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Abstract The search for new materials for biomed-
ical applications is extremely important. Here, we
present results on the performance of a silver nano-
particles delivery system using natural rubber latex
(NRL) as the polymeric matrix. Our aim was to obtain
an optimized wound dressing by combining materials
with potential healing action. The synthesis of silver
nanoparticles and their characterization by UV-Vis
spectroscopy, transmission electron microscopy, zeta
potential, dynamic light scattering, and Fourier trans-
form infrared spectroscopy (FTIR) are depicted. The
NRL membranes are good matrix for silver nanopar-
ticles and allow for their gradual release. The release
of 30 nm silver nanoparticles by the NRL membranes
depends on their mass percentage in NRL membranes.
The total concentration of AgNP released by the NRL
membranes was calculated. The AgNP attached to the
cis-isoprene molecules in the NRL matrix remain
attached to the membrane (~0.1 % w/w). So, only the
AgNP bound to the non-rubber molecules are released.
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FTIR spectra suggest that non-rubber molecules, like
aminoacids and proteins, associated with the serum
fraction of the NRL may be attached to the surfaces of
the released nanoparticles, thereby increasing the
release of such molecules. The released silver nano-
particles are sterically stabilized, more stable and well
dispersed. Because the serum fraction of the NRL is
responsible for the angiogenic properties of the matrix,
the silver nanoparticles could increment the angio-
genic properties of NRL. This biomaterial has desir-
able properties for the fabrication of a wound dressing
with potential healing action, since it combines the
angiogenic and antibacterial properties of the silver
nanoparticles with the increased angiogenic properties
of the NRL.
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Introduction

The search for new materials for biomedical applica-
tions is extremely important (Amsden 2003; Guidelli
etal.2011a,2012a, b, d; Helaly et al. 1999, 2001; Park
et al. 2012; Sadatmousavi et al. 2012). In this sense,
natural rubber latex (NRL) extracted from Hevea
brasiliensis has been investigated due to its wound
healing properties (Ereno et al. 2010; Mrue et al. 2004;
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Thomazini et al. 1997). NRL consists of approxi-
mately 45 % of a naturally occurring form of cis-1,4
polyisoprene; 50 % of water; and 5 % of proteins,
lipids, and carbohydrates (Ferreira et al. 2009). It
performs biologic actions that promotes angiogenesis
(Ferreira et al. 2009; Mendonca et al. 2010), which is
an important phenomenon involved in normal growth
and wound healing processes. Therefore, NLR suc-
cessfully functions as a curative bandage in diabetic
patient‘s ulcers, where it induces angiogenesis and
neotissue formation (Frade et al. 2001). Besides its
application in the acceleration of skin cicatrization,
can also be used as an occlusive membrane for guided
bone regeneration (Ereno et al. 2010), as a polymeric
matrix for protein delivery systems (Herculano et al.
2009), as biomaterial in vascular prosthesis fabrication
(Neves-Junior et al. 2006). It also has more ordinary
industrial applications, such as the fabrication of tires,
condoms, and surgical gloves (Hasma et al. 2003).

The antimicrobial properties of silver nanoparticles
are largely described in the literature. Silver nanopar-
ticles are efficient antibacterial agent against Vibrio
cholera (Krishnaraj et al. 2010), Escherichia coli
(Krishnaraj et al. 2010), and Staphylococcus (Rai et al.
2009). They also exhibit cytoprotective activities
toward HIV-1-infected cells (Sun et al. 2005). Their
antibacterial effect is possibly due to blockage of the
respiratory enzyme pathways and alterations of the
cell wall and microbial DNA (Modak and Fox 1973).
Thus, silver nanoparticles are an important nanoma-
terial for the development of wound dressing (Kwan
et al. 2011; Lu et al. 2008). Besides protecting the
wound from infectious contamination by microorgan-
isms, silver nanoparticles promote wound healing and
reduce scar manifestation (Tian et al. 2007). These
nanoparticles possibly diminish inflammation via
cytokine modulation (Tian et al. 2007).

