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Fabrication of Multifunctional Composite Nanofibers by

Green Electrospinning

Edurne Gonzdlez,* Aitor Barquero, Maria Paulis, and Jose Ramon Leiza

The present work takes advantage of green electrospinning to create novel
composite multifunctional nanofibers (NFs) bearing inorganic nanoparticles
(NPs), more specifically quantum dots (QDs), cerium oxide nanopatticles
(CeO, NPs) and iron oxide nanoparticles (Fe;O, NPs). This is achieved by
first encapsulating the desired inorganic NPs into polymer particles by the use
of miniemulsion polymerization, and second, spinning the hybrid polymer
particles using polyvinyl alcohol (PVA) as template polymer. It is proved that
using green electrospinning, it is not only possible to ensure an excellent
distribution and encapsulation of the inorganic NPs along the NFs, but also
allows to control and change the concentration, size, and type of the inorganic
NPs without altering the NFs size, a fact that is not possible by conventional
solution electrospinning. As proof of concept, NFs with up to three different
types of inorganic NPs have been created in a single electrospinning step, but
this technology allows to incorporate as much inorganic NPs as desired
without altering the NFs morphology and ensuring a good distribution and
encapsulation of the NPs. This paper demonstrates that green electrospinning
is a powerful and attractive technology to create multifunctional NFs that are
promising materials for sensing and biomedical applications.

industrial applications, such as the need
to use toxic, flammable organic solvents
(in most cases), and low polymer concen-
trations. Solutions of high polymer con-
centrations cannot be spun due to their
high viscosity, severely limiting the pro-
duction rate. Suspension electrospinning,
also named green electrospinning, is a
novel technology that has emerged in the
last years as a smart alternative to over-
come the limitations of solution electro-
spinning. Green electrospinning consists
of electrospinning an aqueous polymer
(nano)particle dispersion (a latex) with the
help of a polymer template (a water sol-
uble polymer). Using this technology, hy-
drophobic polymers can be spun at higher
concentrations than the ones used in solu-
tion electrospinning, using water as an elec-
trospinning medium.[*#)

The first paper on green electrospinning
was published by Greiner and coworkers

1. Introduction

Electrospun polymer nanofiber mats are materials with a porous
structure and a huge area-to-volume ratio. These properties
make them useful for a broad range of applications such as
textiles, filters, tissue engineering, drug delivery, wound heal-
ing, sensors, environmental remediation, and catalysis, among
others.['%] Polymeric nanofibers (NFs) are usually created by so-
lution electrospinning as it is a simple and cheap technology that
allows to obtain NFs with diameters ranging from 10 nm to 1 pm.
However, solution electrospinning presents some limitations for
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in 2007.°1 Since then, different works

have Dbeen published using different

template/particle ratios,?] particles of
different sizes,>'*") T, values,!"’] surface functional groups,!'*l
or crosslinking densities.['>1¢] However, there are very few works
in the literature that have thoroughly studied and understood the
influence of the initial dispersion composition and properties on
the final fiber morphology. To this end, in our previous work,!®!
we performed a systematic study that investigated the effect of
the template polymer molar mass, the total solids content of the
dispersion, the particle/template ratio, the surface chemistry, and
the particle size distribution in a single work. We demonstrated
that all these parameters affect the viscosity of the initial electro-
spinning dispersion and therefore, they have a strong influence
on the final fiber morphology. The present work gives one step
forward and ought to take advantage of green electrospinning to
create novel multifunctional composite NFs bearing inorganic
nanoparticles (NPs). For this work, quantum dots (QDs), cerium
oxide nanoparticles (CeO, NPs), and iron oxide nanoparticles
(Fe;O, NPs) have been selected, as they are interesting materials
for sensing, energy and biomedical applications.['”-?2] NFs con-
taining QDs or CeO, NPs have been prepared before, but they
have been usually obtained by solution electrospinning.[*-3!l To
do so, the inorganic NPs have to be dispersed in the polymer
solution that will be spun later. Therefore, compatibility between
the inorganic NPs and the polymer/solvent system is of utmost
importance, and feasible polymer/NPs combinations are often
limited. Hydrophilic NPs must be used when water-soluble

