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Abstract Different preparation methods of silver
nanoparticles (AgNP) are well described in the
literature, most of them in aqueous medium. Aqueous
dispersions of AgNP normally have a limited capacity
to tolerate high nanosilver concentrations. However,
AgNP production in non-aqueous medium is still
scarce although its exploitation for example, as
coating for hydrophobic surfaces, would be of a huge
importance in many technological applications. In this
work, we report the chemical preparation of highly
concentrated non-aqueous AgNP dispersions obtained
by reduction of silver cation, from two distinct salt
sources (AgNO3z and AgBF,), by 1-butanol in the
presence of a biocompatible poly(ether-block-amide)
copolymer, named PEBA. The highest concentration
reached was around 5 mM, when it used AgBF, as
silver source and 4 % (w/w) of a PEBA solution in
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1-butanol. This AgNP concentration is notably higher
than the values reported in aqueous medium. The
AgNP formation was attested by UV-Vis spectro-
scopic analysis, which showed the characteristic
strong plasmon band at 420 nm. The X-ray diffraction
patterns confirmed the formation of a crystalline fcc
silver metallic phase with particle diameters ranging
from 5 to 10 nm accordingly to transmission electron
microscopy examination. It was also observed that the
AgNP dimensions are dependent on the PEBA and
silver salt concentrations. The AgNP dispersions
presented a very high antimicrobial activity against
E. coli and S. aureus microorganisms, even in low
concentration, attested by the Kirby-Bauer method.

Keywords Silver nanoparticle - Chemical
reduction - Antimicrobial - Hydrophobic coating
dispersion - Biocompatible polymer

Introduction

Metallic nanomaterials (Ag, Au, Pt, Pd, etc.) have
been extensively studied due to their interesting
fundamental properties and many technological appli-
cations in fields such as nanoelectronics, nanophoton-
ics, nanomedicine, chemical sensors, catalysts, and
others (Pradeep 2009; Jain et al. 2008; Roduner 2006;
Ray 2010). Among the family of transition metals,
silver is one of particular interests thanks to its lower
cost when compared to Au, Pd, and Pt and to its well-
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established applications in the environmental and
medical fields (Sharma et al. 2009; Sondi and Salopek-
Sondi 2004; Chen and Schluesener 2008).

Two main synthetic approaches, the bottom-up and
the top-down (Rao et al. 2005), are used to produce
metallic nanoparticles. Silver nanoparticles (AgNP)
can be produced by both (Poole and Owens 2003;
Rotello 2004; Alonso et al. 2009; Tolaymat et al.
2010), but the bottom-up is the most used. It normally
involves the chemical reduction of silver cations in
aqueous solution containing a stabilizing agent to
avoid the agglomeration of the AgNP (Ferrando et al.
2008; Cumberland and Lead 2009; Hu and Easterly
2009; Khaydarov et al. 2008). This synthetic method
stands out for its simplicity, low cost, and possibility
of large-scale preparation. The effectiveness of the
chemical reduction route is very dependent on the
appropriate choice of the silver salt precursor, stabi-
lizing and reducing agents but also by experimental
conditions such as reactants molar ratio, reaction time,
pH, and temperature. These synthetic parameters
strongly affect the nanoparticles size, shape, and
stability and, consequently, their properties and
potential applications (Krutyakov et al. 2008; Tolay-
mat et al. 2010).

Silver nitrate is the most common silver source for
aqueous medium synthesis because of its lower cost
and greater stability than other silver salts (Lee and
Meisel 1982). Sulfate, perchlorate, and citrate salts are
also utilized less frequently (Krutyakov et al. 2008;
Tolaymat et al. 2010). It is noteworthy that these silver
salts have limited solubility in organic solvents, thus
this is an important obstacle to be transposed in order
to achieve good results in non-aqueous medium
synthesis of AgNP. One approach adopted to over-
come this solubility restriction is the use of less
common silver precursors (Tan et al. 2003), which
implies in concerns related to the cost and reactant
availability when considering large-scale preparation.