In this context, the benefits of a biohybrid latex
membrane containing silver nanoparticles for use as
wound dressing can be enormous. NRL has already
been used for the synthesis of silver nanoparticle
(Guidelli et al. 2011b). The binding of the cis-isoprene
molecules onto the surface of the nanoparticles is
responsible for the stabilization of the particles against
agglomeration and oxidation (Guidelli et al. 2011Db).
However, the silver nanoparticles need to be released
from the NRL membranes and penetrate the wound, to
perform its healing actions. This paper presents some
results on the fabrication of a delivery system
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containing silver nanoparticles using NRL membranes
(NRL-AgNP). We will show that the NRL mem-
branes successfully accommodate the silver nanopar-
ticles and liberate them in a time-controlled way. The
released silver nanoparticles were investigated by
UV-Vis spectroscopy, transmission electron micros-
copy (TEM), dynamic light scattering (DLS), zeta
potential, and Fourier transform infrared (FTIR)
spectroscopy. The NRL-AgNP membranes can be
used as a delivery system of silver nanoparticles for
future applications as wound dressing with potential
healing properties.

Materials and methods
Materials

Silver nitrate (99.8 %) was purchased from Cennabras
(Brazil). The NRL used in this study, consisted of a
mix of an extract of several clones of H. brasiliensis
and was provided by BDF Com Prod Agricolas
LTDA. After extraction, the pH was adjusted to 10
with ammonium hydroxide (NH4OH), in order to
avoid coagulation. The solution was centrifuged at
8,000x g, to reduce the amount of allergenic proteins
(Neves-Junior et al. 2006). The final product was kept
in a freezer at temperatures around 8 °C.

Methods

Silver nanoparticles (AgNP) were synthesized by the
chemical reduction of silver nitrate (AgNO3) using
sodium borohydride (NaBH,). To this end, 200 mL of
a 4 mM NaBH, solution was added to 200 mL of a
2 mM AgNOj; solution (Guidelli et al. 2012c). The
color of the solution became immediately yellow,
indicating the formation of colloidal silver. The
system was kept under vigorous stirring for 12 h.
Then, different volumes of the solution containing
AgNP were added to 8 mL of NRL, to prepare the
NRL-AgNP system with different silver mass. The
mixture was stirred for 5 min. The membranes were
fabricated by carefully dropping the freshly prepared
colloidal dispersion on a 8.5 cm diameter plate
followed by drying procedure at 40 °C. To insure
higher homogeneity of the membrane, the dispersion
was dropped in 10 steps. The final membranes were
yellow, suggesting that the AgNP were stabilized by
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the rubber molecules and did not segregate to form
aggregates. A pure NRL membrane was also prepared
by the same procedure, as control.

Four samples containing different amounts of
AgNP were produced. They were labeled according
to the mass percentage of nanoparticles. For instances,
NRL-AgNP_0.01 % refers to an NRL membrane
containing 0.01 % silver mass percentage, and so on.

Characterization techniques
Silver nanoparticles

UV-Vis electronic absorption spectra of the colloidal
dispersions were recorded using an Ultrospec 2100 pro
(Amersham Pharmacia) spectrophotometer. AgNP
morphology and size were investigated by TEM using
a JEOL-JEM-100 CXII instrument. A drop of the
colloidal dispersion onto a copper grid covered with a
conductive polymer was dried.

NRL-AgNP delivery system

To obtain the AgNp release rate, the pure NRL
membranes and the NRL-AgNP delivery systems
were individually immersed in a flask containing
20 mL of Mili-Q™ water. Then, 2 mL of each
solution were collected for UV-Vis spectroscopy
experiments. The spectra of solutions containing
immersed NRL-AgNP were acquired using the solu-
tion containing immersed pure NRL membrane as
reference, to subtract any possible absorption bands
arising from molecules released by the NRL mem-
brane, and insure that only the plasmon absorption
band of the AgNP was accounted for. After the UV—
Vis spectrum was registered, the aliquot was returned
to the flask, to avoid alteration in the total volume of
water. This procedure was repeated several times,
along 48 h.

The zeta potential and the particle size distributions
(PSD) were measured on a Zeta-Sizer system (Mal-
vern Instruments). The zeta potential of the nanopar-
ticles was measured from their electrophoretic
mobility by employing a quartz capillary cell contain-
ing a pair of palladium electrodes. This dispersion was
injected into the capillary of the Zeta-Sizer system and
the zeta potential was measured ten times. The mean
zeta potential values for three replicates were calcu-
lated. For the PSD, the data were collected at a fixed

angle (90°) and fixed wavelength (633 nm He—Ne
laser). FTIR spectra were acquired on a Bomem MB
100 spectrometer in the region between 4,000 and
400 cm™'. The solutions containing the released
compounds were dropped onto a Si (100) support, in
order to obtain a film.

