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A B S T R A C T   

In spite of the widespread use of natural rubber in regenerative therapies, thermally induced modifications of its 
complex chemical structure and their effect on the surface properties and the cell response (attachment-adhesion- 
proliferation) are still an unexplored topic. Here, we demonstrate how thermal treatments enhance the cell 
response due to changes to the inner and surface structures of natural rubber. In situ studies of the temperature 
effects conducted via infrared spectroscopy revealed both molecular rearrangements and anharmonic effects in 
the polymeric lattices. Thermal treatments at different temperatures allowed to control the wetting regime. 
Contributions of different surface parameters to the wettability were decoupled by statistical analysis of the 
principal component. The polar component of the surface free energy was recognized as the main surface player, 
which influences cell spreading, attachment, proliferation, and tissue growth. A simple thermal annealing of the 
natural rubber film at 373 K alters the local structure of the latex inducing an increase in cell viability. The 
experimental-statistical analysis approach allows an accurate correlation of physicochemical properties with cell 
supportability. The results highlight the potential of natural rubber polymers by tuning surface wettability, via 
simple thermal treatment, for biomedical applications.   

1. Introduction 

Over the past years, natural rubber (NR)-based materials extracted 
from hevea brasiliensis trees have become protagonists in research aiming 
at medical applications [1–8]. Some of the NR properties and applica-
tions that are of interest at the interface of biomedical sciences and 
engineering include its antimicrobial behavior [9], reinforcements for 
anthropomorphic prosthetics [10], its ability to encapsulate bioceramics 
[11], the formation of apatites in contact with biological fluids [12], and 
the modulation of surface charges and the adsorption of blood compo-
nents [13]. The material can be processed as a type of composite stem 
cell that favors cartilage formation [14], in addition to acting as flexible 
cell support to guide cell membrane changes [15]. The notable proper-
ties that enable such applications are due to the isoprene matrix of the 
rubber and non-rubber particles naturally present in the material. 

Recently, the biomedical applications of NR have been reviewed in 
detail [16]. 

Understanding the relationship between surface physicochemical 
properties and cell responses entails wide possibilities for the rational 
design of functional biomaterials, i.e., the correlation of surface wetta-
bility (SW) and cell viability that impacts graft integration and tissue 
regeneration following implantation [17–19]. This physicochemical 
parameter is measurable by the contact angle (θ) formed between a 
liquid droplet and a testing surface. However, SW is not an independent 
variable: it is a result of other physicochemical parameters, such as 
topography [20] and surface free energy [21]. NR surfaces are hydro-
phobic, with θ ≈ 90◦ [12]. The surface free energy (SE), as well as its 
dispersive and polar components, can be tuned by removing or adding 
specific components. For instance, the polar component of the SE of 
latex films can be decreased by deproteinization [22], while the increase 
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of this component can be obtained by the incorporation of polar parti-
cles [14]. 

The possible use of this remarkable material as functional cell sup-
port in regenerative medicine or even in fundamental studies of cell 
phenomenology has attracted great interest in materials science and 
technology. Nevertheless, as far as we know, thermal modification of its 
complex chemical structure and the influence on surface properties and 
cell response (attachment-adhesion-proliferation) has not been 
explored. A key question is whether thermal treatments may physically 
(in terms of topology) or chemically (in terms of free energy) affect the 
SW and, consequently, the cell-material interactions. NR processing 
using heat treatments may show issues with cytocompatibility proper-
ties. From a thermodynamic standpoint, the interfacial interactions be-
tween cells and materials result in a localized steady-state (aiming to 
minimize the free energy of the cell adhesion spreading process), e.g., 
cells are sensitive to the stability of the surface. On the other hand, NR is 
susceptible to thermal degradation due to double bonds in the main 
chain and can affect the stability of the surfaces. On the other hand, the 
thermal process on polymers varies from solvent to solvent. [23]. 
Careful choice of heat treatments for polymers melted in solvents must 
remove the effect of the solvent on cytocompatibility following the 
control of the surface properties. Assuming that the changes of the SW 
are directly correlated with the molecular rearrangement, it may be 
possible to control the wetting of NR only by temperature, thus opening 
new horizons for NR applications. Physically [24] and chemically [25] 
adjustable SW is helpful in applied surfaces and interfaces in a wide 
range of fields, such as decontamination separating oil/water mixtures, 
waterproofing, self-cleaning, and water collection [26–29]. The chemi-
cal rearrangement of the polymeric NR matrices by a pre-thermal 
treatment could be an easy way to tune NR-SW and thereby the 
cell-interaction profiles. 

