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A B S T R A C T

This paper assesses the morphological, structural and bio-physicochemical stability of natural rubber (NR) Hevea
brasiliensis coatings incorporated with microparticles of calcium phosphate-based (CaP) bioactive ceramics.
Optical and electronic spectroscopic imaging techniques were employed to successfully evaluate the NR en-
capsulation capability and the stability of the coating in a biologically relevant media for bio-related application,
i.e., simulated body fluid (SBF). The chemical structure of the natural polymer, the microchemical environment
at the NR-CaP interface and the morphology of the CaP clusters were fully characterized. Further, the response of
the hybrid coating to SBF was evaluated by incubating the samples for 30 days. The hybrid coating formed on Si
surface (inert substrate) exhibited both stability and biodegradability in different levels (time dependence), thus
opening horizons for applications as coatings for both biomaterials and drug delivery systems.

1. Introduction

Natural rubber (NR) obtained from the Hevea brasiliensis latex is
highly demanded by manufacturing industry because it has superior
properties as compared with the synthetic rubber. However, in order to
expand the potential for new applications, the development of novel
composites combining NR with other materials is a current target of
many investigations [1–3]. These hybrid systems usually present new
and superior properties to this fine NR. For instance, a NR-graphene
composite has been studied in order to obtain a material with high
electrical conductivity combining the flexibility properties of the
polymer [4]. In another hand, a promising field for application of the
NR-based materials is in biomedicine [5–15].

A great potential lies on calcium phosphate-NR composites and
hybrids materials, especially for applications as (or associated with)
implants. However, prior to achieving commercial products, one must
elucidate relevant aspects related to the processing of NR for the pro-
duction of biomaterials or composites for such biomedical applications.
An issue to be clarified includes the possible effects of the ammonia
content (used to avoid clotting and it is very important for the pre-
servation of the latex [16]) on the morphology and structure of NR
particles present in the cream phase. Additionally, in composites, the

molecular interactions between non-rubber constituents of the NR
cream and charged particles were not properly described so far. In the
case of CaP charged particles dispersed in NR phase, the suggestion of
the homogeneous and random distribution of different molecular
groups correlated with two emission bands in the photoluminescence
spectrum are not reproducible for attesting the protein-phospholipids
heterogeneous distribution models [17–19]. In this way, new techni-
ques and approaches are required to improve the hybridization of the
NR looking to fully exploit the polymeric matrix to design a functional
material with optimized properties.

Recently, we have described the production of membranes of NR-
CaP hybrids formed from casting methods using bioceramic CaP par-
ticles dispersed in NR colloidal suspensions [20]. The membranes
conjugated the favorable biocompatible properties of CaP with the re-
newable and low-cost characteristics of NR. Here, we describe the
production and characterization of coatings formed from NR-CaP hy-
brids and their physicochemical stability in the presence of a simulated
body fluid (SBF), which has a high relevance towards the development
of implants coatings. By applying physico-chemical assays, vibrational
and electronic spectroscopic imaging techniques, we assessed mor-
phological and structural aspects of the processed NR prior and after to
the incorporation of CaP. The influence of ammonia content on the final
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products was investigated. The organic-inorganic interfaces of the NR-
CaP hybrid were characterized by molecular spectroscopy as well. We
investigated the functional chemical groups responsible for forming the
core-shell structure that traps the bioceramics (CaP). The chemical
structure of the natural polymer, the microchemical environment at the
NR-CaP interface and the morphology of the CaP clusters were fully
described. In view of biomedical applications of the NR-CaP hybrid, we
evaluated the response of the NR-CaP coating exposure to SBF by in-
cubation of the samples for 30 days. The remarkable stability of the
coating on Si substrate and its surface modifications by exposure to the
biological environment, as well as the biodegradability in different le-
vels regarding time dependence, are discussed aiming the possible ap-
plications in the biomedical field, such as coatings for biomaterials and
drug delivery systems.