Regarding to the reducing agents employed in the
aqueous medium AgNP syntheses, it is observed that
NaBH, is the most used one, since it promotes the
formation of very small and monodisperse nanopar-
ticles, but this salt might also present solubility
restrictions, as the common silver salts, in organic
medium. In addition, it has the disadvantage of being
toxic to human cells, even in small quantities, which
becomes a concern when considering the use of AgNP
dispersions in medical applications (Wang et al. 2008;
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Chen et al. 2007). Aiming the use of this dispersion in
the medical field, where even trace amounts of toxic
residues are not acceptable, the use of a less toxic
reducing agent is mandatory. These can be achieved
by using citrate (Tan et al. 2003; Sileikaite et al. 2009;
Pillai and Kamat 2004; Lee and Meisel 1982; Wang
et al. 2008), ascorbic acid (Suber et al. 2005; Suber and
Plunkett 2010; Lee et al. 2004; Yang et al. 2005; Sondi
et al. 2003; Chen et al. 2007), and hydrazine (Yang
et al. 2005; Zielinska et al. 2009; Nickel et al. 2000;
Maillard et al. 2003). Although they are milder than
sodium borohydride, they can, under appropriate
experimental conditions, allow the production of
AgNP in aqueous medium with desirable size and
shape, without the formation of toxic residues.

It is known that nanoparticles dispersions are
thermodynamically unstable and tend to agglomerate
unless stabilizing agents are used during the synthesis
to prevent agglomeration and/or excessive growth of
the nanoparticles. In the aqueous medium synthesis,
sodium dodecyl sulfate (Rodriguez-Gattorno et al.
2002; Patakfalvi et al. 2008; Tolaymat et al. 2010;
Wang et al. 2008; Ghosh and Kolay 2008), polyvi-
nylpyrrolidone (Zielifiska et al. 2009; Patakfalvi et al.
2004; Tolaymat et al. 2010; Sun et al. 2002; Wang
et al. 2005; Kim 2007), and polyvinyl alcohol
(Zielinska et al. 2009; Patakfalvi et al. 2004; Tolaymat
et al. 2010; Khanna et al. 2005) are the most used
stabilizing agents (Yakovlev and Golubeva 2013).

Another issue that is common to the majority of
AgNP aqueous dispersion is the low nanoparticles
concentration (Solomon et al. 2007), typically varying
from 1 to 50 mg 17! (9.3 x 107°-0.47 mM) and the
incompatibility with hydrophobic surfaces based on
PTFE, silicone, PVC, PE, which are normally encoun-
tered in many medical devices. This fact hinders the
use of AgNP as bactericidal coating, which is an
important application for this nanomaterial.

Herein, we present a simple synthetic procedure in
organic medium that overcomes the solubility restric-
tions of inorganic salts, presence of the toxic residue,
and low concentration of AgNP as discussed before.
We prepare highly concentrated hydrophobic disper-
sions of AgNP, using 1-butanol as both solvent and
reduction agent. Two silver salts, AgNO; and AgBF,,
were evaluated as precursors for nanoparticle forma-
tion and a poly(ether-block-amide) copolymer, called
PEBA 2533 (Kontukhova et al. 2002) (Fig. 1), was
used as stabilizing agent. This biocompatible
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Fig. 1 PEBA 2533 structure composed by 80 % of a polyether
(PE = poly(tetramethylene oxide)) and 20 % of a polyamide
(PA = polyamide 12)

copolymer has excellent mechanical properties and
solubility in 1-butanol. The antimicrobial activity of
the dispersions was evaluated against E. coli and S.
aureus microorganisms.

Experimental procedures
Materials and glassware cleaning

AgNO;, AgBF,, and 1-butanol were purchased from
Sigma-Aldrich and used as received without purifica-
tion. PEBA 2533 was obtained from Arkema Group.
To avoid nanoparticles attachment and agglomeration
to the glassware and storage vials, they were cleaned
with piranha solution, extensively rinsed with milli-Q
water and dried previously to the use.