This work aims to establish a clear correlation between molecular 
rearrangement, surface properties, and cell response of NR under ther-
mal treatment. From infrared (IR) in situ analysis, we show how the bulk 
structure of the NR matrix is changed by temperature. We also address 
the temperature effect in modulating the surface properties of NR by 
monitoring wettability by contact angle measurements before and after 
thermal annealing. A quantitative study employing principal component 
analysis (PCA) revealed the main player affecting surface wettability. 
The NR films were then submitted to cell viability assays aiming for 
biomedical applications. MC3T3-E1 cells (osteoblastic cell line) were 
seeded on the samples before and after thermal treatments. The 
temperature-tunable SW on NR, obtained from molecular rearrange-
ments using appropriate thermal treatments, is discussed in view of the 
physicochemical interactions and their relevant conditions for 
enhancing cell response. Beyond the fundamental interest of the re-
lations between chemical structure and SW, developing a simple pre- 
treatment method is of practical interest for applied R&D toward 
improved NR based-materials. 

2. Materials and methods 

2.1. Samples 

Samples of NR latex were collected from Hevea brasiliensis trees 
(clone RRIM 600) located at Estância Regina farm, São Paulo, Brazil, and 
the NR films were prepared at Universidade Federal de Santa Catarina, 
Florianópolis, Brazil. To produce the films, commercial glass substrates 
of 5 cm2 were cleaned using an ultrasonic bath with 1. acetone, 2. iso-
propyl alcohol, and 3. ultrapure water (10 min each) and dried at 40 ◦C 
for 10 min. NR aliquots of 1.5 mL were centrifuged during 90 min at 
24 ◦C in an Eppendorf 5418 R centrifuge. After separation, a part of the 
upper creamy phase was re-dispersed in chloroform until it reached a gel 
state at room-temperature. A volume of 40 μL of the NR suspensions was 
carefully dropped on glass substrates using a micropipette and dried at 
room-temperature for 12 h in a glass desiccator followed by thermal 

treatment at 333 K during 15 min for solvent elimination. This material 
processing was defined as “Standard Treatment”, labeled ST, and sub-
mitted to thermal analysis and in situ infrared spectroscopy in-
vestigations from 80 K up to 473 K. The DSC curves represent the first 
heating process, just after drying according the standard treatment. For 
the surface property studies (Sections 3.2 and 3.3), the samples were 
characterized for four additional thermal treatments during 5 min at T1 
= 373 K, T2 = 383 K, T3 = 393 K and T4 = 473 K, with heating/cooling 
rates of ~ 1 ◦C/min. Samples were prepared in triplicate and, for mo-
lecular spectroscopy, contact angle characterization and topography 
analysis, each one was randomly measured at three distinct positions. 
Samples were sterilized in UV light for 15 min before the cell culture 
assays. 

2.2. Effect of temperature on NR samples investigated by in situ infrared 
spectroscopy 

NR samples were investigated by in-situ Fourier Transform Infrared 
(FTIR) spectroscopy within a temperature range from 80 to 500 K. FTIR 
spectra were recorded in a Bruker Hyperion 2000 IR microscope 
attached to a Vertex 70 V Fourier-transform spectrometer. The light 
source was a SiC resistance and the beam splitter covered a wide range 
from 50 to 7000 cm− 1. The microscope includes a liquid-nitrogen-cooled 
MCT detector that was used to record spectra in the range of 4000–1400 
cm− 1 with a resolution of 1 cm− 1. The microscope collected light by a 
Cassegrain 15x objective in reflectance mode. Between the sample and 
the microscope base, a heater plate, driven by a temperature controller, 
allowed us to control the temperature with a precision of 1 K. IR back-
ground spectra on an aluminum mirror were recorded previously to run 
256 successive scans. The obtained reflectance FTIR spectra were con-
verted into Kubelka-Munk approximation and represent the average of 
spectra acquired at different regions of the sample. 