2. Experimental procedures

2.1. Separation of the natural rubber cream

Samples of natural rubber latex (NR) were collected from Hevea
brasiliensis trees (clone RRIM 600) located at Estância Regina farm, São
Paulo, Brazil (see Fig. 1), immediately transferred to propylene tubes
containing different ammonia content, which led to final concentra-
tions of 0.3%, 0.5%, 0.7%, 0.9% w/w (denoted sample as NR 0.3A, NR
0.5A, NR 0.7A and NR 0.9A, respectively) and stored under refrigera-
tion at 4 °C to avoid microbial contamination. Initially, aliquots of
1.5 mL of each sample with different ammonia content were added to a
2 mL microcentrifuge tube and then centrifuged for 90 min at 24 °C in
an Eppendorf 5418 R centrifuge. For each sample, four different cen-
trifugation speeds were employed: 2000g, 6000g, 10000g and 14000g.
After centrifugation, the microtubes were photographed with a Nikon
D3200 camera to compare the effect of centrifugation speed in phase
separation. Fig. 1 shows the typical appearance of centrifuged NR latex:
cream phase (A) contains the concentrated natural rubber particles;
serum fraction (B) with high water ratio, as well as rubber particles and
non-rubber components; and (C) contains the lutoids [21]. After se-
paration, a part of the resulting upper phase (cream) from the samples
centrifugated at 2000g was collected with a spatula and re-dispersed in
deionized water for the analysis of the particle size through the dy-
namic light scattering (DLS). Dispersions were obtained at ~0.011%
(w/w) in deionized water, and DLS measurements were performed on a
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK).

NR samples were investigated by Attenuated Total Reflection
Fourier Transform Infrared (ATR-FTIR) spectroscopy to verify if their
structures are modified by ammonia content and centrifugation process.
ATR-FTIR spectra were recorded with OPUS software on a Bruker
Vertex 70v spectrometer. The system was equipped with a Globar
source used to Middle Infrared Region (MIR) and a detector DLaTGS.
ATR-FTIR spectra were recorded in the range of 4000–1400 cm−1 with
a resolution of 2 cm−1. The background was measured before testing
each sample. For each sample, one spectrum was recorded on five
different regions. Each spectrum was obtained from 256 successive
scans. The final ATR-FTIR spectra are the average of five spectra ac-
quired at different regions of the sample. This first assessment provided
the parameters to enrich the cream fraction with NR, and to decrease
the amount of water in the dried NR (after centrifugation).

2.2. Production of NR-CaP hybrid coatings

NRs were extracted by centrifugation at 14,000g for 90 min. Then
NR cream was dried at 45 °C for 24 h, and then re-suspended in
chloroform for 2 days. Powders of a CaP-based bioactive ceramic (cell
viability on CaP coatings was described elsewhere by our group [22])
containing Ca5P8 (47.8 wt%), Ca(PO4)3OH (9.5 wt%), CaCO3 (36.3 wt
%), and Ca (6.3 wt%) were mixed in the NR cream solution (in
chloroform) under magnetic stirring for 30 min.

In addition, silicon substrates of 5 × 5 mm2 with polished surfaces
were sequentially cleaned in an ultrasonic bath with acetone, isopropyl
alcohol and ultrapure water (for 15 min each step), and finally dried at
50 °C for 10 min. NR and NR-CaP suspensions in chloroform (30 μL)
were controllably deposited on silicon substrates and the substrates
were dried for 12 h at 60 °C, thus generating coating samples Si/NR and
Si-NR/CaP. The charge effects were evaluated through determination of
the polar component of the free energy γs

p using the followed liquids:
ultra-pure water (γp = 51 mJ/m2, γd = 21.8 mJ/m2 and γ = 72.8 mJ/
m2), formamide (γp = 18.5 mJ/m2, γd = 39.5 mJ/m2 and γ = 58 mJ/
m2), ethylene-glycol (γp = 19 mJ/m2, γd = 29 mJ/m2 and γ = 48 mJ/
m2), di-iodomethane (γp = 0 mJ/m2, γd = 50.8 mJ/m2 and
γ = 50.8 mJ/m2) and hexadecane (γp = 0 mJ/m2, γd = 27.47 mJ/m2

and γ = 27.47 mJ/m2. From measurements of contact angles, we obtain
the plot of 0.5γL(1 + cosθ). (γd)−1/2 versus (γp/γd)1/2 for the determi-
nation of the polar component of free energy γp

S.