AgNP preparation

First, PEBA 2533 was dissolved in 1-butanol in
concentrations of 2, 3, or 4 % (w/w) with vigorous
stirring under reflux. Solutions with concentration
above 4 % of PEBA were not used due to the limited
solubility of the polymer in 1-butanol. To a 10 ml

amounts of the silver salt (AgNO; or AgBF,) and the
mixture was refluxed for different times in order to
promote the salt solubilization and Ag* reduction. To
remove the unreacted silver salt from the alcohol
medium, the dispersions were treated as follows: first,
10 ml of deionized water was added to the AgNP
dispersion with vigorous shaking, followed by letting
the vial to rest to promote phase separation. To the
aqueous phase, it was added a 0.1 M NaCl solution in
order to promote the AgCl precipitation and to enable
the quantification of the unreacted silver salt by
gravimetric analysis. A schematic illustration of the
procedure is presented in Fig. 1S of the supplementary
information.

The phase containing AgNP was characterized and
submitted to the microbiological assays. These sam-
ples are denoted in the text as PEBA_x%_ymM_A-
gA_zmin, where x is the PEBA concentration (w/w in
%), y is the AgA initial concentration (in mM), A is the
anion of the silver salt, and z is the reflux time in
minutes. The concentration of silver nanoparticles in
the dispersions was determined by the difference
between the initial and remaining amount of Ag™. The
samples abbreviations prepared in this work and their
composition are listed in Table 1.

Equipment descriptions

X-ray diffraction patterns (XRDP) of the films were
recorded on a Rigaku diffractometer model Miniflex
using Cu-K, radiation. Thermogravimetric analyses
(TGA) were performed in a Shimadzu thermoanalyser
TA-60, under synthetic air atmosphere with a flux of

sample of each PEBA solution, it added different

Table 1 Samples abbreviations and their descriptions

100 cm® min~!

and a heating rate of 10 °C min™ .

1

Sample abbreviation Ag salt Initial concentration PEBA Reflux
of the silver salt (mM) concentration time (min)
(wiw) (%)
PEBA 2 %_14.7 mM_AgNO;_30 min AgNO; 14.7 2 30
PEBA 3 %_14.7 mM_AgNO;_30 min AgNO; 14.7 3 30
PEBA 4 %_14.7 mM_AgNO;_30 min AgNO; 14.7 4 30
PEBA 4 %_14.7 mM_AgNO;_10 min AgNO; 14.7 4 10
PEBA 4 %_14.7 mM_AgNO;_20 min AgNO; 14.7 4 20
PEBA 4 %_14.7 mM_AgNO;_40 min AgNO; 14.7 4 40
PEBA 4 %_14.7 mM_AgBF,_1 min AgBF, 14.7 4 1
PEBA 4 %_14.7 mM_AgBF,_3 min AgBF, 14.7 4 3
PEBA 4 %_14.7 mM_AgBF,_5 min AgBF, 14.7 4 5
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Fourier transformed infrared spectra (FTIR) were
recorded on a Bomem spectrophotometer, model MB-
102 using the DRIFT accessory with solid samples
diluted in KBr. UV-Visible electronic absorption
spectra (UV-Vis) of the dispersions were recorded on
a Shimadzu spectrophotometer, model MultiSpec-
1501 using quartz cuvettes. Zeta potential ({) and
particle size distribution by dynamic light scattering
(DLS) of the AgNP dispersions were measured on a
Malvern Zetasizer nano ZS equipment. Transmission
electron microscopy (TEM) images were recorded on
a JEOL microscope model JEM 2100 operating at
200 kV. Samples were prepared by diluting the
dispersion in isopropanol with the aid of an ultrasonic
bath followed by deposition onto a carbon-coated Cu
microgrid.

Microbiological assays

Staphylococcus aureus (ATCC 29213) and Esche-
richia coli (ATCC 25922) were grown in nutrient broth
media (Difco) and incubated at 37 °C for 18-24 h. The
culture was adjusted to 10® colony forming units
(CFU)/ml by visual comparison to a 0.5 McFarland
standard in sterile saline solution and spread over the
plates containing Mueller—Hinton agar (Difco) using a
sterile cotton swab in order to get a uniform microbial
growth. Sterile filter papers disks with 6-mm diameter
impregnated with 10 pul of AgNP dispersions were
placed on plates and incubated at 37 °C for 18-24 h.
Experiments were carried out in duplicate.

