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ABSTRACT: This work presents an alternative approach
for fabricating electrospun submicron highly hydrophilic
fiber mats loaded with silver nanoparticles. These fiber mats
show a high efficient antibacterial behavior, very attractive
for applications like wound healing and skin regeneration
processes. The fabrication method is divided in two steps.
First, poly(acrylic acid) (PAA) and PB-cyclodextrin (f-CD)
submicron fibers were electrospun and further stabilized
using a thermal treatment, yielding stable hydrogel-like
fibers with diameters ranging from 100 nm up to several
microns. In the second step, silver ions were loaded into the
fibers and then reduced to silver nanoparticles in-situ. The
electrospinning parameters were adjusted to achieve the

desired properties of the fiber mat (density, size) and after-
wards, the characteristics of the silver nanoparticles
(amount, size, aggregation) were tuned by controlling the
silver ion loading mechanism. Highly biocide surfaces were
achieved showing more than 99.99% of killing efficiency.
The two-step process improves the reproducibility and tun-
ability of the fiber mats. To our knowledge, this is the first
time that stable hydrogel fibers with a highly biocide behav-
ior have been fabricated using electrospinning. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Microbes and bacteria are the most abundant of all
living organisms and a large number of them are
pathogens and disease-causing organisms. Because
of this there is a high concern in preventing the
emergence of germs in products which are directly
or indirectly used by humans. Consequently, to
avoid the apparition of these microorganisms in
instrumentals, devices, laboratories, or operating
rooms, there is an enormous interest in the research
of highly efficient and low cost antibacterial surface
treatments and coa’rings.l/2

It is well known that silver is considered a very
good antibacterial agent and silver ions show a noto-
rious broad spectrum biocide effect. In fact, there are
numerous research works that use silver nanopar-
ticles to obtain highly antibacterial surfaces.>® More-
over, silver is particularly attractive because com-
bines this high toxicity for bacteria with a low
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toxicity for humans.”” Tts disinfectant properties for
hygienic and medicinal purposes are known since
ancient times and, for example, silver was exten-
sively used to prevent wound infection during the
World War 1."°

Most of the approaches for achieving antibacterial
surfaces are based on doping some elements with
silver particles which act as a silver ion source, for
example in textiles,""'* surgical instruments,” and
other surfaces."* However, the biocide efficiency of
such coatings depends on the ability of the trapped
silver to release ions. Consequently, silver particles
with a high specific surface area show more efficient
ion release mechanisms and therefore the antibacte-
rial effect is enhanced. Recently, the use of nanotech-
nology has made possible the fabrication of new
nanostructured materials with an extremely high
specific surface area. This remarkable property can
significantly improve the antibacterial efficiency of
such coatings. Nanotechnology also offers the addi-
tional possibility of tuning the overall properties of
the coating by properly designing the composition
and morphology of the films, opening the door to
the combination of the biocide effect with other
desired properties (optical, mechanical, etc.)

Some authors have reported that silver nanopar-
ticles," nanorods,'® or nanotubes'” are especially ef-
ficient antibacterial agents because of their large



surface to volume ratio. In the most usual approach,
such silver nanoparticles have been immobilized on
inorganic porous hosts such as zeolites, calcium
phosphate, and carbon fiber."®* Moreover, silver-
supported silica materials, such as silica glass,
silica thin films,??> and silica nanopar’cicles,23 are also
good candidates for antibacterial materials due to
their fine chemical durability and high antibacterial
activity.

A good alternative to fabricate materials with high
specific surface is the electrospinning technique.
Using this technique, continuous ultrathin polymeric
fibers can be fabricated. Schematically the electro-
spinning technique can be described as follows,
when a high voltage is applied to a polymeric solu-
tion with respect to a grounded electrode, the poly-
meric solution becomes charged and, due to electro-
static attraction, a stream of liquid erupts from the
surface, and is launched towards the grounded elec-
trode where the substrate to be coated is placed. If
the molecular cohesion of the solution is sufficiently
high, a continuous thin fiber is formed and elon-
gated following the electrical field direction. Simulta-
neously, the solvent is evaporated during the flight
of the fiber and this nanofiber is finally deposited on
the collector (substrate). The thinning of the fiber
leads to the fabrication of filaments up to several
tens of nanometers in diameter that superpose ran-
domly forming a fiber web.?* These fibrous mem-
branes obtained using electrospinning technique
have a strong potential application in sensors and
other fields where a very large specific surface area
is needed, such as in the fabrication of antimicrobial
surfaces. Such fiber mats may have a specific surface
area of approximately one to two orders of magni-
tude larger than the specific surface area of continu-
ous flat films,? boosting the efficiency of the desired
device.