2.3. Incubation in simulated body fluid

The SBF medium was obtained with the dissolution of 0.2 g KCl,
8.0 g NaCl, 0.2 g CaCl22H2O, 0.05 g NaH2PO4, 1.0 g NaHCO3, 0.1 g
MgCl2·6H2O and 1.0 g glucose in 1 L of ultrapure water at a constant pH
(7.45). We evaluated two protocols for this study aiming an optimiza-
tion and reproducibility of the results and this protocol was chose to
prevent early nucleation and precipitation of salts. Both the coatings
(NR and NR-CaP) and the SBF medium were sterilized in UV for 15 min
before the experiments. A control clean Si substrate (without coating)
was also used. All substrates were weighted in an analytical balance
before each experiment. Samples were then immersed in wells con-
taining 5 ml of SBF and kept at 37.5 °C for different periods of time, i.e.
1, 15 and 30 days. After every time intervals, the substrates were col-
lected, gently cleaned in ultrapure water, dried in a dissector for 24 h,
and finally measured in the balance. Coatings for Si, Si/NR and Si/NR-
CaP were labeled as function of time (#1, #15 and #30), totalizing nine
groups of surfaces. After the removal of the samples from SBF, the
medium just for samples #30 (with 30 days of immersion) was evapo-
rated up to the volume of 0.5 mL, then dripped on glass slides and dried
at 37 °C. These three new samples (SBF/Si, SBF/Si/NR and SBF/Si/NR-
CaP) were analyzed in regard to their composition. The SBF immersion
experiments were repeated at least 5 times, and the results are provided
as mean values and standard deviation. For each day (1, 15 and 30),
samples of Si, NR and NR-CaP were compared by the Kruskal-Wallis
statistical approach.

2.4. Physical and chemical characterizations

Confocal Raman spectroscopy and Raman spectral mapping were
employed to probe the phase of the encapsulated particles of the hybrid
NR-CaP through XYZ profiles of the vibrational bands. The spectra and
the Raman spectral mapping were obtained by using a microscope
WITec alpha 300 equipped with a linear stage, piezo-driven, objective
lens Nikon 20× (NA = 0.46) and 100× (NA = 0.8) and polarized laser
with 514 or 632 nm wavelengths. The Raman light was detected by a
high-sensitivity, back-illuminated spectroscopic CCD after being dis-
persed by a 600 grooves/mm grating. The organic-inorganic interface
was investigated by Raman mappings from XY depth profiles in two
planes (Z = 0 and Z = 2.6 μm) carried out in a region of 30 × 30 μm2

with 60 points per line and 60 lines per image. The integration time for
each point was 0.5 s and all mapping were performed at room tem-
perature.

Both NR samples and dried SBF were analyzed by scanning elec-
tronic microscopy (SEM) and energy dispersive X-ray spectrometry
(EDS) in the large-field scan. The experiments were carried out in the
electron microscope Quanta-450 (FEI) with a field emission gun, a
100 mm stage, and X-ray detector model 150, Oxford. An overlapping
of areas of adjacent images acquired independently after x-y
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movements of the microscope stage were performed for the generation
of the large-field images.

3. Results and discussion

3.1. Morphological and structural assessment of NR particles

The fresh latex as extracted from the tree is very susceptible to
microbial contamination. For this reason, ammonia is added to latex in
order to increase the pH and, therefore, to decrease microbial activity
and prevent the latex coagulation even when stored for a long time
(more than a year). In order to check how ammonia affects the cream

chemical structure and the NR particles morphology, samples NR 0.3A,
NR 0.5A, NR 0.7A and NR 0.9A were submitted to different centrifugal
forces. The sample consisting of 0.3% w/w ammonia (NR 0.3A) shows a
larger cream phase in all centrifugations, evaluated in terms of volume
in the microtube. On the other hand, samples NR 0.5A, NR 0.7A and NR
0.9A show a similar cream volume. At 2000g, the cream phase area is
larger when compared to the other samples. At 6000g, 10,000g, and
14,000g, however, the cream phase remains approximately the same
regarding its volume. In addition, a low centrifugal force leads to a high
turbidity level in the serum phase, while a high centrifugal force leads
to transparent serums (see Fig. 1). These results indicate a better se-
paration of the organic (NR) and liquid (serum) phases occurring at

Fig. 1. Latex collection and separation process: lateral view of the latex collection from the Hevea brasiliensis tree, front view of the latex collection in an appropriate
flask, visual presentation of latex after centrifugation showing (A) cream fraction, (B) serum fraction (C) lutoids at different ammonia concentration and centrifugal
forces.
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14,000g. Fig. 2(a–d) shows the results of DLS performed on the sample,
which exhibited bimodal distributions of particle size ranging from 60
to 190 nm and 220–1000 nm. From the results collected from all sam-
ples, it was observed that the variation of the ammonia concentration
did not significantly change the final particle size distribution.