Results and discussion

The AgNP dispersions were prepared from the chem-
ical reduction of Ag™ by I-butanol affording Ag® and
1-butanal. The standard reduction potential (E%) of
Ag' to Ag’ is +0.80 V. Since the standard oxidation
potential of 1-butanol to 1-butanal is not available, we
used the E° of the couple ethanol/ethanal (—0.20 V) to
estimate the standard potential of the reaction (Lide
2004). The E° for the global reaction is positive
(EO = + 1.00 V), which indicates that the process is
spontaneous. The formation of butanoic acid was
discarded, due to the absence of water in the reaction
medium (Habibi and Dadashpour 2013).

Despite its spontaneous character, this reaction
does not proceed at a reasonable rate at room
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temperature, so heating is necessary. The presence of
PEBA 2533 is also of fundamental importance,
otherwise, although the reaction occurs, the AgNP
dispersion is not stable. In the absence of this
copolymer, it observed nanoparticles agglomeration
and adhering to the surface of the vial. It is worth to
mention that these dispersions are hydrophobic, so in
the presence of water two phases are produced, as it
can be seen in the image presented in Fig. 2S of
supplementary information. In this two-phase system,
AgNP migrate to the alcoholic phase. In order to
determine the best experimental conditions, the effect
of reaction time, initial amount of silver salt, type of
the silver salt, and percentage of PEBA 2533 in
1-butanol were evaluated as follows.

Influence of PEBA concentration

As commented before, PEBA has a crucial influence
on the stability of the AgNP. Three different exper-
iments containing 14.7 mM of AgNOj; and 2, 3, or
4 % (w/w) of the PEBA dissolved in 1-butanol were
refluxed during 30 min. The UV-Vis spectra of these
samples registered immediately after the preparation
are shown in Fig. 2. It is possible to observe a band
centered at around 420 nm that corresponds to the
typical surface Plasmon resonance of AgNP (Hunter
and Fendler 2004; Yang et al. 2001). The dispersions
produced with 2 and 3 % of PEBA precipitate after 2
and 4 months, respectively. This event was not
observed in the dispersion prepared with 4 % of
PEBA, which remained stable for at least one year.

0.6
- - - PEBA 2%_14.7mM_AgNO3_30min
- PEBA 3%_14.7mM_AgNO,_30min
0.5 1 ——— PEBA 4%_14.7mM_AgNO3_30min
o 0.4
o
c
I
2 0.3+
e}
@
e}
< 024

014"

0.0 T T
300 400 500 600 700

Wavelength (nm)

Fig. 2 UV-Vis electronic absorption spectra of the dispersions
containing 14.7 mM of AgNOj; in 2, 3, and 4 % of PEBA in
1-butanol after 30 min of reflux
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Fig. 3 TEM image of the PEBA 4 %_14.7mM_AgNO; 30 -
min sample

The band profiles observed in Fig. 2 are not the
same, suggesting that the resultant particle size and
shape are different in each preparation. Intense
plasmon bands are normally related to small nanopar-
ticles, so it is possible to infer that the use of 4 %
PEBA solution promoted the formation of smaller
particles than those obtained in 2 and 3 % PEBA
solutions, which is coherent with the stability
differences.

In the TEM image of the sample PEBA
4 %_14.7TmM_AgNO; 30 min (Fig. 3), the AgNP
appear as dark dots and the copolymer as bright areas.
The TEM image (not shown here) of the sample
containing 2 % of PEBA presents large particles and
some agglomerates when compared to the samples
containing 3 and 4 % of PEBA, fact that explains its
low stability. Samples containing 3 and 4 % of PEBA
show nanoparticles with spherical shape, similar size,
and homogeneous distribution in the polymeric
matrix, evidencing that the amount of PEBA is critical
to maintain the long-term stability of the AgNP
dispersion in 1-butanol. Due to this finding, all further
studies to achieve the best experimental conditions
were performed with the 4 % PEBA solution.

The measured Zeta potentials of these alcoholic
AgNP dispersions were close to zero. Considering the
particle surface charge, this would imply in an
unstable dispersion with tendency for nanoparticle
agglomeration. However, since these dispersions
remain stable for at least one year, we can assume
that the copolymer is acting as a dispersing agent for
the nanoparticles and it is the responsible for the
dispersion stability.