2.3. Atomic force microscopy (AFM) 

A Nanosurf FlexAFM microscope was used to determine the surface 
morphology of the thermally treated NR films. Scanning areas of 25 × 25 
µm2 were captured to estimate the surface roughness parameters under 
dry conditions. The measurements were done in contact mode using 200 
µm, 0.15 N m − 1 triangular silicon nitride cantilevers with gold-coated 
tips (OMCL-TR800PSA, Olympus, Japan). Image analyses were per-
formed using the manufacturer’s SPM-Offline software (Version 3.304, 
Shimadzu). The AFM data were treated using the WSxM 5.0 software. 
Statistical data were obtained from 3 different positions of each sample 
(n = 3). From the surface profiles, the arithmetic average height Ra was 
calculated concerning the surface amplitude (y), as described by the Eq. 
(1): 

Ra =
1
n
∑n

i=1
|yi| (1)  

2.4. Contact angle measurements 

To evaluate the stability of the wetting regime of the samples, static 
contact angle (θ) measurements of ultra-pure water droplets (volume ~2 
μL) were carried out by the standard sessile drop method on a KSV CAM 
200 tensiometer/goniometer. For each experiment, a water drop was 
deposited on each surface enclosed in a glass chamber. A white and 
homogeneous light system was positioned behind the sample to make 
the drop appear black. Side-view drop images were recorded with a CCD 
camera for subsequent characterization of the hydrophobic/hydrophilic 
wetting regime of the modified NR films. The temperature around the 
samples remained at 22 ◦C ± 2 and the relative humidity was set to 48 
± 6% at the beginning of the experiments. 
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2.5. Determination of the surface energy 

The surface energy of the NR was calculated from the contact angle 
using liquids with different polarities. At least five measurements were 
taken in different positions of each sample using water (γp = 51 mN.m −
1, γd = 21.8 mN.m − 1 and γ = 72.8 mN.m − 1), ethylene glycol (γp = 19 
mN.m − 1, γd = 29 mN.m − 1 and γ = 48 mN.m − 1) and diiodomethane 
(γp = 0 mN.m − 1, γd = 50.8 mN.m − 1 and γ = 50.8 mN.m − 1), where γ 
denotes liquid surface tension and γp and γd are the polar and dispersive 
components of γ. The solid surface energy (γs) was calculated using the 
dispersive (γl

d) and polar (γl
p) components of the liquid surface energy 

[30]. This method is based on the concept of short and long-range 
intermolecular interactions, described as polar and dispersive in-
teractions. Thus, γs can be obtained from the Young equation 
substituting the sum of the dispersive γS

d and polar γS
p components to the 

total surface energy, as described by Eq. (2): 

(1+ cosθ)γi = 2
̅̅̅̅̅̅̅̅̅

γd
l γd

s

√

+ 2
̅̅̅̅

γp
l

√

γp
s , γs = γd

s + γp
s (2) 

From the linearization of the Eq. (2), we obtain the plot of 0.5 γ (1 +
cosθ). (γd)− 1/2 versus (γp / γd)1/2 for the determination of the dispersive 
γS

d and polar γS
p yielding γS. θ is the contact angle. 