Fig. 2 displays the comparison of ATR-FTIR and Raman spectra of
cis-1,4-polyisoprene of NR samples (i.e. centrifuged and dried cream
phase) with different ammonia concentrations obtained from different
centrifugation forces. Both ATR-FTIR and Raman spectra exhibited the
same characteristic bands of the NR macromolecular structure, re-
gardless of the ammonia content and centrifugation velocities. Spectra
of some non-isoprene compounds of cis-1,4-polyisoprene show bands at
1665 cm−1 which refer to specific functional group related to the

existence of protein material [23,24]. Two bands were observed for all
the NR samples between 3500 and 3200 cm−1. The 3400 cm−1 band
was assigned to stretching vibration of water, which might be related to
protein structure [25]. An NeH stretching band at 3283 cm−1 is as-
signed to amines coming from the proteins. The 1738 cm−1 band was
assigned to carbonyl stretching band related to ester groups, and can be
ascribed to hydrogen bonded species [23] and band at 1711 cm−1 band
was assigned to carbonyl stretching of carboxyl groups. The bands at
1630 and 1541 cm−1 (amide I and amide II, respectively) were attrib-
uted to NR proteins and polypeptides, which come from peptide bonds
[24,25]. The complete positions and assignments of bands observed in
ATR-FTIR and Raman spectra of NR samples are provided in supple-
mentary tables. By considering these results of the volume of the cream

Fig. 2. Dynamic light scattering results of the NR samples with different ammonia concentrations (a). Comparison of ATR-FTIR (b) and Raman (c) spectra of cis-1,4-
polyisoprene of NR samples with different ammonia concentrations obtained from different centrifugation velocities. Each spectrum showed in panels (b) and (c)
represents the average between three different spectra for each sample (see Supplementary tables).
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phase (larger for NR 0.3A centrifuged at 14,000g), the morphology of
NR particles (similar to all ammonia concentration), and the chemical
structure of the dried cream phase (similar to all ammonia concentra-
tion and centrifugation velocities), we used for preparing the NR-CaP
composites NR extracted from raw latex suspensions conserved at 0.3%
of ammonia (w/w) and centrifuged at 14,000g for 90 min.

3.2. Characterization of the NR-CaP and its encapsulation properties

We investigated the NR encapsulation capability in order to apply NR-
CaP as functional coating on biomaterials by monitoring the molecular
fingerprint of the NR after the incorporation of CaP bioceramic particles.
Fig. 3(a) shows the Raman spectra acquired by using λ = 514 nm excita-
tion, at room temperature, before and after CaP incorporations into NR
polymer. The presence of the CaP particles seems to not affect the main
chemical groups of the NR matrix. Raman spectra of the samples exhibited
the characteristic peaks of the NR macromolecular structure, along with
peaks from water molecules adsorbed/incorporated in the matrix, and also
related to calcium phosphate vibrational modes. The bands in
2820–3030 cm−1 spectral range are assigned to CeH stretching from CH2

and CH3 [26], characteristic of cis poly isoprene chain groups. In addition,
this is a spectral region of phospholipidic chains characterized by sym-
metric and antisymmetric stretching modes, and enhanced by Fermi re-
sonance [27–29]. This spectral region also exhibits CeH stretching vibra-
tional bands of aminoacids, related to the presence of protein structures
incorporated in the NR matrix. However, considering the concentration of
the abovementioned consituents, the major contribution for 2820–3030
cm-1 bands is from NR. The band in 1660–1680 cm−1 region is assigned to
C = C stretching, characteristic vibration of hydrocarbons. The bands at
1450 cm−1 and 1300 cm−1 are assigned to CeH deformation mode and
ring vibrations twisting (t(CH2)) [27], respectively. Ring vibrations are a
characteristic of Amide II-III, also present in the protein structures and
associated with coupled CeN stretching and NeH bending vibrations [30].
The bands at 1000 cm−1, attributed to breathing mode of the phenylala-
nine-aromatic amino acids as well as PeO stretching mode, will be dis-
cussed in more detail later on.