Another evidence of the stabilization character of
the PEBA is given by the size of particles in the
dispersion determined by DLS (Fig. 3S of supple-
mentary information). The PEBA 4 %_14.7mM_
AgNO;_30 min sample presents a dynamic diameter
of 2,492 nm with a low polydispersivity index (PDI).
Since this diameter is much bigger than the size of the
AgNP observed in TEM image (Fig. 3) and it is also
bigger than the particles of pure PEBA dispersion, it is
reasonable to assume that PEBA is acting as dispers-
ing agent for the nanoparticles.

Influence of reaction time

To determine the time required for the maximum Ag™
conversion in Ag’ using the 4 % PEBA 1-butanol
solution, four experiments were performed using a
fixed concentration of 14.7 mM of AgNO; and
varying the reflux time (10, 20, 30, or 40 min). All
the dispersions became yellow during the course of the
reaction. Precipitation started to be observed after
50 min of reaction. The UV-Vis spectra of these
dispersions are shown in Fig. 4, where it is possible to
observe the characteristic Plasmon band of AgNP at
420 nm (Hunter and Fendler 2004; Yang et al. 2001).
In all registered spectra, the band profiles are similar,
indicating that the reaction time may not influence the
nanoparticles size and shape. The difference in the
intensity of Plasmon band is attributed to the concen-
tration of the AgNP in the dispersion. The maximum
absorbance is achieved after 30 min. The AgNP

06 —— PEBA4%_14.7 mM_AgNO,,_10min
\ - - ~ PEBAA%_14.7 mM_AgNO,,_20min
0.5 1 L P PEBA4%_14.7 mM_AgNO,_30min

R Y ==+ PEBA4%_14.7 mM_AgNO,_40min

Absorbance
o o o
N w N

1 1 1

o
=
L

0.0 T T T
300 400 500 600 700 800

Wavelength (nm)
Fig. 4 UV-Vis electronic absorption spectra of the dispersions

produced using 14.7 mM of AgNOs in 4 % PEBA 1-butanol
solution at different reflux time intervals
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concentrations, determined according to item 2.2, are
around 0.6, 0.8, 1.0, and 1.0 mmol 17" in the disper-
sions obtained after 10, 20, 30, and 40 min, respec-
tively. Considering that the concentration of AgNP in
aqueous medium is typically around 9.3 x 10—
0.47 mM, it is possible to affirm that these dispersions
contain much higher AgNP concentration than the
ones produced in aqueous solution.

Influence of silver salt

Due to the limited solubility of AgNOj in 1-butanol,
AgBF, was also used as Ag™ source in order to produce
more concentrated AgNP dispersions. AgBF, is much
more soluble in 1-butanol than AgNOs;, even at room
temperature, as can be seen in Fig. 4S of the supple-
mentary information. Using the most promising exper-
imental conditions found for the dispersions produced
with AgNOs (4 % of PEBA in 1-butanol and 30 min of
reflux time), one experiment using AgBF, was tested.
Differently from what was observed in the procedure
using AgNOs;, the precipitation of AgNP started to be
observed visually after 7 min of reflux. Thus, three
experiments completed after 1, 3, and 5 min of reaction
times were performed, and their UV-Vis spectra are
shown in Fig. 5. It was not observed any Plasmon band
intensity increasing after 3 min of reaction, as it can be
seen in Fig. 5. Thus, it was assumed that 3 min is
enough to produce the maximum concentration of
AgNP when using AgBF, as silver source.

Due to the improved solubility of AgBF, in
1-butanol, experiments with more concentrated

0.8 4 —— PEBA 4%_14.7 mM_AgBF,4_1min
/A - - - PEBA 4%_14.7 mM_AgBF,_3min
- - PEBA 4%_14.7 mM_AgBF,4_Smin

0.7 A 7
0.6 A
0.5 A
0.4 4

Absorbance

300 400 500 600 700
Wavelenght (nm)

Fig. 5 UV-Vis electronic absorption spectra of the dispersions

produced using 14.7 mM of AgBF, in 4 % of 1-butanol PEBA
solution at different reflux time intervals

@ Springer

AgBF, solutions were also carried out. Procedures
starting with 258, 152, 51.5, and 25.7 mM of AgBF,
resulted in deep yellow dispersions, but not as stable as
the one prepared with 14.7 mM of AgBF,, which
remained without precipitation for at least one year.