Results and discussion

Figure 1 presents the UV—Vis spectrum of the colloi-
dal silver particles. The formation of AgNP was
confirmed by the presence of the absorption plasmon
peak around 390 nm (Khlebtsov 2008). This peak is
characteristic of the collective oscillation of the
conducting electrons in the nanoparticles surfaces in
the presence of a light wave field (Khlebtsov 2008).
The intensity of the peak is proportional to the AgNP
concentration; the full width at half maximum is
proportional to the size distribution (Medina-Ramirez
et al. 2009).

Figure 2 displays the TEM images of colloidal
AgNP and evidences a high degree of agglomeration.
However, the agglomerates consist of small silver
particles (Figire 2b). The PSD obtained by DLS
indicates an average diameter of 20 nm. Bearing in
mind that PSD and UV-Vis of the colloidal dispersion
point to spherical AgNP with 20-nm diameter, aggre-
gation probably occurred during drying onto the
copper grid. This happened because the AgNP were
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Fig. 1 UV-Vis absorption spectrum of the colloidal silver
dispersion in different AgNO;5 concentrations
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Fig. 2 TEM micrographs of the silver nanoparticles in different regions and magnifications

not capped with any passivation molecule during the
synthesis.

To determine the molar absorptivity coefficient of
the AgNP (¢(,)), we constructed the curve of absor-
bance at the plasmon peak as a function of the AgNO;
molar concentration. To this end, the starting disper-
sion containing 1 mM AgNO; was diluted several
times, and the absorption spectrum was collected for
each dilution (Fig. 1).

According to the Lambert—Beer law:

A= 8(/1)[9 C,

where A is the absorbance, ¢, is the molar
absorptivity coefficient, b is the optical path, and
C is the concentration. The optical path was 1 cm for
all the measurements, so the slope of the calibration
curve resulted in Epiasmony = 9.57 L mmol ! cm™!
(Fig. 3).

Figure 4 depicts the UV—Vis absorption peak of the
AgNP released by the NRL membranes. The UV-Vis
spectra of the sample NRL-AgNp_0.1 % do not
display a clear plasmon absorption band in the first
24 h (Fig. 4a). This suggests that the AgNP were not
released from the NRL-AgNP membranes or the
concentration of the AgNP released was too low to be
detected. In fact, plasmon band with a very low
intensity could only be detected after 48 h, thereby
suggesting that the AgNP are strongly bound to the
NRL matrix. The binding of AgNP to the NRL matrix
probably occurs via the cis-isoprene molecules (Guid-
elli et al. 2011b).

The color of the solution of the samples NRL-
AgNP_0.2 % and NRL-AgNp_0.4 % became pale
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Fig. 3 Absorbance at the plasmon peak as a function of the
AgNOj; concentration in the colloidal silver dispersion

yellow, suggesting that the NRL matrix liberated
AgNP (Fig. 4b, ¢). The plasmon absorption peak at
405 nm in the UV-Vis spectra of the collected
aliquots revealed that AgNp is present in water
(Fig. 4), confirming that the NRL membrane released
the nanoparticles in the water along time. The red shift
of the plasmon band from 390 to 405 nm is probably
associated with particle growth and/or agglomeration,
or it can be caused by the changes in the medium
surrounding the AgNPs. In the case of the pure
colloidal silver dispersion, the surrounding medium
consists of water molecules only; in the case of the
released AgNP, the medium may also contain mole-
cules released by the NRL.
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Fig. 4 UV-Vis spectra of the silver nanoparticles released by the latex membranes: a NRL-AgNp_0.1 %, b NRL-AgNp_0.2 %, and

¢ NRL-AgNp_0.4 %

A very clear plasmon absorption band for the
sample NRL-AgNp_0.2 % after 24 h of immersion,
and the virtual absence of such plasmon for the sample
AgNp_0.1 %, allow us to estimate that a mass
percentage of approximately 0.1 % of AgNP remains
bound to the NRL matrix. The AgNP that are released
from samples NRL-AgNp_0.2 % and NRL-AgNp_
0.4 %, are probably excess nanoparticles that the
matrix cannot accommodate.

