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ABSTRACT: This manuscript reports an experimental study on
surfaces of natural rubber membranes modified by incorporation of
calcium phosphate particles. In particular, we focused on the wettability,
a subject for biological aspects. Five surfaces of natural rubber (NR)
membranes (pure, polymer-bioceramic composite (NR-CaP), and three
modified surfaces subjected to a simulated body fluid (NR-SBF)) were
produced and characterized by confocal Raman-spectroscopy, AFM,
SEM, and XPS, and the results were correlated with the wetting
properties. Seven liquids (water, formamide, di-iodomethane, ethylene
glycol, hexadecane, simulated body fluid, and human blood droplets)
were used in different experimental sections. Static and dynamic contact
angle measurements were conducted to obtain the solid—liquid tensions,
work of adhesion, and depinning forces. The incorporation of CaP

particles in the polymer decreases the roughness and increases the

interfacial adhesion, and there was no dependence between the morphology and equilibrium contact line. The hydrophobic
state of the NR surfaces is preserved. After exposure to a biological environment, the NR surfaces were chemically modified
increasing blood wettability and decreasing the negative surface charges and the contact angle to values close to those associated
with protein adsorption and cell adhesion, therefore opening possibilities for applications of these materials as biomembranes.
On the other hand, the concepts applied, regarding different wettability aspects, should enable the evaluation of biomaterial
surfaces and provide new insights allowing a better understanding of body fluid—material interfaces.

KEYWORDS: natural polymer, body fluids, contact angle, contact line, blood stain ring

1. INTRODUCTION

Hybrid polymers used in biomedical implantable devices' for
the treatment of bone defects around implants need to be able
to withstand biological environments and exhibit cell affinity.
An ideal biomaterial for applications as occlusive membranes
or bone adhesives provides an adequate surface-biological
interface for the formation of a natural framework of fibrins,
ie, an optimized bone tissue precursor.” Natural polymers
associated with bioactive materials, such as natural rubber NR-
calcium phosphate composite NR-CaP,’ are potentially
attractive for such applications. Due to its flexibility, renew-
ability, and biocompatibility,* NR is an interesting option for
guided bone regeneration.”® However, the surface properties, a
key element for biointerface applications, remain undescribed,
or at least limited, because of several evident constraints. For
instance, no study has focused on the wetting properties of the
NR surface after incorporation of the drugs since the
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biomedicine is a promising field for application of the NR-
based materials. Both the topology and morphology of the
surfaces are important parameters to be considered for the
biomaterial. On the other hand, the wetting regimes of the
blood on NR surfaces are unknown and a good understanding
of the relation between morphology and wettability (fluid
mobility, adhesion, etc.) is required for the applications of NR
as a biomaterial interface.

Phenomenological studies on the wettability of biomaterials
are important to both the fundamental and applied sciences.
Many of these have addressed the wetting properties focusing
on biological and clinical aspects’ '’ and on the cell

response.’'~"* The physical mechanisms of the wettability
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are responsible for the optimization of the tissue regeneration
through cell seeding, proliferation, and new tissue formation in
three dimensions, showing great promise in tissue engineering
research. A decade ago, studies showed that the suitability of a
biomaterial can be attributed to the adsorption of proteins with
a correlated water droplet contact angle, which should lie
within the range of 30° to 60°."* Despite the ultralow contact
angle inhibiting the cell response,15 cell adhesion generally
tends to be favored on hydrophilic surfaces, whereas cell
detachment tends to be favored on hydrophobic surfaces.'® On
the other hand, the cell response is stron%ly influenced by the
free surface energy,”’18 surface charge,ls’ ? topology,lg’20 and
roughness”"** after the initial contact between body fluids and
the surface of the implant. Therefore, great efforts are required
to improve our understanding of the role of the wettability on
biomaterials, due to the complexity, heterogeneity, and
dynamics of the interface. The following hypothesis still need
to be tested: the contact line behavior, with regard to
phenomena occurring at interfaces, such as capillary pene-
tration,” pinning—depininng,24 and stain ring effects,” is a
function of the modification of the NR surface by the
biological environment.