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

858017 SUOWILLOD BA a1 3edljdde aup A peusenob e sejolLe VO ‘8SN o S|n. 10y AIq 1T 8UIIUO AS|IA UO (SUORIPUOD-PUR-SWLBHW0D" A8 |1 Ae1q 1[pU1|UO//SdNL) SUORIPUOD PUe SLL | 84} 885 *[£202/€0/T0] UO A%eiq18uljuo A8|IM ‘TT000EZ0Z SWUBL/ZO0T OT/I0p/L0d A8 | Afe.q Ul |UO//ScY W) peapeojumod ‘0 ‘YS0Z6ErT


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmame.202300011&domain=pdf&date_stamp=2023-02-20

ADVANCED
SCIENCE NEWS

{ M El_acro—
Olecular
Materiols and Engineering

Open Access,

www.advancedsciencenews.com

www.mame-journal.de

Table 1. Properties of used latexes in terms of composition, solids content (s.c.), polymer particle diameter (dp) and type and amount of encapsulated

inorganic NP.

Name of the latex (co)polymer s.c. [%] dp [nm]?) Encapsulated inorganic NP Amount of inorganic
NPs [wbm %)

L_QDs PS/PMMA Core/shell 13 147 £ 1 CdSe/ZnS core/shell QDs 0.42

L_Fe;O, PS 20 147 +2 Fe;O4 5

L_CeO,_1% P(MMA/BA /AA) 50 174 +1 CeO, 1

L_CeO,_5% P(MMA/BA /AA) 50 183 +1 CeO, 5

L_Blank P(MMA/BA /AA) 50 139+3

*)Z-average value obtained by DLS. The reported number is the average of three different measurements and the error represents the standard deviation of the different

measurements. ~)weight based on monomers (wbm)

polymers are desired to be spun,[2>242728] whereas hydrophobic
ones have to be used to spin hydrophobic polymers.[229-32]
Although a good distribution of the QDs in the final NFs was ob-
served in some cases,[2*2°l when using CeO, NPs, non-uniform
aggregates of the NPs along the NFs were obtained.[?31%3] Addi-
tionally, the size of the final NFs was affected by the presence of
the inorganic NPs, as the conductivity and viscosity of the electro-
spinning solution were increased by the addition of the inorganic
NPs.[2425:3033] Other methods such as layer-by-layer deposition
onto the NFs surfacel!*203437] or co-axial electrospinning!®*!
have also been used to create NFs containing inorganic NPs,
but these last two methods are more complex or require several
synthesis steps.

In the present article, polymeric NFs bearing QDs and CeO,
NPs have been fabricated by green electrospinning. We demon-
strate that green electrospinning is a promising and simple
enough technique to obtain organic-inorganic nanocomposite
NFs in a single electrospinning step without the use of any
organic solvent. To do so, we first synthesized polymer parti-
cles bearing encapsulated QDs, CeO, NPs, or Fe;O, NPs and
then we spun these latexes using polyvinyl alcohol (PVA) as
template polymer. To the best of our knowledge, there is only
one article in the literature that has spun polymer particles
containing inorganic NPs.[*"] This work was performed in our
group by De San Luis et al.[*0) They synthesized core-shell
crosslinked polystyrene/polymethyl methacrylate polymer par-
ticles containing QDs (QDs/PS/PMMA) and spun them using
PVA or poly(ethylene oxide) (PEO) as a template polymer. By
measuring the electric properties of the hybrid NFs, they demon-
strated that the NFs had VOC sensing capacity. However, in that
work, the authors did not pay any special attention to the mor-
phology of the obtained NFs or the distribution and size of the in-
organic NPs along the NFs. In this work, we demonstrate that the
use of green electrospinning not only guarantees a good distribu-
tion of the inorganic NPs along the NFs, but also allows control-
ling the size and concentration of the inorganic NPs without al-
tering the NFs diameter. We have also been able to synthesize NFs
with up to three different types of inorganic NPs for the first time.

2. Experimental Section
2.1. Materials
Mowiol 25-88 polyvinyl alcohol (PVA) polymer (Mw: 92.6 kDa

and a hydrolysis degree of 88%) was purchased from Kuraray
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Table 2. Composition of the electrospinning blends prepared using differ-
ent ratios between L_CeO,_1% or L_CeO,_5% and L_Blank.