In this work, poly(acrylic acid) PAA has been
used as the polymer to create the fibrous membranes
onto glass substrates. Afterward, those fibers were
used as hosts for the in situ synthesis of silver nano-
particles. The combined effect of the nanoparticle
distribution together with the fibrous nature of the
electrospun mat enhances the efficiency of the coat-
ing and allows good antibacterial behaviors with
very small amounts of silver. Most of the previous
works include the silver in the polymeric precursor
solution before the electrospinning process is carried
out, in the form of AgNO;*** or directly as metal-
lic nanoparticles.’*! In such approaches the fibers
are electrospun already including the silver particles
within and the characteristics of the final fiber mat
completely depend on the composition of the spin-
ning solution. Nevertheless, in this work, an alterna-
tive approach is studied. Instead of projecting the
silver nanoparticles embedded in the polymer fibers,

Journal of Applied Polymer Science DOI 10.1002/app

RIVERO ET AL.

chemically stable polymer-only fibers were spun and
the silver was loaded into the fibers in a latter step
using an in situ reduction method. To achieve opti-
mized antibacterial coatings, the fiber mats charac-
teristics (size, density) are adjusted with the electro-
spinning parameters and afterwards, the silver
nanoparticle characteristics are tuned by means of
adjusting their particle loading properties (amount,
size, and aggregation).

EXPERIMENTAL METHODS
Materials

The polymers poly(acrylic acid), PAA (M,, ~ 100.000
sol. 35 wt % in water), and B-cyclodextrin, B-CD (pu-
rity 98%) were provided from Sigma-Aldrich. Silver
nitrate, AgNO; (>99% titration) and dimethylamine
borane (DMAB) (97%) were also purchased from
Sigma Aldrich. All chemicals were used without any
further purification.

Lactobacillus plantarum stock culture (CECT #4005)
was obtained from CECT (The Spanish Type Culture
Collection, University of Valencia). Tryptic Soy Broth
(TSB) and Tryptic Soy Agar were also provided
from Sigma Aldrich.

Electrospinning of the fibers

The polymeric solution concentration was varied to
get different diameter fibers. A concentration of 10
wt % of PAA was used for the thicker fibers, while
a 5 wt % of PAA was used for the thinner ones. The
solutions were prepared using ultrapure water (18.2
MQ-cm). Different amounts of the crosslinker agent
B-CD were added to the PAA solutions to get a 20%
of B-CD/PAA weight ratio. Once the polymeric so-
lution was prepared, it was immediately used in the
electrospinning process. The solution flux is fixed to
1 mL/h using a syringe pump. The needle (anode)
and an aluminum sheet (cathode) were placed 25 cm
one from the other, and a voltage of 13.5 kV was
applied between them. Glass substrates were placed
on the aluminum cathode in order to collect the elec-
trospun fibers. In Figure 1, it is observable the typi-
cal Taylor cone formed at the needle,**** and a pic-
ture of the fibers being electrospun.

Silver nanoparticle synthesis

After the fibers have been crosslinked then the silver
nanoparticles (NPs) were synthesized within the
fibers. The fiber mats were immersed into a silver
nitrate 0.1M solution for 5 min in order to load the
available carboxylic groups of the PAA with Ag"
via ion interchange.’** Then, the samples were
rinsed in ultrapure water and the Ag" ions loaded
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Figure 1 Pictures of the PAA+B-CD fibers during the
electrospinning process. a) shows the needle (left) and the
fibers being electrospun towards the cathode (right). b)
Detailed view of the Taylor cone formed at the tip of the
needle. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

into the fibers were reduced to Ag’ by immersing
the samples into a 0.1M dimethylamine borane
(DMAB) water solution which acts as a reducing
agent.