The Zeta potentials determined for the dispersions
produced with 14.7 mM of AgBF, in different reac-
tion times were also close to zero, indicating that their
nanoparticles are not charged and their stability is
maintained by the dissolved PEBA, as previously
discussed.

The AgNP concentration in the sample
PEBA4 %_14.7 mM_AgBF,_3 min, determined
according to the item 2.2, is around 5 mmol 1=,
which is five times greater than the one prepared with
AgNOj;. TEM images of this sample (Fig. 6) indicate
that the agglomeration of nanoparticles practically
does not exist. The high AgNP concentration is clearly
evidenced in this image, where it is also possible to
observe spherical nanoparticles with diameters rang-
ing from 5 to 10 nm.

Taking into account that samples PEBA4 %_
14.7mM_AgBF, 3 min and PEBA4 %_14.7mM_
AgNO;_30 min are the most concentrated achieved
in this work, they were further characterized by FTIR,
XRD, and TGA. For these analyses, 1-butanol was
removed under reduced pressure at 60 °C, resulting in
self-supported yellow films. These films have hydro-
phobic properties similar to PEBA 2533 films (Djeb-
bar et al. 1998). The films obtained for the samples
PEBA4 %_14.7TmM_AgBF,_3 min and PEBA4 %_
14.7mM_AgNO;_30 min will be designated in the
text as PEBA_AgNP(AgBF,) and PEBA_AgNP
(AgNOs), respectively.

The registered XRDP of these films are shown in
Fig. 7. For comparison purposes, it included the
XRDP of pure PEBA film. The amorphous structure
of the copolymer is evidenced by the halo observed
between 15° and 35° (Peyravi et al. 2010). No peaks
corresponding to the crystalline AgNP were observed
in the XRDP of the sample PEBA_AgNP(AgNO3).
This fact can be explained by the low amount of
metallic silver present in this film (about 2.5 %,
considering the concentration of 1 mM of AgNP). The
PEBA_AgNP(AgBF,) film shows peaks at 38° and
46° indexed to the planes (111) and (200) of the face-
centered cubic lattice of silver. It is possible to observe
that the presence of AgNP changes the structural
arrangement of the polymer matrix, since the halo
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Fig. 6 TEM images of the PEBA4 %_14.7 mM_AgBF,_3 min dispersion in different magnifications. The inset shows the histogram

of the particle size distribution

1200 N
" —— PEBA
T PEBA_AGNP(AgBF,)
L e PEBA_AGNP(AGNO3)
—~ 9004
(%2}
a
L
._é* A
2 600 -
9
£
30047 ¢
T T T T

10 30 40 50 60
20°

Fig. 7 XRDP of PEBA,
PEBA_AgNP(AgBF,) films

PEBA_AgNP(AgNO3), and

became less broad and more intense in the samples
containing silver.

The difference in the concentration of AgNP in the
films is easily observed in the TGA analyses (Fig. 8).
The residues of the sample PEBA_AgNP(AgNO3) and
PEBA_AgNP(AgBF,) are around 2 and 10 %, respec-
tively, which is coherent with the AgNP concentra-
tions previously determined for the PEBA4 %_
14.7mM_AgBF,_3 min and PEBA4 %_14.7mM_
AgNOj3_30 min dispersions. In the TGA curve of the

sample PEBA_AgNP(AgNO3), it is observed that the
Tonset Of the decomposition process occurs at the same
temperature of the pure PEBA film (around 390 °C),
indicating that the presence of AgNP did not reduce
the thermal stability of the polymer. The same
behavior was not observed in the TGA curve of the
PEBA_AgNP(AgBF,) film, where the high concen-
tration of AgNP reduced the decomposition temper-
ature of the polymer in 140 °C.

The registered vibrational spectra of pure PEBA
and PEBA_AgNP(AgNO;) and PEBA_AgNP
(AgBF,) films shown in Fig. 5S (supplementary
material) indicate that the main chemical structure of
the polymer is preserved. The main vibrational bands
of pure PEBA, such as C = O (ester and amide)
stretching at 1,730 and 1,640 cm_l, N-H stretching at
3,300 cm ™', C-O stretching at 1,100 cm™' and the
bands related to the vibrations of the carbon chain
(axial and angular deformation) in 2,850, 2,920, 1,460,
and 1,360 cm ™" are still present in the films containing
AgNP.