Name L_CeO,_1% L_CeO,_5% L_Blank PVA solution CeO,
[e) ] (e] e [wbp %"
B_CeO,_1%_Low 0.60 0 1.90 9.25 0.15
B_CeO,_1%_High 1.20 0 1.30 9.25 0.30
B_Ce02_5%_Low 0 0.120 2.38 9.25 0.15
B_CeO2_5%_High 0 0.240 2.26 9.25 0.30

?PVA solution was 8.1 wt% in water b)\)(/eiglflt based on the total polymer
(particles+PVA) (wbp %) 9s.c. of the blends was 17 wt.% and the particle/PVA ratio
was 62/38 wt.%/wt.% in all the cases

to be used as a template polymer. A latex made of poly(methyl
methacrylate-co-butyl acrylate-co-acrylic acid) (P(MMA/BA/AA))
(without any inorganic NPs) was used as blank latex. Addi-
tionally, four different latexes containing inorganic NPs were
synthesized; a crosslinked core/shell polystyrene/poly(methyl
methacrylate) (P(S/MMA)) latex containing CdSe/ZnS core/shell
QDs, a polystyrene (PS) latex containing iron oxide (Fe;O,) NPs,
and two different P(MMA/BA/AA) latexes containing 1 and 5
wbm % of CeO, NPs. Table 1 summarizes the properties of the
different latexes used in this work, their synthesis procedure is
explained in section S.1 of the Supporting Information.

2.2. Preparation of Electrospinning Blends

The electrospinning blends were prepared in two steps; first, dif-
ferent latexes were mixed together and later this mixture was
added to a PVA solution dropwise under magnetic stirring to ob-
tain the electrospinning blend.

Two blend series were prepared. The first one (Table 2) was
prepared with the objective to obtain NFs with different numbers
and sizes of inorganic NPs , using the CeO, NPs as an exam-
ple. To do so, CeO, NPs containing latexes (L_CeO,_1% and
L_CeO,_5%) were mixed with the blank latex (L_Blank) and then
blended with PVA. The number of CeO, NPs in the NFs was con-
trolled with the ratio between the CeO,-containing latex and the
blank latex. The size of the CeO, NPs, on the other hand, was con-
trolled by the amount of CeO, NPs that was encapsulated inside
the hybrid polymer particles.[**?] The polymer particles/PVA
ratio was 62/38 wt.%/wt.% in all the blends and the total solids
content (s.c.), that is, the concentration of the total polymer (poly-
mer particles plus PVA) was 17 wt.%. All the blends were stable.
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Table 3. Composition of electrospinning blends prepared using latexes with different types of inorganic NP.

Name L_QD [g] L_CeO,_5% [g] L_Blank [g] L_Fe;0, [g] PVA solution [g]?) QD [wbp %]»)  CeO, [wbp %]")
B_QDs 0.853 - 4.147 16.65 0.0124

B_QDs_CeO,_T:1 0.853 0.018 4.129 16.65 0.0124 0.0124
B_QDs_CeO,_1:2 0.853 0.037 41M 16.65 0.0124 0.0249
B_QDs_CeO,_Fe;0, 1.787 0.041 3.044 0.128 16.65 0.028 0.0298

% PVA solution was 9 wt.% Weight based on the total polymer (particles+PVA) (wbp %) 9s.c. of the blends was 17 wt.% and particle/PVA ratio was 59/41 wt.%/wt.% in

all the cases

The second blend series (Table 3) was prepared with the
objective to obtain hybrid NFs containing different types and
amounts of inorganic NPs. To do so, the latex containing QDs
(L_QDs) was mixed with the one containing 5 wbm % of CeO,
(L_CeO,_5%), the latex containing Fe,O, (L_Fe;O,) and the
blank latex (L_Blank). This mixture was later added to the PVA
solution. The polymer particles/PVA ratio was 59/41 wt.%/wt.%
and the s.c. 17 wt.% in all the blends.

2.3. Electrospinning Experiments

Electrospinning experiments were performed using the vertical
setup of SpinBox (Bioinicia). Randomly oriented nanofibers were
obtained by applying a voltage of 15 kV, a flow rate of 0.25 mL h~!
and a tip-to-collector distance of 15 cm. The temperature and rel-
ative humidity (R.H.) of the electrospinning chamber were 23 +
1 °C and 46 + 2%, respectively.