Fiber characterization

The fiber mats were characterized morphologically
using optical microscopy (Leica DM2500P) and
atomic force microcopy (AFM), (Innova, Veeco)
working in tapping mode. Scanning electron micros-
copy (SEM), (UltraPlus FESEM, Carl Zeiss) was used
to improve the characterization of the fibers. Ag
nanoparticles were characterized by transmission
electron microscopy (TEM), (Carl Zeiss Libra 120).
Samples for TEM were prepared by dropping and
evaporating the suspensions onto a collodion-coated
copper grid. The optical properties of the fibrous
coatings were measured by UV-VIS spectrometry
(Jasco V-630).

Bacteriological test method

The antibacterial activity of the new coatings against
the L. plantarum bacteria was assessed by a viable
cell-counting method.* L. plantarum was inoculated
in a Tryptic Soy Broth aqueous medium and incu-
bated at 37°C for 24 h. The obtained bacterial sus-
pension had ~ 4.8-10° CFU/mL.

The bacterial suspension was shaken and diluted
10° times. “Tryptic Soy Agar” was autoclaved at
121°C for 30 min and cooled in sterile Petri-dishes to
form a 3 mm thick slab. Then 0.1 mL bacterial

suspension dilution was spread uniformly on the
surface of the nutrient agar slab. The substrates
coated with Ag NPs loaded electrospun fiber mats
were then placed onto the agar slab. Bare glass
slides were also placed as reference (previously dis-
infected by dipping in isopropyl alcohol and treated
by contact flame) by the same way. Then, Petri-
dishes were introduced into an incubator for 24 h at
37°C and the colonies were counted.

RESULTS AND DISCUSSION

In this work, the fabrication technique is based on the
creation of fibers by the application of a traction force
to a polymeric solution. This tensile force is created
by a strong electrical field which accelerates the poly-
mer towards a cathode. If the cohesive forces inside
the polymeric solution are high enough, the electrical
projection of the solution will give a polymer fiber,
which is accelerated towards the cathode. There are
several parameters that play a key role in the final
fiber properties, such as the polymer concentration,
solvent, temperature, distance, voltage, etc. More
detailed description of the electrospinning technique
can be found elsewhere.’***

Once the electrospinning process is completed, the
fiber mats were thermally treated at 140°C for 30
min. These fibers were cured in order to achieve a
chemical stabilization of the polymer with the for-
mation of ester bonds in the final structure of our
fiber mat (see Fig. 2). This reaction has a first step of
dehydratation of the carboxylic groups of PAA giv-
ing glutaric anhydride-like rings. These anhydride
rings can interact with the hydroxyl terminations of
the B-CD giving a covalent bond between the PAA
and the B-CD. As far as the B-CD rings have several
OH terminations, one cycle can result chemically
bonded to more than one PAA polymeric chain, act-
ing as crosslinker.

In Figure 3, the FTIR spectra of two different elec-
trospun fibers are shown. The first one consists in
only PAA electrospun fibers and the other sample
consists in PAA+B-CD electrospun fibers thermally
treated at 140°C for 30 min (coded as PAA-+p-
CD+AT). The use of B-CD as a crosslinker in aque-
ous PAA solution produces ester bonds by esterifica-
tion process.”” The transmission FTIR spectrum of
crosslinked electrospun fibers shows absorption
bands characteristics of such ester bonds. More spe-
cifically, a strong absorption band in the 1750-1700
cm ™' region is attributed to the ester carbonyls and
also to the carboxylic carbonyl bonds, present both
in the free carboxylic acid groups of PAA and also
in the B-CD-PAA ester bonds. Moreover, the bands
in the 1300-1100 cm ' region are attributed to the
C—O stretching vibrations of carboxylic and ester
functional groups, and such bands are stronger in
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Figure 2 Crosslink reaction scheme of the thermally-treated electrospun nanofibers.

the crosslinked fibers than in the crude PAA. Fur-
thermore, the bands in the 1050-900 cm™' region
could be associated to the OH deformation mode of
the alcohol groups of B-CD which have not cross-
linked with PAA fibers.

The FTIR gives evidence of the formation of some
degree of crosslinked ester groups and other
unreacted alcoholic groups from the B-CD. This is
consistent with the results reported in the bibliogra-
phy” and also with the high water insolubility of
the thermally crosslinked fibers which has been
experimentally tested by immersion in water for
long periods of time (several days), while the
untreated fiber mats dissolved immediately as they
were rinsed gently with ultrapure water. The cross-
linked fibers were stable in water, and due to the
weak polyelectrolyte nature of the carboxylic groups
of the PAA, they present a well known pH depend-
ent swelling behavior.””*®

Figure 4 shows two AFM images of an already
crosslinked fiber mat (electrospun from a 10 wt %
PAA), before and after being immersed in water for
24 h. Although it is observable a slight deformation
of the fibers, they remain almost intact after the
immersion time. The AFM analysis of the fiber mats
shown in Figure 4 confirms the chemical and me-
chanical stability of the electrospun webs.