This manuscript reports an experimental study on the
interfacial phenomena and surface properties of the natural
rubber membranes aiming at applications as biomaterials.
Section 3.1 outlines the surface features of the NR and NR-
CaP with regard to the morphology, topography, and chemical
structure. Section 3.2 addresses the wettability of surfaces
through static and dynamic contact angle measurements for
the determination of interfacial tension and pinning—
depinning forces. Section 3.3 introduces the NR samples
modified by a biological environment, with different atomic
concentrations on their surfaces. Section 3.4 describes the
monitoring of the contact line behavior through the
evaporation dynamics of the sessile drop. Lastly, section 3.5
addresses the blood wetting as well as the stain ring effects of
the evaporated blood droplets as a function of the hybrid-
ization of the NR surface. The results should provide new
insights regarding phenomena associated with body fluid—
natural rubber interfaces.

2. EXPERIMENTAL SECTION

2.1. Materials. Natural rubber samples collected from Hevea
brasiliensis trees were immediately transferred to propylene tubes
containing ammonium hydroxide at 2% (volume) and stored under
refrigeration at 4 °C to avoid microbial contamination. The samples
underwent a centrifugation process for the separation of the cream
phase. This phase was then dried at 60 °C and slowly dissolved in
chloroform until it reached a viscous gel state at room temperature.
The final soft material was a polymeric matrix, and this was used to
design the membranes of 40 X 20 X 0.3 mm® fixed on glass and
silicone substrates. The membranes were subjected to a thermal
treatment at 40 °C in a laminar flow cabinet for 24 h for the complete
elimination of the solvent. The following three surfaces of NR
membranes were obtained for the studies: pure natural rubber,
composite natural rubber with incorporation of calcium phosphate
particles (cell viability on CaP coatings was described elsewhere by
our group'®), and natural rubber modified by exposure to simulated
body fluid (SBF). The samples were labeled NR, NR-CaP, and NR-
SBEF, respectively.

2.2. Liquids. Ultrapure water (y* = 51 mN-m~, ¥ = 21.8 mN-
m™, and ¥ = 72.8 mN'm™") was used in all wettability experiments,
i.e,, characterization in the body temperature range, dynamic wetting,
and evaporation kinetics (where y denotes liquid surface tension and
¥* and 7? are polar and dispersive components of y, respectively).

2785

Formamide (y* = 18.5 mN-m~, * = 39.5 mN'-m~, and y = 58
mN-m™), ethylene glycol (* = 19 mN-m ™}, ¥ =29 mN-m™", and y =
48 mN-m™!), di-iodomethane (* = 0 mN-m~}, * = 50.8 mN-m~,
and y = 50.8 mN-m™!), and hexadecane (y* = 0 mN-m~}, y¢ = 27.47
mN-m~, and y = 27.47 mN-m™") were added for the determination
of the solid tension g and solid—liquid tension yg;.

Simulated body fluids*® were used to obtain the NR-SBF samples.
The surfaces were exposed to a biological environment for different
periods of time, ie, 1, 15, and 30 days (samples denoted as NR-
SBF#1, NR-SBF#15, and NR-SBF#30n, respectively) at pH ~ 7.4 and
36 + 1 °C. All experiments were conducted with triplicate samples.
After each period, the samples were gently cleaned in ultrapure water
and dried in an aseptic ambient chamber.

Droplets of blood were evaporated on the NR surfaces modified in
the biological environment. Human blood from a healthy volunteer
was collected in a S3o Francisco analysis center and stored in sterile
tubes with anticoagulant. Experiments were performed within S h of
donation to avoid deterioration of the liquid. Data on the evaluation
of the blood samples are available in the Supporting Information.
Blood droplets (1 uL) were evaporated at 36 + 0.5 °C to simulate the
conditions in the body and ensure the same surface tension. The
protocols were approved by the ethics committee of the institution
with national registry of health (CNES) n° 5901995.

2.3. Physical and Chemical Characterization of the
Surfaces. The physical and chemical characterization of the surfaces
was carried out at the Sao Carlos Institute of Physics (IFSC) of the
University of Sao Paulo (USP, Brazil) with collaboration from the
Analysis Center of the Federal University of Ceara (UFC) and
Laboratorio de Fisico-Quimica de Superficies e Coldides, Departa-
mento de Quimica-FFCLRP of the University of Sao Paulo.
Topographical and morphological analyses of the surfaces were
performed by atomic force microscopy (AFM) on Shimadzu SPM
instrument (version 2.0). Statistical data on the surface area were
obtained from different regions of each sample and are provided in
the Supporting Information.