Microbiological assays

Analyzing the circular “halo” or zone of inhibition
that appears around the disk with high bacterial

@ Springer
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concentration (108 CFU mL™!) (Fig. 9), we can affirm
that both bacteria, Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus), are highly sensi-
tive to the disks coated with the samples produced with
14.7 mM of AgNO; and 4 % (sample a), 3 % (sample

00 —— PEBA
— N e PEBA_AgNP(AGNO)
e PEBA_AGNP(AGBF 4)
80
é 60 -
1%}
1%}
©
= 40 A
20 A
0 -

100 200 300 400 500 600 700
Temperature (°C)

Fig. 8 TGA curves of PEBA, PEBA_AgNP(AgNO;), and
PEBA_AgNP(AgBF,) films

E. coli

Samplea Sampleb Samplec

Fig. 9 Visual aspect of cultures obtained after 24 h of
incubation. The disks were covered with AgNP dispersions
produced by the use of 14.7 mM AgNOj; solution and 4 %
(sample a), 3 % (sample b) or 4 % (sample c) of PEBA refluxed

@ Springer

b) or 2 % (sample c) of the PEBA refluxed during
30 min. The samples were diluted from 2.5 until 66
times in order to check if they lose effectiveness when
diluted. Taking into account the sample a (concentra-
tion around 1 mM), it is possible to observe that even
the most diluted sample (concentration around
0.015 mM) showed zone of inhibition for both bac-
teria when compared to the control.

When comparing the data of the samples a, b, and ¢
for both bacteria, it can be seen that the samples a and
b, with higher PEBA concentrations (3 and 4 %), show
higher sensitivity than the sample c, containing just
2 % of PEBA. These data suggest that the aggregation
of the AgNP in the sample containing 2 % of PEBA as
referred in Fig. 3 may have been the explanation for
the lowest antimicrobial activity. Even so, its antibac-
terial activity was in significant proportions.

Considering that the bacteria used were Gram-
negative and Gram-positive, the antimicrobial action
of all samples containing AgNP seems to act inde-
pendently of their membrane molecular characteristics
related to the bacteria. Interestingly, the samples seem

S. aureus

Samplea Sample b Samplec

during 30 min. The disks marked with c are the controls (only
PEBA solution). The numbers 2.5, 5, 10, 20, 40, and 66
represent the dilution factor of the AgNP stock solution
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Sample prepared
with AgBF,

B
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o
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- 00
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o X
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Fig. 10 Visual aspect of the bacterial sensitivity in cultures
after 24 h of incubation of disks covered with the AgNP
dispersions prepared with AgNO; and AgBF,

to have a more effective action on Gram-positive
bacteria (Staphylococcus aureus) based on the size of
the halos and their sensitivity even at lower concen-
trations when compared with E.coli (Gram-negative).
Further studies are needed to better elucidate this
interesting phenomena.

Taking into account that the samples PEBA4 %_
14 7mM_AgBF,_3 min and PEBA4 %_14.7mM_
AgNO;_30 min are the most concentrated ones, they
were analyzed comparatively in the microbiological
assays. In Fig. 10, it can be observed that the AgNP
dispersion prepared with AgBF, resulted in a larger
halo than the one produced with the AgNO; for both
bacteria. This fact can be explained by the difference
of the AgNP concentration.

Conclusions

Hydrophobic AgNP dispersions obtained by reduction
of silver cation by 1-butanol from two distinct sources
(AgNOj and AgBF,) in the presence of a biocompat-
ible copolymer were produced in this work. The
results showed that the dimension and concentration
of silver nanoparticles are dependent on the copolymer
and silver salt concentrations. Considering the best
experimental conditions achieved, it produced disper-
sions composed of spherical silver nanoparticles with
a diameter varying from 5 to 10 nm, with silver

concentration of 5 mM and long-term stability (more
than a year). All dispersion showed very high antimi-
crobial activity against E. coli and S. aureus even
when used at low concentration. These findings
suggest the potential application of these dispersions
as protective coatings for medical devices to prevent
infections. However, this purpose still requires further
studies to check the strength and the duration of the
adhesiveness and the cytotoxicity of the films to
human cells.
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