen the application fields of PEO-based fibrous

membranes, especially in the water treatment and

biomedical areas.
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