2.4. Nanofiber Characterization

Polymer particle z-average diameter (dp) was measured by dy-
namic light scattering (Zetasizer Nano Z, Malvern Instruments,
Malvern, UK). Nanofiber morphology was analyzed by scanning
electron microscopy (SEM) in a Hitachi TM3030 Scanning Elec-
tron Microscope (Monocomp, Madrid, Spain). Image]™ open
source software (National Institutes of Health, Bethesda, MD,
USA) was used on the SEM images to measure the mean aver-
age fiber diameter. Fifty measurements were made for each sam-
ple from three separate images. Fluorescence spectroscopy mea-
surements of the NFs mats were performed using an Epoch 2
Microplate Spectrophotometer (BioTek). NFs mats were cut us-
ing a paper hole puncher and placed on the microplate. Fluo-
rescence emission spectra of the samples were monitored over
the spectral window from 500 to 700 nm with a step size of
2 nm. The excitation wavelength was 400 nm. Transmission
electron microscopy (TEM) experiments were performed on a
Talos F200i field emission gun instrument equipped with a
Bruker X-Flash100 XEDS spectrometer. Elemental maps were
performed by XEDS in the STEM mode under a high an-
nular dark field (HAADF) detector for Z contrast imaging in
STEM conditions (camera length of 200 mm) using a pixel
size of 2 nm, a dwell time of 900 s, and an image size of
512 x 512 pixels. Moreover, EDX microanalyses were carried out
using a probe current of 250 pA and semiconvergence angle of
8.5 mrad.
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3. Results and Discussion

3.1. Nanofibers with Different Size and Concentrations of CeO,
Nanoparticles

First of all, three different acrylic latexes were synthesized and
characterized. L_Blank was a P(MMA/BA/AA) copolymer latex
and L_CeO,_1% and L_CeO,_5% were also P(MMA/BA [AA)
copolymer latexes but containing 1 wbm % and 5 wbm % of CeO,
NPs, respectively. Figure 1 shows the TEM micrographs of la-
texes L_CeO,_1% and L_CeO,_5%. As observed by Aguirre and
co-workers,[*#2] the encapsulated CeO, NPs (originally with a di-
ameter of 12 nm) formed NPs aggregates inside the polymer par-
ticles and the size of these aggregates increased as the amount of
encapsulated CeO, NPs was increased. It is also remarkable that
each polymer particle contained a single CeO, NPs aggregate.
The CeO, NPs aggregates in latex L_CeO,_1% had an average
diameter of 23 + 7 nm whereas the ones in L_CeO,_5% had an
average diameter of 40 + 9 nm.

With the objective to obtain hybrid NFs with CeO, NPs of
different sizes and concentrations, electrospinning dispersions
were prepared by mixing the latexes L_CeO,_1% or L_CeO,_5%
with the blank latex (L_Blank) and blending it with PVA (see
Table 2). PVA was used as a template polymer. The template
polymer is necessary to form entanglements during the fiber
formation and acts as a binder between the polymer particles.!®
All the dispersions had a s.c. of 17 wt.% and a polymer parti-
cles/PVA ratio of 62/38 wt.%/wt.%. In our previous work, we
found that this particle/PVA ratio and s.c. were adequate to form
continuous good quality fibers.[®] Changing the ratio between the
latex containing CeO, NPs (L_CeO,_1% or L_CeO,_5%) and the
blank latex (L_Blank) NFs with CeO, NPs concentrations of 0.15
wbm % (B_CeO,_1%_Low and B_CeO,_5%_Low) and 0.3 wbp
% (B_CeO,_1%_High and B_CeO,_5%_High) were obtained.
Figure 2 shows the TEM and HAADF STEM micrographs of
the obtained NFs. SEM images are shown in section S.2 of
Supporting Information. Location of each CeO, NP is indicated
by a pink arrow.

Two important conclusions can be clearly reached from
Figure 2. The first one is that, as expected, the higher the ratio
of the latex containing CeO, NPs in the initial electrospinning
dispersion, the higher the concentration of CeO, NPs in the
final fiber (there are more CeO, NPs per NF square area). The
second conclusion is that a very good distribution of CeO, NPs
was obtained in all the cases, and not only that, the size of the
CeO, NPs did not change from the initial polymer particles to
the final NFs. That is, CeO, NPs in the initial polymer particles
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Figure 2. TEM ((a) and (b)) and HAADF STEM ((c) and (d)) micrographs of NFs obtained from the electrospinning dispersions B_CeO,_1%_Low a),
B_CeO,_1%_High b), B_CeO,_5%_Low c) and B_CeO,_5%_High d). Scale bar: 500 nm.

did not suffer any aggregation during the fiber formation. This
was confirmed by measuring the average CeO, NPs sizes in
the NFs and comparing them with the values in the initial
hybrid polymer particles. Figure 3(a) presents the average CeO,
NPs sizes for the initial latex particles and the NFs containing