Raman spectra for the NR and NR-CaP were acquired on a WITec
alpha 300 system equipped with a linear piezo-driven scan stage,
Nikon 20x and 100x objective lens, and a polarized laser operating at
632 and 514 nm. The Raman light was detected by a high-sensitivity
back-illuminated spectroscopic CCD behind a 600 groove/mm
grating. The integration time for each point was 0.5 s.

The modification of the surfaces after exposure to a biological
environment for different periods was monitored by scanning
electronic microscopy (SEM). Multiscale SEM images were obtained
on a Quanta 450 (FEI) microscope with a field emission gun (FEG)
operating at 10 keV equipped with a 100 mm stage and X-ray detector
model 150.

The chemical heterogeneity of the surfaces after exposure to a
biological environment was quantified by X-ray photoemission (XPS).
X-ray spectra were obtained on a Scienta Omicron ESCA +
spectrometer system equipped with an E A12S hemispherical analyzer
and an Xm 1000 monochromated W-ray source in Al Ka (1486.7 €V)
operating at 200 W power in a constant pass energy mode of 50 eV.
The samples required the use of a Cn10 Omicron charge neutralizer
with a beam energy of 1.6 eV and an emission current of 2 A in order
to compensate the charge effects.

The charge effects of the membranes before and after modifications
were investigated by surface zeta-potential ({) at pH 7.4. The values
were measured on a Zeta-sizer Nano ZS instrument (Malvern
Instruments) coupled to a ZEN 1020 dip cell. The mobility of tracer
particles in the vicinity of the charged test surface fixed in the dip-cell
was measured by using phase analysis light scattering and a simple
model that describes the electroosmotic flow near the surface. The
tracer particles consisted of polystyrene nanospheres (200 nm and ¢ =
—50.0 mV, Duke Scientific Corporation) dispersed in Milli-Q water.
The measurements were repeated three times for each sample, at 25
°C. The samples were designed no larger than 7 X 4 X 1 mm?>
Statistical data on the surface charge are provided in the Supporting
Information.
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Figure 1. Physical and chemical characterization of NR surfaces before and after the incorporation of CaP particles: (a, b) AFM micrograph
showing 3D view; (c) Raman spectra of characteristic peaks obtained with 4 = 632 nm; (d) Plot of 0.5y, (1 + cos ) (y*)™/? versus (y*./y%.)"/? for
the determination of dispersive y* and polar * components from linear and angular coefficients of free surface energy.

Table 1. Roughness Parameters R, (average) and R, (root mean squared), Equilibrium Contact Angle () at 20, 37, and 54
°C, Advance Contact Angle 0,, Recede Contact Angle 6, Rupture Contact Angle 0,,,, Solid—Liquid Tension ¥g, and Work
Adhesion at Interfaces W*

l'llpl

R, (nm) R, (nm) 0 at 20 °C (deg) 6 at37°C (deg) O at 54 °C (deg) 0, (deg) 0, (deg) 0, (deg) ys (N m™) W (mJm™>)
NR 29 37 98 + 2 90 +2 84 +2 69 +1 S2+4 45 £ S 23.29 119
NR-CaP 15 20 98 +1 90 + 1 85 +2 70 £ 2 - 23+ 8 24.78 135

“The values of 8,, 6, 6., ¥s, and W were obtained at 37°C, with y;, cos € = 0 and yg; = 7s.

2.4. Wetting Characterization. Static contact angle measure- For the investigation of the evaporation kinetics, the same
ments of liquid droplets (volume ~3 uL) were carried out at the Sao experimental device was used. In this part of the experiment,
Carlos Institute of Physics (IFSC) of the University of Sao Paulo (USP, contact-angle measurements of the liquid drops were carried out
Brazil) through the standard sessile drop method on a KSV CAM 200 through the standard sessile drop method. The static contact angle 6,
tensiometer/goniometer to obtain the solid tension ys. At least five was measured immediately after the drop deposition of a drop on the

surfaces investigated (NR, NR-CaP, and NR-SBF). Side-view images
of the drops were recorded with a CCD camera for subsequent
contact angle and contact radius measurements. The measurements
were performed optically with an accuracy of 1°, on at least three
drops deposited at different locations on each sample.

measurements were taken in different areas of each sample. The
resulting static contact angles for the calculation of yg are provided in
the Supporting Information.