To analyze the morphology of the fibers, FE-SEM
images were obtained. Figure 5 shows the diameter,
distribution and thickness of these crosslinked elec-
trospun fibers (from a 5 wt % PAA solution). In this
Figure 5, it is possible to appreciate a regular mor-
phology of the nanofibers along the coated area with
some beads. Fibers, as thin as 110 nm in diameter,
have been observed which provides an extremely
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high active surface area to the fabricated coating.
The formation of some beads with an average diam-
eter of 500 nm in the treated area are due to the
contraction of the radius of the electrospinning jet
when it was driven by surface tension, see inset of
Figure 5.

It is well known that the polymeric solution con-
centration impacts dramatically in the viscosity and
consequently in the diameter of the final electrospun
fibers. This is corroborated comparing the diameter
of the fibers with a 5 wt % of PAA and the fibers
with a 10wt % of PAA (keeping constant the B-cyclo-
dextrin to polymer ratio). When the polymeric solu-
tion concentration is 10 wt % of PAA (Fig. 4) the
electrospun fibers show an average diameter of
around 2.3 um, while with the 5 wt % PAA fibers
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Figure 3 FTIR spectra of two different samples: PAA
and PAA+B-CD+AT. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 4 AFM images of crosslinked hydrogel fibers before (left) and after a 24 hour immersion in water (right). The
fibers were electrospun from a 10%wt. PAA. The fibers remain almost unaltered, showing high chemical and mechanical

stability.

the diameter was as thin as 110 nm. This last config-
uration provides an extremely high active surface
area to the fabricated fiber mat.

Then, the polymeric fibers were loaded with Ag™
ions via ion interchange as described in previously
reported works,*** and finally silver was in situ
reduced with DMAB.* The visual appearance of the
fibrous coating changes dramatically after the reduc-

tion step, taking a reddish coloring. The UV-VIS
absorption spectrum of the fibers revealed the pres-
ence of a strong absorption band with a maximum
in 440 nm (Fig. 6). This change in the optical ab-
sorbance can be attributed to the formation of
metallic silver nanoparticles which shows a typical
surface plasmon resonance (SPR) absorption band.
Although the maximum of the SPR band of silver

Figure 5 FE-SEM images of electrospun fibers (5%wt. PAA).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 UV-VIS Absorption spectrum of an Ag NP
loaded electrospun fiber mat.

nanoparticles is usually found around 410 nm, in
this case, the NPs are packaged inside the fibers and
the SPR resonant condition is red-shifted and
slightly broadened.***!

It is important to remark that in other works, the
silver particles are already included in the polymeric
precursor solution of the electrospun fibers.*>
Since it is well known that the characteristics of the
final fiber mat strongly depend on the composition
of the spinning solution, one of the main issues of
these approaches is that the average fiber diameter
and morphology can vary dramatically when param-
eters such as the amount of silver nanoparticles are
slightly changed.*> Because of this, one of the main
advantages of the here proposed synthesis method
is that the total amount of silver loaded into the
fibers can be adjusted subsequently to the fabrication
of the fiber mats.

Simply by varying the number of dip/reduction
cycles, or by increasing the concentration of the
AgNO; loading solution, the nanoparticle synthesis
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Figure 7 Variation of the intensity and the wavelength of
the SPR absorption maximum depending on the concen-
tration of the AgNOj; loading solution. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app

RIVERO ET AL.

[ .

Figure 8 TEM image of the Ag NP loaded electrospun
fiber mat.

is altered. In this case, the concentration of the
AgNO; loading solution was increased while the
immersion time was kept constant. The ion exchange
mechanisms were more efficient, resulting in a heav-
ier loading of Ag' ions into the PAA hydrogel
fibers. When those ions were reduced to Ag’ by
immersing the fibers in DMAB, the size and aggre-
gation of the silver nanoparticles were different
depending on the loading solution concentration.
This difference results in a dramatic change of the
color of the fibers, observable even to the naked eye.
Figure 7 shows the variation of the intensity and the
peak wavelength of the SPR resonant absorption
peak, as the concentration of the AgNO; loading so-
lution is increased. As the amount of silver inside
the fibers is higher, the SPR absorbance is stronger
and the wavelength of the peak is red-shifted, in

0,06+
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0,024

Absorbance (a.u.)