0.15 wbp % (B_CeO,_1%_Low and B_CeO,_5%_Low) and 0.3
wbp % (B_CeO,_1%_High and B_CeO,_5%_High) of CeO,.
Figure 3(a) clearly demonstrates that by controlling the amount
of CeO, NPs that is encapsulated inside the polymer particles, it
is possible to control the size of the CeO, NPs in the final fiber
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Figure 3. a) Average CeO, NPs size in the initial latexe particles and the final NFs containing 0.15 wbp % and 0.3 wbp % of CeO,. b) Average diameter
of the NFs containing 0.15 wbp % and 0.3 wbp % of CeO, NPs. NFs containing 0.15 wbp % of CeO, are the ones coming from B_CeO,_1%_Low and
B_CeO,_5%_Low. NFs containing 0.30 wbp % of CeO, are the ones coming from B_CeO,_1%_High and B_CeO,_5%_High.

as these NPs do not suffer further aggregation during the fiber
formation.

Additionally, the average fiber diameter of the four NFs sam-
ples was measured from the SEM images (shown in section S.2 in
the Supporting Information). As it can be observed in Figure 3(b),
all the NFs have a very similar average diameter (~220 nm).
These results are very interesting, since they probe that using
green electrospinning it is possible to obtain NFs with different
amounts and sizes of inorganic NPs keeping constant the fiber di-
ameter. This cannot be achieved by conventional solution electro-
spinning. If organic-inorganic hybrid NFs are sought by solution
electrospinning, the only way to do it is by dispersing the inor-
ganic NPs in the initial polymer solution. After the electrospin-
ning process, the inorganic NPs may suffer some aggregation,
and therefore it is very difficult to control the size of these ag-
gregates in the final NF.[73133] Furthermore, the size of the NFs
will be affected by the amount of inorganic NPs, since their pres-
ence alters the viscosity and conductivity of the electrospinning
solution.[3%33434] On the contrary, using green electrospinning
it is possible to control the size of the inorganic NPs aggregates
just by controlling the amount of NPs that it is encapsulated in
the initial latex particles. Additionally, by controlling the number
of hybrid polymer particles in the electrospinning blend, it is also
possible to control the amount of inorganic NPs aggregates in the
final fiber. Finally, the size of the NFs is not affected by the size
and amount of inorganic NPs , since in green electrospinning the
size of final NFs depends on the size of the polymer particles and
the particle/PVA ratio.®]

3.2. Fluorescents Nanofibers Containing QDs

As it has been done with the CeO, NPs, QDs can also be en-
capsulated inside polymer particles and later be spun to obtain
fluorescent NFs. QDs are semiconductor nanocrystals with
unique optical and electronic properties. They are well-
known due to their size tuneable fluorescence emission,
broad absorption spectra, specific emission signal, and high
photostability.*#¢] In this work, crosslinked PS/PMMA
core/shell polymer particles bearing 0.42 wbm % of QDs
were synthesized (L_QDs) following the work of De San Luis

Macromol. Mater. Eng. 2023, 2300011 2300011 (5 of 10)

et al.l**7] The encapsulation of QDs into polymer particles pro-
tects the QDs surface against damage, protects the environment
from the QDs toxicity, and makes easier the manipulation of the
material.*’] L_QDs were mixed with the blank latex (L_Blank)
and blended with the PVA solution to form the electrospinning
blend (B_QDs). Again, the polymer particles/PVA ratio was
62/38 wt.%/wt.% and the s.c. 17%. Figure 4 shows the TEM
micrograph of latex L_QDs, as well as the TEM and SEM mi-
crographs of the obtained NFs. Figure 4(a) displays that QDs
were successfully encapsulated inside the polymer particles.
Figure 4(b) shows that bead-free and uniform fibers with an
average diameter of 207 + 33 nm were obtained. Furthermore,
the TEM micrograph (Figure 4(c)) demonstrates that a good
distribution of the QDs along the NFs was obtained (additional
TEM images are shown in the Supporting Information).
Fluorescence emission spectra of the blend B_QDs, as well
as one of the NFs were also measured (Figure 5). The initial
B_QDs electrospinning dispersion (Figure 5(a)) and the final
NFs had exactly the same emission peak, no shifting nor broad-
ening/narrowing of the emission peak was observed after the
electrospinning process. Additionally, Figure 5(b) shows that the
longer the electrospinning time, the higher the emission inten-
sity of the NFs material. The reason is that the higher the electro-
spinning time, the thicker the obtained NFs mat and therefore
the higher the amount of QDs in the material and the higher the
fluorescence emission intensity. Thus, by controlling the electro-
spinning time, the fluorescence emission intensity of the mate-
rial can be easily controlled using the same initial polymer blend.