2.6. Osteoblast viability determination by optical absorbance 

Osteoblast cultures on the NR samples were used to investigate the 
effects the thermal treatments on the cellular response. The cultures are 
also useful to investigate the potential cytocompatibility of the NR. 
Osteoblastic cells MC3T3-E1 (American Type Culture Collection-ATCCt) 
at first passage were collected in a 75 cm2 plastic culture flask containing 
10 mL of osteogenic culture medium (composed by α-MEM, supple-
mented with 10 wt.% fetal bovine serum, 1 vol.% penicillin/strepto-
mycin, 5 µg/mL ascorbic acid and 2.16 mg/mL β-glycerophosphate). 
The cells were cultured until subconfluence was reached, then enzy-
matically released. First-passage cells were cultured in the same me-
dium, at a concentration of 2 × 104 cells per well, in 24-well microplates 
(Falcon, Franklin Lakes, NJ, USA), at 37 ◦C in a humidified atmosphere 
of 5% CO2. The cells were cultured with the samples for 48 h. Cell 
viability was quantified using the standard MTT (3-(4.5-dimethylth-
iazol-2-yl)− 2.5-diphenyl tetrazolium bromide) reduction assay. For-
mazan production (as an indicator of cellular viability and metabolism) 
was quantified using an ELISA plate reader in absorbance mode (Mul-
tiskan EFLAB, Helsinki, Finland) at 490 nm [31]. Cells cultivated in 
absence of the materials and cells cultivated on polystyrene discs (in 
absence of NR) were used as first (100% viability) and second control 
groups, respectively. The data are reported as the mean ± S.D. of trip-
licate measurements of different cell cultures. 

2.7. Statistical analysis 

The results were normally distributed and expressed as the mean ±
standard deviation for comparisons, taking p = < 0.05 as the threshold 
for statistical significance. Statistical correlation of each parameter was 
evaluated by Pearson tests performed by Excell 10 software for multiple 
comparisons. Statistical significance was evaluated by one-way analyses 
of variance (ANOVA) and Tukey’s honest significant difference (HSD) 
test for multiple comparisons. For a complete statistical analysis, 
considering the molecular structure, roughness, wettability surface en-
ergy, and cell response, we applied the principal component analysis 
(PCA) by extracting a set of physical-chemical-biological parameters 
and converting the data into a data matrix. The dimensionalities were 
reduced by an alternative set of coordinates in a general format [32], 
given by: 

X = TPT + E (3)  

where the matrix X is decomposed by PCA into two smaller matrices, T 
and P, named scores and loadings, respectively. E is the residual of X. 
The principal component is the linear combination of the original var-
iables, which transform the large number of physical-chemical- 
biological parameters into a smaller number of uncorrelated variables 
according to the numerical condition: 

∑I

i=1
tiatib = 0;

∑I

i=1
piapib = 0 (4)  

where ta and, tb are the ath and bth columns of the T matrix, respectively 
while pa and pb are the ath and bth rows of the P matrix. The order of the 
principal components (PCs) denotes their importance to the spectral 
dataset. For instance, PC1 described the highest amount of variation, 
PC2 the second highest, and so on; all PC-loadings were bi-plotted. PCA 
was performed by Past 3.2 software. 

3. Results 

3.1. Molecular rearrangement as function of the temperature 

We first investigated the thermal stability, mass loss, and percent 
residue of thermal decomposition of the NR films. The temperature 
treatments were chosen in a range lower than 473 K, in which significant 
mass loss was identified, also considering the phase transitions, ac-
cording to the results from thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC), as depicted in the Figs. 1(a) and 1 
(b), respectively. The annealing temperatures (ST = 333 K, T1 = 373 K, 
T2 = 383 K, T3 = 393 K and T4 = 473 K) can be better visualized using 
the vertical dashed lines in the first derivative indicated in Fig. 1(b). At 
the onset of the transitions, one may observe both exothermic and 
endothermic associated with protein denaturation and the new chemical 
phases formation, respectively. Such phase transitions have been 
assigned to the decomposition of non-rubber components, such as pro-
teins and fatty acids indicating that molecular groups in NR can be quite 
different before and after the thermal treatments. NR polymeric matrices 
and their constituents are long-chain molecules of high molecular 
weight (~106 g/mol), and each macromolecular group can be affected 
differently, depending on the thermal energy. Thus an in-situ molecular 
investigation is required to unravel how the molecular groups and 
chemical structures are modified within a temperature range. 