The dynamic contact angles and the evaporation dynamics of liquid
droplets on natural rubber membranes were determined at the Institut
Lumiere Matiere (ILM) of the University of Lyon 1 (France). A device
constructed in the laboratory was used for these experiments, allowing 3. RESULTS AND DISCUSSION

'the substrate temperature and }mmidity r;flte to be controlled 3.1. Physical and Chemical Characterization of NR

1nc(liep ;nde;ltl}:i Ehe sa‘mples lare dlntro‘dudced mt}(: 2 géass che;)mber, and NR-CaP Surfaces. We investigated the physical—

and the hiquid drop s gently depositec on the substrate by an chemical characteristics of the natural rubber with a view to

automatic injection pump. In order to simulate the temperature values . . . . .

. . . its application as a biointerface (occlusive membranes,

in the oral environment, the substrates were heated to three different . . .

temperatures (20 °C, 37 °C, and 54 °C). adhesive, coatings, etc.). Figures 1(a) and (b) show AFM
’ ’ micrographs of the NR and NR-CaP surfaces, respectively. The

The three-phase contact line of the ultrapure water drop was . ) ) . . .
advanced or receded by adding or withdrawing a small volume (~2 presence of bioceramic particles in the polymeric matrix

UL) of fluid. The steady-state advancing (6,) and receding (6,) significantly decreas.es the surface roughness parameters (see
contact angles were measured, allowing the determination of the Table 1). In a previous study, NR membranes were prepared
dynamic contact angle hysteresis defined as A8y, = 6, — 6, The with different solvents, which showed that the volatility does
rupture angle 6,,, was measured immediately before the rupture of the not influence the surface morphology.”” No significant
meniscus (see snapshots for the three configurations in the inset of molecular change was detected in the NR after the CaP
the graphical abstract). To avoid perturbation from external flux, the incorporation, as attested by electrical permittivity measure-
chamber remained closed during the experiments. ments (¢ = 2.2 + 1.5 in the 1 to 10° Hz range). Therefore, the
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Figure 2. (a) Evolution of contact angle 6 (red) and contact radius R (black) during the expansion and contraction of droplets. The measured
advancing and receding contact angles are indicated; (b) Evolution of normalized contact radius R/R; as a function of normalized time t/t;
measured for NR and NR-CaP surfaces at 37 °C. Inset: Evolution of contact angle 6.

Figure 3. Scanning electron microscopy images of surfaces of natural rubber NR (a) and modified natural rubber surfaces after exposure to
simulated body fluid NR-SBF (b). Insets: respective profiles of drops on NR (6 = 90°) and NR-SBF (@ = 60°). (c) Evolution of the pH and
temperature of the SBF around the NR sample over 1 day of the incubation process.

presence of CaP particles may facilitate the dissolution and
induce a better accommodation of the polymeric matrix during
the solvent evaporation, which results in a smoother surface.

Figure 1(c) displays the Raman spectra recorded for NR and
NR-CaP at room temperature, and in both cases there are peak
shifts characteristic of natural rubber. For instance, the bands
in the regions of 1665 cm™' are attributed to stretching
vibration C=O0 groups”® and those at 2100 cm™' are
attributed to luminescence effects from nonrubber particles
present in the natural rubber cream.”” These effects are
characteristic of materials that frequently exhibit a two-photon
absorption capability with a wide range of vibrational modes
and collective excitations.”” The decrease in their intensity
after the CaP incorporation is attributed to a decrease in the
dispersion of the nonrubber particles, e.g, proteins and
phospholipids, due to the process of migration from the
surface to the CaP regions (see typical chemical color map—
2900 cm™' in the inset of the graphical abstract). A detailed
explanation of this process can be found in ref 6.