3.3. Nanofibers Containing Different Types of Nanoparticles

Our next step was to obtain hybrid NFs with more than one
type of inorganic NPs; to this end, electrospinning dispersions
containing L_QDs and L_CeO,_5% were prepared. Both latexes
were first mixed with the blank latex at different ratios and
then blended with the PVA solution. In this way, two differ-
ent electrospinning blends were obtained; B_QDs_CeO,_1:1 and
B_QDs_CeO,_1:2 (see Table 3). In sample B_QDs_CeO,_1:1 the
weight ratio between the CeO, and the QDs was 1 to 1, whereas
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Figure 4. a) TEM micrograph of a polymer particle of latex L_QDs (scale bar: 50 um) and SEM (b) and TEM (c) images of the NFs obtained from the

blend B_QDs, respectively (scale bars: 50 nm and 10 um respectively).
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Figure 5. a) Fluorescence emission spectra of the initial electrospinning dispersion B_QDs and the obtained NFs. b) Fluorescence emission spectra of

the NFs obtained from B_QDs collected for different periods of time.

in sample B_QDs_CeO,_1:2 the weight ratio was 1 to 2. Figure 6
and Figure 7 show the SEM images, as well as the elemental
maps of the NFs performed by XEDS in the STEM mode using a
HAADEF detector for the NP ratios 1:1 and 1:2, respectively.
Uniform NFs were obtained in both cases and the STEM im-
ages with XEDS mapping (Figure 6(c) and Figure 7(c)) demon-
strate that the hybrid fibers contained two types of inorganic NPs:
CeO, (marked in yellow) and QDs (marked in purple). The distri-
bution of the inorganic NPs was very good in both cases without

Macromol. Mater. Eng. 2023, 2300011 2300011 (6 of 10)

any aggregation. Additionally, by changing the ratio between latex
L_QDs and L_Ce0O,_5% in the initial dispersion, it was possible
to change the ratio between CeO, NPs and the QDs in the final
fibers.

Figure 8 shows that no significant differences were observed
when measuring the average diameter of the NFs obtained from
B_QDs, B_QDs_CeO,_1:1, and B_QDs_CeO,_1:2. Again, it is
demonstrated that using green electrospinning, it is possible to
obtain NFs with different types and concentrations of inorganic
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100 nm

Figure 6. a) SEM (scale bar 10 um), b) HAADF STEM and c) XEDS mapping images of the nanofibers obtained from the blend B_QDs_CeO,_1:1. Yellow
color of the XEDS mapping corresponds to Ce (in CeO, NPs) and purple to S (in QDs).

NPs, without suffering any aggregation and keeping constant the
diameter of the fiber. As it has been explained before, this would
not be possible to achieve using conventional solution electro-
spinning.

Fluorescent emission intensities of the electrospinning disper-
sions containing both types of inorganic NPs (B_QDs_CeO,_1:1
and B_QDs_Ce0,_1:2), as well as of the ones of the obtained NFs
were measured (Figure 9). All the samples were fluorescent, but
the intensity of the fluorescence emission spectra decreased as
the amount of CeO, NPs was increased. This phenomenon was
observed in both cases, in the initial electrospinning blends and
in the final NFs. We also measured the fluorescence emission of a
mixture of QDs and CeO, NPs in toluene at different QDs:CeO,
ratios and we also observed that the intensity decreased as the
amount of the CeO, NPs was increased (results shown in sec-
tion S.4 in the Supporting Information). We do not have any
clear explanation for this phenomenon. De San Luis et al.*] co-
encapsulated QDs and CeO, NPs in the same polymer particles
and formed films with the hybrid latexes. Interestingly they ob-
served that the fluorescence emission intensity of both, the latex
and the film, increased over time when the sample was exposed
to sunlight. They claimed that the phenomenon was related to
the antenna effect that CeO, NPs have upon receiving the inci-
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dent optical radiation and transferring it to QDs enhancing their
fluorescence. The hybrid NFs obtained in this work were also ex-
posed to sunlight, but no significant increase of the florescence
over time was observed. This might be due to the fact that in this
work the QDs and CeO, NPs are located in different polymer par-
ticles and therefore they are not close enough to produce the an-
tenna effect.