Fig. 3(b) displays a Raman spectral mapping collected from XY
depth z profiles of a NR-CaP cluster. Intensity profiles were acquired
with bands centered at 2912 cm−1 (a) and 1665 cm−1 (b). The images
revealed details of the chemical distribution in which the shell is ex-
posed on the surface. The CeH stretching is observed in the center of
the cluster with highest intensity. Such center appears an irregular

shape that fits with the CaP particle shapes. The particles were “sliced”
by the confocal plane of the surface (xy) and in across section μm from
the top of the clusters were revealed. The molecular fingerprint is at-
tributed to a core-shell structure comprised of isoprene molecules,
surrounded by layers of proteins (~85%) and phospholipids (~16%)
[10,16], whereby the trapped process is attributed to the attraction
between non-rubber particles and CaP during the material processing.
As a consequence, the encapsulation process induces a reduction of the
surface charge in 35%, as attested by the decrease of the polar com-
ponent of free energy γS

p.

3.3. Surface characteristics of the NR and NR-CaP coatings in SBF

Fig. 4(a) depicts the SEM micrographs coatings before and after im-
mersion in SBF for different exposure time. It can be observed that a
growth orientation of salt particles from SBF was formed on coatings, and
the increase of the amount of particles was proportional to the time of
exposure to SBF. Fig. 4(b) displays the Raman spectra of the samples be-
fore and after soaked in SBF in different periods of time. As observed, the
NR preserved its chemical structure along the time in contact with SBF,
i.e., the coating resists to the high ionic strength of the SBF medium. On
the other hand, a new Raman band appeared in the 900–1070 cm−1 re-
gion, whose intensity increases as a function of the time to SBF. Fig. 4 (c)
displays the Lorentzian decomposition of the spectra of the NR coatings.
The shoulder at 944 cm−1 becomes prominent after interacting 30 days
with SBF. Such region is associated with internal vibrations of the PO4 unit,
and the peak is a result of the salt precipitation on the coating. Strictly
speaking, the band in Raman spectrum is attributed to stretching PO4

3−ν1,
one of four normal modes groups of the regular free phosphate tetrahedron
[31], which is a characteristic of a highly disordered or amorphous cal-
cium phosphate [32]. Furthermore, the spectrum deconvolution revealed
changes in the 982 cm−1 region that was attributed to PeO stretching,
thus indicating the presence of other calcium phosphate phases such as
dicalcium phosphate dehydrate [33]. In addition, changes in this band
region may induce the formation of magnesium potassium phosphate
hexahydrate [31] and/or magnesium phosphate tribasic [Mg3(PO4)2] [34].
By combining vibrational and electronic spectroscopy techniques, we have
observed a large among of Ca and Mg on NR after the SBF immersion
experiments.

It is worth noticing the inversion in the intensity of the main Raman
peaks (2915 cm−1 and 1665 cm−1) due to a decrease in the CeH
stretching signal. Moreover, a decrease in the percentage of carbon

Fig. 3. Characterization of hybrid NR-CaP: Raman spectra obtained with λ = 514 nm excitation at room temperature before (black) and after (green) CaP in-
corporations (a), Raman Spectral – mapping obtained from x,y depth profiles with plan z = 0 (top of the cluster) and −2.6 μm. Intensity profiles were acquired by
considering the peaks at 1665 cm−1 and 2900 cm−1 with objective lens 20× (b). Color scale in panels varies from lowest (L) to highest intensity. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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followed by an increase in the percentage of oxygen was detected in the
samples after interaction with SBF, as attested by EDS (chemical color
maps are provided in Fig. 5). Bands in the 900–1070 cm−1 region were
normalized by the peak of the intense C]O stretching rocking signal
observed at 1665 cm−1 in order to confirm no independence of both the
laser power and signal collection efficiency. We found modifications in
the PO4 structures through the evolution of the intensity ratios
Iband/I1665, i.e., I2915/I1665, I1000/I1665, and I944/I1665 within 30 days
(Fig. 4d–f). This result confirms the increased amount of particles due to

the formation of newly deposited minerals, especially calcium and
magnesium phosphates, which are well-known functional materials for
tissue regeneration. SEM images showed in Fig. 5 confirm the stability
of the NR-CaP coatings before and after exposure to SBF until 30 days.