Regarding the surface properties, Figure 1(d) shows a plot of
0.57.(1 + cos O)(y')V? versus (yi/y%)Y? for the
determination of the dispersive ys® and polar y¢* components
of the free energy the from linear and angular coeflicients,
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respectively. The values for the dispersive component ys® were
214 mN-m~" + 0.01 and 23.5 mN'-m™" + 0.01 for NR and
NR-CaP, respectively. This property is related to the
dispersion interactions resulting from electron dipole fluctua-
tions, which result in long distance forces. The presence of CaP
particles induces a slight increase in 75, which characterizes
both better stability and accommodation of the polymeric
matrix. On the other hand, a marked difference between the
polar components of NR and NR-CaP is evidenced, i.e., 1.94 +
0.01 mN-m™! and 1.27 + 0.01 mN-m™' for NR and NR-CaP,
respectively, attributed to the migration of the charged (and
luminescent) particles at the surfaces, which is corroborated by
the Raman spectroscopy results (Figure 1(c)) and the
decreasing of the negative charge surface from —44.1 + 3.5
mV to —22.9 + 1.6 mV as attested by zeta potential. The
values for the solid tension y, were ~23.3 mN-m™! and 24.8
mNm™" for NR and NR-CaP, respectively, calculated from
approaches to polar—nonpolar liquids.”® The results suggest
that the surface was mainly modified by a change in the
roughness, with ryr & 2rNr-cap-

3.2. Stability of the Contact Line. The wetting properties
of the NR surface were systematically investigated in the oral
temperature range for implant dentistry purposes, taking into

DOI: 10.1021/acshiomaterials.8b00723
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Figure 4. (a) Confocal microscopy images with contact angle data and scanning electron microscopy images at magnifications of 1000X and
30000x. (b) XPS spectra for the modified NR surfaces after exposure to a biological environment for different periods.

account the change in the roughness after CaP incorporation.
The values for the equilibrium contact angle 8 were 98°, 90°,
and 84° for 20 °C, 37 °C, and 54 °C, respectively, indicating
the hydrophobic property of the NR surface. The obtained
same @ values for NR and NR-CaP at each temperature suggest
that the morphology and wettability are independent in the
roughness range of ~20—37 nm. The solid—liquid tensions at
the natural rubber surface were obtained for different
temperatures, and the values are yg [20 °C] ~ 34 mN'm~},
Ys. [37 °C] ~ 24 mN'm™}, and yg; [54 °C] ~ 16.5 mN-m™%.
The temperature influences both y and yg;; hence, when the
contact angle decreases, i.e., when the thermal energy at the
interface is increased, the wettability of NR increases. The high
solid—liquid tension (~34 mN'm™') indicated the water-
repellent property of the NR membranes. The comparison of
the values is reported in Table 1.

The dynamic contact line of small drops on NR and NR-
CaP was investigated. Figure 2 shows the typical evolution of
the contact angles when liquid is added or removed from the
drop. The advancing 0, and receding 6, contact angles on the
NR surface as well as the different wettability regimes can thus
be clearly identified: advance contact line (ACL), pinned
contact line (PCL), and recede contact line (RCL). The RCL
regime suggests a moderate pinning of the contact line. Based
on the contact angle measurements, two parameters were
determined: the dynamic contact angle hysteresis, Af,,, and
the pinning force (per unit length), defined as F,, = y(cos 6, —
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cos 6,),”* with cos 6, = (cos 6, + cos 6,)-27%. For the NR
surface, the following values were obtained: A0y, = 17° and
Fypn =9 mN-m™". The work of adhesion, defined as W = y(cos
0.4p — 1), was determined for both NR and NR-CaP surfaces,
and the values obtained were 119 and 135 mJ-m~2
respectively. The introduction of CaP should slightly increase
the liquid—solid adhesion. The main parameters extracted
from the wettability analysis are reported in Table 1. The
hybridization of the NR polymer to obtain NR-CaP resulted in
the change in the roughness with no change in the 8 value.
Such properties can be harnessed for the design of a stable
biomaterial when the resistance of cell adhesion is an
important factor as it avoids thrombotic responses.