0,00

300 400 500 600 700 800
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Figure 9 Variation of the absorption spectra depending
on the concentration of the AgNO; loading solution.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 10 Bacteriological cultures of L. plantarum with two different samples, a reference sample with no silver nanopar-
ticles (left) and a silver loaded electrospun fiber mat (right). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

consonance to what it has been demonstrated in
other works.***! In Figure 8, Ag NPs can be shown
in the electrospun fibers by TEM micrographs.

The complete UV-VIS absorbance spectra of the
samples are shown in Figure 9. This demonstrates
the versatility of this approach, in which the param-
eters of the polymeric precursor solutions for the
fabrication of the fiber membranes can be adjusted
separately to optimize the nanoparticle synthesis
characteristics.

Finally, the antibacterial efficiency of the fiber
mats has been tested. The killing efficiency of the
less loaded samples (with 0.5 mM of AgNO;) was
slightly lower than 99%, and it could not considered
biocide. Nevertheless, it has been observed a direct
relation between the amount of silver contained in
the electrospun fibers and their antibacterial activity.
In the case of the most concentrated samples (4 mM)
it is even observed an inhibition zone around the
sample in which no bacterial growth was observed;
therefore they show a highly efficient killing effect.
In Figure 10 it is possible to see the photographs of
a bare glass substrate [Fig. 10(a)] and other sample
coated with electrospun fibers loaded with silver
nanoparticles with a 4 mM AgNO; [Fig. 10(b)].
While in the reference sample the bacterial growth
happened in the whole agar slab and also under the
glass, in the silver loaded fibrous membrane coating
no bacteria were found. The killing efficiency of
these samples was higher than 99.99%.

CONCLUSIONS

In this work, silver nanoparticles were immobilized
inside submicron electrospun fiber membranes and
highly efficient antibacterial coatings were obtained.
First, chemically stable submicron polymeric fibers

were obtained by electrospinning of PAA and pB-
cyclodextrin. Chemical and mechanical stable fiber
mats were achieved by a thermal treatment which
induced a crosslinking reaction between the PAA
and the B-CD molecules. Water insoluble hydrogel-
like polymeric fibers as thin as 110 nm in diameter
were obtained using this technique. Afterwards, sil-
ver nanoparticles were synthesized directly within
the fibers. Ag" ions were loaded into the fibers via
ion interchange simply by immersing the fibers into
a silver nitrate solution, and then they were reduced
into Ag® using DMAB. The colorless fibers acquired
a pale golden coloring after the reduction step, as
result of the SPR absorbance peak of the silver nano-
particles. Simply by increasing the concentration of
the AgNO; loading solution, bigger and more aggre-
gated silver nanoparticles were obtained. The SPR
absorbance peaks of the samples are red shifted in
more than 80 nm and significantly increased in in-
tensity, when the AgNOj loading solution concentra-
tion was varied from 0.5 to 4 mM.

Finally, the biocide effect of the silver-loaded fiber
mats were tested against Lactobacillus plantarum bac-
teria. When the fiber membrane was loaded with a
AgNO; solution more concentrated than 4 mM the
coatings showed a very high killing efficiency
against the bacteria, killing more than 99.99% after
24 h. Those samples even showed an inhibition zone
around them.

This novel approach simplifies the fabrication pro-
tocol by allowing the separate control of the parame-
ters of electrospinning process and the synthesis of
the silver nanoparticles, giving more versatility to
obtain the desired properties of the final coatings.
These characteristics are an advantage over previ-
ously reported silver-loaded nanofiber mats, and
this two-step process results in an efficient method
to fabricate large specific surface area coatings with

Journal of Applied Polymer Science DOI 10.1002/app



a high performance biocide behavior. These fiber
mats could be applied to wound healing and regen-
eration skin processes. To our knowledge, this is the
first time that stable hydrogel nanofibers with a
highly biocide behavior have been fabricated using
electrospinning thanks to a two-step process which
improves the reproducibility and tunability of the

fiber mats.
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