3.4. Biodegradability of the NR coatings in simulated body fluid (SBF)

Statistical analyses revealed no difference in the values of mass of the
coatings after 1 day in SBF (see Sup. Fig. 3). Both Si/NR and Si/NR-CaP

Fig. 4. SEM images (a) and Raman spectra (b) of the NR coating before and after exposure to SBF for different times. Lineshape analyses of the Raman spectra (c) and
normalized intensities (I) of the 900–1060 cm−1 band regions of the NR coatings (d–f).
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samples exhibited similar physicochemical stability behavior in the SBF for
all incubation times analyzed. On the other hand, results of the mass
measurements indicated a reduction in mass for the coatings between 1
and 15-days in the fluid, although no significant difference was found for
15 and 30-days. Taking into account the error bars for silicon substrate
(control), the values of mass appear to be constant between 15 and
30 days. We can think of two mechanisms that may be responsible for such
behavior: (i) releasing of material from coating to the fluid and (ii) de-
position of material from fluid to coatings. For both, the values of mass of
the samples for different periods of time are no more comparable.

Since the modifications in the NR coatings are being attributed to the
aggregation of particles originated from the fluid, it is relevant to probe its
effects on SBF. Fig. 6 shows the SEM micrographs with their respective
chemical color maps of the dried SBFSi (a), SBFSi-NR (b) and SBFSi-NR-CaP (c)
after 30 days. For the experiments, the final SBF medium without NR
samples was used as a control for comparisons. We found a different
percentage of carbon, from 4.8% (SBFSi) to 10.9% in SBFSi-NR and 9.7% in
SBFSi-NR-CaP. It is a good agreement with the decrease in the percentage of
carbon observed in the NR sample after 30 days exposed in SBF (from
84.2% to 72.4%). Such result suggests that the coatings exhibit a level of
biodegradability with liberation NR from surfaces to SBF. On the other
hand, no variation in the percentage of phosphorous was observed, thus
indicating that the formation of calcium phosphate particles on the NR
coatings is due to the electrostatic interaction between negatively charged
layer along the NR surface (~−57 mV) and Ca2+. The deposited calcium
ions, in turn, interacted with phosphate ions (PO4

3−) in the SBF. Such
result suggests that certain level of the negative surface charges is re-
sponsible for the adsorption of Ca2+ and Mg2+ from SBF. The origin of
such charges is on non-rubber particles. Therefore, the inorganic compo-
nents were embedded on the coatings by ionic bonds. The biological fluid
contains varying amounts of cations and anions responsible to different
biological properties, such as tissue regeneration-mineralization of the
bone. We found a decrease of the calcium in dried SBFNR during interac-
tion with the coating, i.e.; from 5.2% to 1.4% and 1.7%, for SBFNR and
SBFNR-CaP, respectively. In the same way, we detected a decrease of the
magnesium from 4.2% to 1.0% for SBFNR and 1.1% for SBFNR-CaP system.
The cationic adsorption process by a negatively-charged surface explains
the surface modifications of the coatings by the biological environment. By

combining the vibrational-electronic spectroscopies analyses according to
described in Sections 3.3 and 3.4, it is clear that the NR-CaP coatings
present both bio mineralization kinetics and biodegradability properties.

3.5. Cell viability of the NR-CaP surfaces

The biocompatible performance of the materials was investigated
through quantitative analyses of stem-cells response on hybrid NR. The
experiments were carried out at Biomatériaux et Inflammation en Site
Osseux, Pôle Santé, UFR d'odontologie of the Université of Reims. The
protocol used in the experiments with Wharton's jelly stem cells, in
accordance with the usual ethical legal regulations, was recently de-
scribed by the team [35]. Fig. 7 shows the average results of the growth
of stem cells on the surfaces. The statistical analyses of the cell viability
of samples by Mann-Whitney revealed no significant difference be-
tween NR surfaces and control group for 48 h (p = 0.1075), and one
week (p = 0.9353). The material exhibited 100% of cell viability in
comparison with the control group after one week.