3.3. Response to a Biological Environment. As
mentioned above, the performance of a polymeric biomaterial
is dependent on the contact between surfaces and the
biological environment. Figures 3(a) and (b) show the
micrographs of the surfaces of natural rubber before (NR)
and after 1 day of (NR-SBF) exposure to a simulated body
fluid. The NR surface appears to be sensitive to exposure to a
biological environment, which implies both physical and
chemical modifications. These changes result in a hydro-
philization of the polymer surfaces as measured in range of 6
from 90° close to 60° at 36 °C. The changes in the
hydrophilicity after exposure of the surfaces to a biological
environment can be explained by physicochemical modifica-
tion of the polymer surface with the formation of clusters of

DOI: 10.1021/acshiomaterials.8b00723
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Figure 5. (a) Behavior of contact line: temporal evolution of dimensionless contact radius for NR, NR-CaP, and NR-SBF surfaces during
evaporation of water droplets at 37 °C. Inset: temporal evolution of contact angle € and contact radius R on NR surface. (b) Temporal evolution of
contact angle 6 and contact radius R on NR-SBF surface at 37 °C after a 30-day exposure to a biological environment with considerable changes in

0 and the drop volume (inset) over time.

aggregated nanoparticles (insets of Figure 3). We also
monitored the evolution of pH of the simulated biological
environment around the NR sample over 1 day of the
incubation process. The incubation process leads to a slight
increase in the alkalinity of the fluid at 36 + 1 °C.

Regarding the temporal evolution of the NR-SBF surface,
Figure 4 shows images of the NR surfaces after 1, 15, and 30
days of exposure to a biological environment. The morphology
of the surfaces and of the clusters of particles had different
aspects after each period. However, an increase in the contact
angle was observed during the period considered. These
observations can be attributed to new coatings formed on the
NR samples through the sequential absorption of ions onto the
surface as the time of interaction with the biological
environment progresses. The X-ray photoelectron spectra in
Figure 4(b) show the variation in the chemical components on
the NR surface as a function of contact time with the SBF. The
spectra are characterized by a decrease in atomic carbon (%)
and an increase in atomic oxygen (%) followed by an increase
in atomic Mg, Na, and Cl (%) from 1 to 30 days. The
overlapping of peaks observed in the Ca,, spectrum after 30
days is attributed to the Mgy binding energy of around 350
eV. Therefore, the amount of the atomic calcium (%) was
obtained from Ca,—438 eV. The increase in the chemical
heterogeneity of the surface over time of interaction with SBF
is associated with the surface charge and electric double layer.
The negatively charged surface of the NR adsorbs preferen-
tially positively charged ions, such as Ca?", followed by the
adsorption of negatively charged ions, such as HPO,>". As a
result, different H" and OH™ groups become available on the
surface over time, which explains the difference in the calcium
concentrations for the three periods. A similar sequential ionic
absorption has been previously observed in the XPS analysis of
a titanium surface exposed to a biological environment for
different periods,” which corroborates the phenomenology
indicated in this study. In fact, three different coatings were
formed on the NR-SBF surface, and the individual values of
after different periods are no longer comparable.

3.4. Evaporation Kinetics. Experiments were performed
on evaporation on the NR surface before and after exposure to
biological environments (NR-SBF), and the contact angle and
contact line were measured as a function of time. Qualitatively,
it can be seen that the evaporation occurs according to the
contact line between biofluids and surfaces. Figure 5(a) shows
the evolution of the normalized contact radius during the drop
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evaporation on three surfaces: NR, NR-CaP, and NR-SBF. A
similar behavior is observed on the NR and NR-CaP surfaces,
where the contact line is initially pinned and then, at a certain
time, it recedes. The presence of CaP particles does not seem
to have a significant effect on the dynamics of the contact line
on the surfaces. In contrast, on the NR-SBF surface, the line
remained pinned during the whole evaporation process. This
behavior can be attributed to the topographic and
physicochemical modification of the surface (roughness,
chemical heterogeneity, free energy, surface charge, etc.)
induced by the exposure of NR samples to a biological
environment. Figure 5(a), inset, shows the variation in the
contact angle and contact radius during the evaporation
process on the NR surface. Two distinct regimes can be
identified: (i) the drop starts to evaporate with a decrease in 0
and slight movements of the contact line attributed to
accommodations in the drop area and (ii) the contact line
starts to recede abruptly around 300 s (near the end of the
evaporation process) suggesting a moderate pinning of the
contact line. The depinning force due to evaporation arising at
the transition is introduced as F,,,, = YA cos &** with (A cos
0) evap = €08 B¢, — cos 6. From the experimental data we found
that F,,,, = 64 mN-m~", A marked difference between dynamic
and evaporation depinning forces (F.,, ~ 6 Fg,) was
evidenced. Such a difference suggests that in the evaporation
experiments a slight penetration of the liquid inside the surface
features took place, increasing the liquid—solid interface and
consequently the pinning effects on the contact line. The
dependence of dynamic hysteresis on the sample history has
been investigated in other systems, and a typical example is
found in ref 35.