Figure 5 illustrates the absorbance at 405 nm
(Fig. 4) as a function of time. Larger mass percentage
of silver nanoparticles in the NRL membrane increases
the AgNP release speed. Taking the absorbance at
405 nm after 48 h and adopting &plasmon) = 9.57
L mmol ™! cm_l, as calculated above, we obtained
the total concentration of AgNP released by the NRL
membranes as: 1.4 x 1075, 4.5 x 1075, and 3.34 x
107* mol L™, for the samples NRL—-AgNp_0.1 %,

NRL-AgNp_0.2 %, and NRL-AgNp_0.4 %, respec-
tively. It is noteworthy that the concentration of silver
calculated for the sample NRL-AgNp_0.4 % may be
underestimated, because of the high absorbance of the
sample. In this condition, the large attenuation of light
inside the highgly concentrated sample can invalidate
the Lambert—Beer law.

Figure 6 shows the TEM images obtained from the
nanoparticles released from the NRL-AgNp_0.4 %
after 48 h of immersion. The released nanoparticles
are spherical, uniform, well-dispersed, and have better
dispersity compared with uncapped silver nanoparti-
cles (as shown in Fig. 2).

Figure 7 contains the PSD obtained by DLS for the
pure colloidal silver dispersion and for the AgNP
released by the NRL-AgNp membranes. The released
nanoparticles have mean size similar to that of the pure
colloidal silver dispersion. Thus, the AgNPs do not
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Fig. 5 Absorbance at the plasmon peak of the silver nanopar-
ticles released by the latex membranes as a function of time

agglomerate after insertion in the NRL membranes. As
a result, the NRL can be successfully used to stabilize
and accommodate AgNP. The red shift of the plasmon
absorption band from 390 nm, in the case of pure
AgNP solution, to 405 nm, in the case of AgNP
released by the NRL seems to be a consequence of
changing the surrounding medium from water to water
plus NRL-delivered molecules, respectively, and not
due to particle agglomeration.

The zeta potential of the nanoparticles informs
about the stability of the nanoparticles. Electrostati-
cally stabilized nanoparticles exhibiting a zeta poten-
tial higher than £20 mV are considered stable. For
sterically stabilized nanoparticles, the zeta potential
value does not influence the colloidal stability greatly.
Table 1 lists the zeta potential of the pure colloidal
AgNP dispersion and of the AgNP released from
samples NRL-AgNp_0.1 %, NRL-AgNp_0.2 %, and
NRL-AgNp_0.4 %. Although all the samples exhibit
negative zeta potential, the AgNP released by the
NRL-AgNp membranes have smaller absolute zeta
potential (less negative) values than the pure colloidal
AgNP dispersion. The change in the zeta potential
after AgNP release corroborates surface modification
of the particles due to NRL binding. The negative
potential of the AgNP prepared by the chemical
reduction of silver nitrate with sodium borohydride is
due to adsorption of BH, ™ radicals onto the nanopar-
ticles surfaces, which electrostatically stabilizes the
AgNP (Solomon et al. 2007). Reduction of the zeta

Fig. 6 TEM micrographs of the silver nanoparticles released by the sample NRL-AgNp_0.4 %
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potential value of the released AgNP would result in
decreased colloidal stability, and culminate in particle
agglomeration. However, because the AgNP released
by the NRL—-AgNp membranes are well-dispersed and
stable in shape and size and, as evidenced by the UV—
Vis spectroscopy, DLS technique, and TEM images,
their lower zeta potential indicates that the released
nanoparticles are also stabilized by steric repulsion. In
other word, it is possible that some molecules from the
NRL are attached to the nanoparticles surfaces,
avoiding their agglomeration when they have reduced
zeta potential.