Biomaterials based on natural rubber may have limitations application
if they are not properly processed. Factors such as the amount of ammonia
and the method of harvesting the matrix from the trees can affect the
cellular response [13]. Allergenic effects are the most serious complica-
tions in the utilization of the latex as biomaterials. FDA estimates that 1 to
6% of the general population may be sensitive to natural rubber latex. In
fact, Latex is a very rich biological medium with over 200 different types of
proteins. Only 13 of them are allergenic and can be harmful to health.
Therefore, in order to profit the benefits of this natural polymer in bio-
medicine, there are two possibilities: 1) removal of non-rubber particles or
2) inhibition of their activities. In some previous experiments, we have
removed the proteins from the latex by centrifugation process. However, a
noticing decrease in the adhesion and stability of the latex film was ob-
served. Herein, we propose a hybrid NR by incorporation of CaP particles
in order to reduce the effects of the negative charge of surfaces rather than
removing the proteins, since the removal of the proteins results in lim-
itations on the mechanical and superficial properties. The inhibition of the
activity of the proteins can be considered the vanguard of the options for
diminishing the undesirable effects of the latex, such as the treatment of
natural rubber with vegetable tannin [36] where the researchers have

Fig. 5. EDS chemical color maps of Si/NR-CaP coatings before and after exposure to SBF. SEM images of Si/NR-CaP coatings with an encapsulated CaP obtained
before exposure to SBF (a), after exposure for 1 day (b) and 30 days (c).
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developed a way to inactivate allergenic proteins in natural rubber latex by
using tannin as a surface coating. The hybridization process of the NR
polymer as proposed in this work decreases the negative charges of pro-
teins from −57 mV to ∼−15 mV, as attested by the zeta potential mea-
surements. The resulting charge of the hybrid NR is slightly lower than a
cell membrane, which consists of phospholipid bilayers with charge
∼−20 mV. A slightly negatively charged molecules show a lower

unfavorable effect on cell response as demonstrated in [37]. Therefore, we
have attributed the good cell viability of the hybrid NR to the decreasing of
charge effects of the proteins on NR surfaces.

4. Conclusions

We have studied the production of coatings of natural rubber‑calcium
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Fig. 6. SEM micrographs, chemical color maps and semi-quantitative chemical composition of the dried SBFSi (a), SBFSi-NR (b) and SBFSi/NR-CaP (c) after soaking
experiments for 30 days.

Fig. 7. Average and standard deviation of optical density of stem cell cultures grown on Hybrid NR surfaces and of control cells cultured in the absence of NR for one
week. (Results expressed mean ± SEM, n = 12, Mann & Whitney test).
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phosphate hybrids (NR-CaP) with particular focus on the morphological
and structural characteristics, the physicochemical stability in simulated
body fluid (SBF), and also the activity of the coating in forming/pre-
cipitating magnesium and calcium phosphate from the SBF medium. The
results indicated that the concentration of ammonia and centrifugation
velocity (2000g, 6000g, 10,000g and 14,000g) have little influence on the
chemical structure of the extracted NR cream phase, as evaluated by vi-
brational spectroscopic techniques (FTIR and Raman). The encapsulation
of CaP by NR was attributed mainly to electrostatic interactions between
negatively charged biomolecules present in rubber and positively charged
CaP particles. We have studied the interaction between NR-CaP hybrids
and a simulated body fluid, aiming to access desirable properties to exploit
the applications as bioactive coatings. The surfaces were physicochemi-
cally modified during 30 days in contact with SBF. The formation of cal-
cium phosphate particles on NR coatings occurs due to the electrostatic
interaction between negatively charged layer along the NR surface
(−57 mV) and Ca2+, thus inducing the nucleation of Ca-based salts,
especially with phosphate ions (PO4

3−). The apatites then grew sponta-
neously accompanied by consuming the calcium and phosphate ions.
Various ions (e.g., Ca2+, CaOH+, PO4

3−, HPO4
2−, and CaH2PO4+) on the

surfaces can enable the adsorption ability of the protein and some che-
micals in the human body. On the other hand, the hybrid NR-CaP coating
formed on Si substrate exhibited biocompatibility, stability and biode-
gradability in different levels (time dependence). Such properties should
open horizons for applications of these hybrids as biomaterials for im-
plants, scaffolds and drug delivery systems.
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