Figure 5(b) shows a drop evaporating on the NR-SBF
surface after 30 days of exposure to the SBF. As can be seen,
the drop starts to evaporate with a constant contact radius that
is in the pinned contact line (PCL) regime. In this
configuration, the contact angle gradually decreases. For this
surface, the contact line did not overcome the pinning energy
barrier to receding, which clearly indicates a complete Wenzel
state®® throughout the evaporation. According to the theory of
drop evaporation, the drop volume is defined as V(R0) =
(7R*)(1 — cos 0)*(2 + cos 0)(3 sin® #)™'—its evolution is
represented in the inset of Figure 5(b). A wetting transition
was observed when the drops reached 1.7 uL (~18S s). The
contact line remained pinned with an abrupt decrease in € and
V(R,0). This phenomenon is characteristic of a time-depend-
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Figure 6. (a) Optical microscopy images (magnifications of 50X, 100X, 200X, and 500X) showing the morphologies of evaporated blood droplets
(1 uL) at 37 °C on natural rubber (NR) surfaces and NR surfaces modified by exposure to SBF for different periods (1, 15, and 30 days). (b)
Confocal image and Raman spectrum of blood stain ring on NR-SBF#30 surface obtained with 4 = 514 nm and (c) line shape analyses of the

Raman spectra.

ent wetting behavior,”’ which cannot be described by the
conventional Wenzel model. In this scenario, a modification of
the interfacial viscoelasticity can lead to a considerable change
in @ over time.”® Possible mechanisms responsible for the
short-term effects on V and 6 include the dissolution of
biological salts on the surface, liquid flows from the droplet to
the outside of the contact region, or an imbibition of the liquid
at reentrances of the clusters of salt particles from the SBF (see
last SEM image in Figure 4(a)). These mechanisms were
detected in the hydrophilization range (within 30°-60°) for
protein adsorption and cell adhesion.

3.5. Blood Wetting. The functionalization of the NR
surface and its effects on the contact line with blood cells was
investigated through an experiment involving evaporation of
blood droplets on surfaces. The interfacial compatibility
between blood and NR was correlated to the dispersive and
polar components of the free energy of the NR surface using
the values shown in section 3.1. The blood—surface tension is
introduced as 75 = {(1s")"* — ()P + {(H)"? -
(7s)21** where 73* = 36.6 mN-m™ and y¢ = 11.2 mN-m™!
are the polar and dispersive components of the surface energy
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of the blood, respectively. The optical microscopy images in
Figure 6(a) show the morphology of blood droplets on the NR
surfaces after the evaporation process. Different ringlike
patterns were observed along the contact line, and these
effects are attributed to the accumulation of the blood
components at the self-pinned edge. A drop of blood on the
NR surface is characterized by a uniform wetting of circular
shape with a contact radius R ~ 0.5 mm and 8 ~ 80°. The high
blood—surface tension (ygz = 23 mN-m™') and the hydro-
phobic characteristic of the NR surface (6 ~ 100°) explain the
suppression of the “coffee ring effects” which is associated with
a low blood components adhesion and could be an interesting
option for applications as an antifouling material for
antithrombogenic implants.40 In contrast, the drops of blood
on the NR-SBF#1 and NR-SBF#1S surfaces exhibited non-
uniform wetting with R ~ 1 mm and 6 ~ 65° while the
corresponding results for the NR-SBF#30 were high R (~1.5
mm) and low @ (~20°) values. In fact, the blood droplets
appears to be very sensitive to NR-SBF#30. The crack pattern
formed on such a surface has good agreement with the
observations in a similar study®® where blood had a contact
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angle 6 of 15°. This phenomenon has been attributed to the
tensile stress developed through competition between
adhesion at the interface and evaporation mechanisms.
Moreover, the patterns observed in the images could be
formed by capillary flow,*" which also explains the contact line
behaviors shown in Figure 5.