Fourier transform infrared spectra of the solutions,
where the NRL and NRL-AgNp were immersed, were
recorded to investigate the possible organic com-
pounds released by the NRL membranes and that
could be attached to the AgNps. The FTIR spectra of
the solutions after insertion of pure NRL and the

Table 1 Zeta potential of the silver nanoparticles released by
each sample

Sample name Zeta potential (mV)

Pure AgNP —36+2
NRL-AgNp_0.1 % —21+2
NRL-AgNp_0.2 % -20+3
NRL-AgNp_0.4 % —-23+3

Diameter (nm)

sample NRL-AgNp_0.4 % are very similar (Fig. 8).
The broad and strong peak ranging from 3,000 to
3,600 cm ™! is related to the overlapping of OH and
NH, stretching vibrations. The peak at 2,922 cm™'
corresponds to the asymmetric stretching of the CH,
groups. The bands in the range from 1,200 to
1,700 cm ™" in the spectrum of the solution containing
released AgNP are very similar to the FTIR spectrum
of the serum fraction isolated from the NRL (Ferreira
et al. 2009). The bands at 1,650 and 1,580 cm ™! refer
to amide I and amide II of the non-rubber constituent
of latex (Ferreira et al. 2009).

Figure 8 reveals a more intense band at
1,400 cm™, in the FTIR spectrum of the sample
obtained from the solution released by the sample
NRL-AgNp_0.4 %, assigned to the serum fraction of
the latex; i.e., its non-rubber constituents (Ferreira
et al. 2009). Therefore, it seems that the AgNP drag
non-rubber molecules from NRL attached to the AgNP
surface. These molecules are associated with the
serum fraction. These AgNP-attached non-rubber
molecules may be responsible for steric stabilization,
thereby increasing AgNP stability and dispersity
despite the reduced zeta potential, as discussed before.

Silver nanoparticles interact with NRL films via the
cis-isoprene molecules (Guidelli et al. 2011b). Since
we did not detect the main bands associated with cis-
isoprene in the solution released by the NRL-AgNp
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Fig. 8 FTIR spectra of the solution released by the pure NRL
membrane and of the sample NRL-AgNp_0.4 %

membranes, the particles attached to the cis-isoprene
molecules probably remain bound to the membranes.
Hence, only AgNP that are not attached to the rubber
molecules, i.e., the excess nanoparticles, are released.
This might explain why the NRL-AgNp_0.1 % does
not liberate considerable amounts of AgNP.

Because the NRL serum fraction is responsible for
the angiogenic properties of the NRL extracted from
H. Brasiliensis (Ferreira et al. 2009; Mendonca et al.
2010), we can suggest that the AgNP potentializes the
angiogenic properties intrinsic to the NRL by increas-
ing the release of molecules responsible for angio-
genesis. Therefore, AgNP-NRL membranes combine
the angiogenic and antibacterial properties of the
separate components and gives rise to enhanced
angiogenic capacity.

Conclusions

We have successfully combined silver nanoparticles
and NRL to obtain a silver nanoparticle delivery
system with antibacterial activity and enhanced
angiogenic properties. The plasmon absorption peak
detected by UV-Vis spectroscopy confirms AgNP
release by the NRL-AgNp membranes. The rise in the
mass percentage of AgNP in the NRL membrane
increase the AgNP release rate from the membranes.
The AgNP released from the samples NRL-AgNp_
0.2 % and NRL-AgNp_0.4 % are probably excess
nanoparticles, and silver mass percentage of approx-
imately 0.1 % remains bound to the NRL matrix. The
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reduced zeta potential of the released AgNP indicates
surface modification by the NRL molecules, which
stabilize the AgNP from a steric viewpoint. FTIR
spectra suggest that AgNP drag non-rubber molecules
from NRL. These non-rubber molecules attached to
the AgNP are associated with the NRL serum fraction
and may be responsible for steric stabilization. The
AgNP attached to the cis-isoprene molecules in the
NRL matrix remain attached to the membrane. So,
only the AgNP bound to the non-rubber molecules are
released. Because the NRL serum fraction is respon-
sible for the angiogenic properties of NRL, the silver
nanoparticles could potentialize the angiogenic prop-
erties intrinsic to the NRL by increasing the release of
the molecules responsible for angiogenesis. These
results reveal that this biohybrid nanomaterial features
properties for fabrication of a wound dressing with
potential healing action. This material combines the
angiogenic characteristic of NRL with the antibacte-
rial properties of the AgNP and AgNP potentialize the
NRL angiogenic activity. Future studies will focus on
the influence nanoparticle size on the AgNP release
rate, as well as on the tissue reaction after implant and
the performance of the biohybrid material as wound
dressing.
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