Up to now, we have demonstrated that using green electro-
spinning we can obtain NFs with two different types of inorganic
NPs, but we could add as many inorganic NPs as desired and no
aggregation in the final NFs would occur. As a proof of concept,
electrospinning dispersion B_QDs_CeO,_Fe;0, was prepared
by mixing L_QDs, L_CeO, and L_Fe;0, (see Table 3). As can be
observed in Figure 10, NFs with three different types of inorganic
NPs were achieved: Fe; O, (marked in red), QDs (marked in blue),
and CeO, (marked in yellow). Thus, green electrospinning can be
used to create multifunctional organic/inorganic hybrid NFs in
a simple way, without using any organic solvent and controlling
independently the NFs morphology and the amount and size of
the inorganic NPs. QDs, CeO, NPs, and Fe;O, NPs have been in-
dividually incorporated into NFs and claimed to form interesting
materials for sensing!?%3* and biomedical applications.[224%30]
In the present work, the three different inorganic NPs were

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

95U8017 SUOLILWIOD SAIES1D) 3l dde 8y} Ag pauienoB a1e S391Le YO ‘8SN JO'S3|NJ 40} Akl 8UlUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AS 1M ARIq 1 )BU|UO//:SANY) SUO IPUOD PUe SIS | 84} 89S *[£202/60/T0] U0 AriqiauliuO A8]1M ‘TTO00EZ0Z SUeW/Z00T 0T/I0p/wWod A3 | 1M Aleid Ul |uoy/:sdiy wolj pspeoiumod ‘0 ‘vSOZ6ErT



ADVANCED
SCIENCE NEWS

‘EM}%U

Materials and Enging

Open Access

www.advancedsciencenews.com

www.mame-journal.de

Figure 7. a) SEM, b) HAADF STEM, and c) XEDS mapping images of the nanofibers obtained from the blend B_QDs_CeO,_1:2. Yellow color of the

XEDS mapping corresponds to Ce and purple to S.
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Figure 8. Average diameter of the NFs obtained from B_QDs,
B_QDs_CeO,_1:1 and B_QDs_CeO,_1:2.

incorporated at the same time, therefore the obtained multi-
functional material is also promising for those applications. The
same technology could also be used to fabricate NFs containing
fluorescent dyes, drugs, or other functional molecules.

Macromol. Mater. Eng. 2023, 2300011 2300011 (8 of 10)

4, Conclusions

In this work, green electrospinning has been used to create
composite novel multifunctional nanofibers (NFs) bearing QDs,
CeO, NPs, and Fe;O, NPs. To this end, first, polymer particles
containing the desired NPs have been synthesized by miniemul-
sion polymerization and then these latexes have been spun us-
ing PVA as template polymer. We have demonstrated that using
green electrospinning it is possible to electrospun hydrophobic
inorganic NPs using water as an electrospinning medium, fact
that is not possible to achieve by conventional solution electro-
spinning. Not only that, a good distribution of the inorganic NPs
along the fibers is achieved without any aggregation during the
electrospinning process. Furthermore, by controlling the amount
of the inorganic NPs that are encapsulated inside the polymer
particles, it is possible to control the size of the inorganic NPs in
the final NFs. Additionally, we have evidence that it is possible to
change the concentration and size of the inorganic NPs without
altering the NFs size, a fact that again it is not possible by con-
ventional solution electrospinning. This allowed us to tune the
properties of the composite NFs such as the fluorescence keep-
ing the NF morphology intact. Finally, we have also proved that
by using green electrospinning it is possible to obtain NFs with
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Figure 9. Fluorescence emission spectra of a) the initial electrospinning dispersions and the final NFs b) collected for 10 min.

Figure 10. a) STEM and b) HAADF XEDS mapping images of the nanofibers obtained from the blend B_QDs_CeO,_Fe;Oy,. Yellow color of the XEDS

mapping corresponds to Ce, blue to Cd, and red to Fe.

different types of inorganic NPs (and therefore multiple function-
alities) guaranteeing a good distribution and encapsulation with
no aggregation of the NPs. This paper demonstrates that green
electrospinning is a powerful and attractive technology to create
novel composite (multi)functional NFs without the use of any or-
ganic solvent and opens the path to the development of any future
application that might require them.
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