The characterization of the chemical phases of the adsorbed
blood components on hybrid NR was obtained from the blood
stain ring on NR-SBF#30. Figure 6(c) displays the Raman
spectra of the molecular fingerprints of the contact line (ring)
and interior of the blood drop. The Raman spectra exhibited
characteristic bands of the hemoglobin macromolecular
structure, regardless of the red blood cells (up >95% of the
dried weight). For instance, the bands in the 2840—3000 cm™
spectral range are assigned to C—H stretching from CH, and
CH,;, the spectral region of phospholipidic chains, and
characterized by symmetric and antisymmetric stretching
modes enhanced by Fermi resonance.”” Both erythrocytes
and leucocytes exhibit bands from the CH, groups in this
region. On the other hand, the Raman spectra of the contact
line and interior of the drop exhibited some different
characteristic bands. For instance, the prominent bands at
the 1582—1590 cm™' region are assigned to aromatic amino
acids (CaCm asymmetric stretching) of protein structures
from blood, such as phenylalanine, tryptophan, and tyrosine.
The Lorentzian decomposition of the spectra of the blood in
this region is shown in Figure 6(c).We also report the presence
of the bands at 1630 cm™" (amide I) attributed to proteins and
polypeptides, which come from peptide bonds.” In addition,
the high intensity of the Raman peaks at 1582 cm™" suggests
that the red blood cells are in an oxygenated state** at the
contact line with the NR-SBF#30 surface. From a material
science perspective, NR surfaces are activated by the
spontaneous growth of apatite accompanied by the con-
sumption of calcium and phosphate ions inducing a nonrubber
phase. The new phases formed on NR surfaces after interaction
with SBF can have various positive ions, for example, Ca** and
PO,*", chemical groups responsible to decrease the negative
charges from —44.1 + 3.5 to —15.1 = 1.2 mV, as attested by
the zeta potential. The resulting negative charge is slightly
lower than a cell membrane, which consists of phospholipid
bilayers with charge ~ —20 mV. Therefore, the hybrid NR-SBF
can induce blood wettability by adsorbing blood components.
Such finding enables the polymer natural rubber to new steps
toward biomedical application because the slightly negatively
charged molecules show a lower unfavorable effect on cell
response.”

4. CONCLUSION

A study on the wettability of the surface of natural rubber
(NR) with a view to its application as a biomaterial was
conducted. The hydrophobic characteristic of the NR surface
associated with high blood-surface tension can be an
interesting option for applications when a poorly protein/
cell-adhesion is required. Examples include hemodialysis
membranes, stents, artificial blood vessels, heart valves, and
stents. The incorporation of calcium phosphate particles into
the polymer (hybrid NR-CaP surface) modified the roughness
and decreased the negative surface charge with no change in 0.
After exposure to the simulated biological environment,
particles originating from fluid grew spontaneously on the
NR surfaces, increasing the formation of apatite with the
consumption of the calcium and phosphate ions. Such a
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process leads to values of negative surface charge lower than
cell membrane. The new NR-SBF surface obtained after the
biomineralization process exhibited a pinned contact line
regime, a wetting transition within the 6 range of protein-cell
adsorption, and an increase in the wettability of blood. The
pinned contact line between the blood and NR-SBF surface
left behind biomolecules with thick edges along the interface,
evidencing the “coffee ring effect”. The chemical character-
ization of the blood fingerprints indicated that aromatic amino
acids of the proteins are involved in the adsorption process on
the hybrid NR surface. The practicality in modifying the
hydrophobic—hydrophilic characteristics make this natural
polymer a candidate for tissue engineering, for instance, a
flexible scaffold taking advantage of the mechanical properties
of the NR, the bioactive properties of the bioceramics, and the
modulation of surface charge by a hybridization process.
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