Infrared spectroscopy analyses were conducted to investigate the 
chemical composition of the NR samples and the temperature- 
dependent molecular changes. As displayed in Fig. 2(a), the IR spectra 
of NR samples depicted the characteristic bands assigned to the 
macromolecular structures. The complete positions and assignments of 
bands were also observed in Raman spectra of NR samples and are 
provided in supplementary tables S1 and S2 in the supporting infor-
mation. Changes in the profile of the spectra due to the temperature 
variation were observed. For instance, the enlarged spectra at Fig. 2(b) 
shows changes in the bands ranging from 1500 to 1665 cm− 1, assigned 
to amine and carboxylic groups associated to proteins [33]. In partic-
ular, temperature-induced changes at 1541 and 1630 cm− 1 (amide I and 
amide II, respectively) are attributed to both, proteins and polypeptides, 
containing peptide bonds. It is known that the stability of the NR 
colloidal system is partially rooted in distinct structures of the trypto-
phan present in the proteins of the NR particles [12]. Temperature 
changes can affect the conformation of aromatic rings, which in turn 
modifies the tertiary structure of proteins resulting in a shift of the IR 
bands. Another striking feature observed in these results is the formation 
of the new molecular groups, such as C–––C and C–––N bonds, as suggested 
by the new band present in the 1950–2100 cm− 1 spectral range with 
increased temperature, which, according to the DSC characterization, 
seems to be associated to phase transitions. 

Deconvolution of the band between 2800 and 3000 cm− 1 (compare 
343, 373, and 403 K spectra) illustrates displacements in the maximum 
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of the peaks, see Fig. 2(c). This spectral range is assigned to C–H 
stretching from CH2 and CH3, characteristic of cis-polyisoprene chain 
groups, as well as, the spectral region of phospholipidic chains 

characterized by symmetric and antisymmetric stretching modes [34]. 
This spectral region also exhibits C–H stretching vibrational bands of 
amino acids, assigned to the presence of protein structures incorporated 

Fig. 1. Results of TGA (a), DSC and its first derivate (b). The dashed lines indicate the temperatures of thermal treatment between different transitions.  

Fig. 2. IR spectra of NR samples obtained at different temperatures showing the modifications in the vibrational spectra from room temperature to higher tem-
perature (a-c) and from room temperature to lower temperature (d). Peak profile analyses of the IR spectra of the 2775–3025 cm− 1 band regions and peak positions 
versus temperature of the 2725–2728 cm− 1 region with linear regression based on the anharmonic temperature-dependent model (e). 
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in the NR matrix [35]. 
In addition, the IR spectra revealed a temperature-dependent shift of 

the peak position in the 2700–2750 cm− 1 spectral region in Fig. 2(d), 
attributed to anharmonic effects in the phonon center [36]. This phe-
nomenon can result from several factors in materials physics, such as 
intrinsic anharmonic contribution, electronic state renormalization, 
ionic energy change caused by polymeric lattice contraction/expansion, 
and exchange integral modulation due to the appearance of the mag-
netic ordering. Here, the anharmonicity of chemical bonds can be a clue 
to further address the temperature effects on the molecular groups. To 
support such explanation, we refer to temperature-dependent modeling 
of the mode position given by a simplified Balkanski model [36], 
expressed by Eq. (5) where Ω(T) is the peak position as a function of 
temperature, ν0 is the vibrational mode in cm− 1 and C is an adjustable 
parameter. The multiplier term of C is the anharmonicity constant with x 
= hcν0/(2kbT) representing the physical relationship between Planck 
Constant (h), speed of light (c), Boltzmann Constant (kb) and Tempera-
ture (T). 

Ω(T) = v0 + C
[

1+
2

ex − 1

]

≈ v0 + C
[

1+
4kBT
hcv0

]

(5) 

From the fitting using Eq. (5), the following parameter adjustments 
were obtained for ν0 = 2716 cm− 1 and C = 8.1 cm− 1, having good 
agreement with the experimental peak positions versus temperature of 
the 2725–2728 cm− 1 region, as can be seen in the linear regression of 
Fig. 1(e). The progressive increase of peak position, with C > 0, means 
that the anharmonicity is an effect of the chemical transition induced by 
temperature. 

An anharmonic potential produces a net displacement of the elec-
tronic charge resulting in a modification of the dipoles. It also causes 
thermal expansion and the anharmonic curve may be associated with 
the glass transition that the material might experience. However, in a 
glass transition, modes shift to lower frequencies as temperature in-
creases. A possible explanation is that the polymer tends to change its 
chemical composition, increasing the tension of the amide bonds so that 
the material becomes more rigid with temperature until the amides 
degrade. On the other hand, in a glass transition, the intensity of the 
mode (concerning a fixed neighbor) is reduced. The irreversible transi-
tion around 375 K was also identified by DSC. Near to the transition 
around 375 K, the peak position started to be constant with temperature. 
The observed behavior seems to be related to stress around the amide 
groups, breaking the molecular structure above 375 K. The intensity of 
the main Raman peaks (2915 cm− 1 and 1665 cm− 1) inverts due to a 
change of intensity of the C–H stretching signal within the temperature 
range (see supplementary Fig. S1). The probing by IR and Raman 
spectroscopy of temperature-induced anharmonic effects are imperative 
in future studies to explore molecular rearrangements in the polymeric 
matrix. Such results will evidence possible displacements between the 
positively charged molecular center of mass and the negatively charged 
electron cloud. This electric dipole moment can result in surface energy 
modifications, particularly, in its polar component. 

3.2. Effects of the thermal treatments on the surface wettability and 
surface free energy 

Molecular rearrangement in the polymeric matrix submitted to 
different temperatures may affect the SW. The θ values for the samples 
thermally annealed are listed in Table 1. Changes in wetting regimes 
depending on the thermal treatments can be observed, in particular 
when water is used as the liquid interface. T1 and T2 increase the NR 
surface-hydrophilicity compared to ST as indicated by contact angle 
reduction from θ ≈ 85◦ to θ ≈ 70◦ This effect may be caused by changes 
in topography, surface energy, or both. The contact angles using 
ethylene glycol (eg) and diiodomethane (di) remain stable in samples 
submitted to T1 and T2 in comparison to ST. 

A hydrophilic-hydrophobic transition with water is observed be-
tween T2 (θ ≈ 70◦) and T3 (θ ≈ 100◦). Moreover, a stable wetting regime 
is obtained after T4 with θ values similar to those obtained on the ST 
surface. It shows that contact angles can be modulated by molecular 
rearrangements in the material as a function of thermal treatment. 

As mentioned, tunable SW has been considered a key feature for 
advanced and smart materials. Recently, a study reported the possibility 
to tune hydrophobicity of NR by incorporating silica [37]. However, 
such a procedure inevitably modifies the inner structure and morpho-
logical properties of the NR making the natural polymer a composite. 
Our results reveal that the wetting of the NR can be tuned by simple 
thermal annealing without incorporation of any other dopants. 

As aforementioned, SW depends on other physicochemical proper-
ties, such as surface topography and free energy. Since ST and T4 
treatments exhibited similar wetting regimes, all the measured and 
calculated parameters of ST, T1, T2, and T3 (as representative samples) 
were used for multivariate ordination and correlation analyses. The 
arithmetic average height of the roughness parameter (Ra) of the NR 
samples is displayed in Table 1 and AFM micrographs of NR films sub-
mitted to the different thermal treatments are displayed in Fig. 3. While 
there is no significant difference between ST, T1 and T2, as attested by 
analyses of variance (ANOVA), the thermal treatment at T3 decreases 
Ra. Considering the error bars in the calculated roughness parameters, 
the molecular rearrangement due to the thermal treatment results in a 
smoother surface after T3. This effect agrees with the phase transition 
observed during our thermal analysis (see Fig. 1(b) and 2(b)), attributed 
to the formation of new molecular groups on the surfaces, as observed in 
the 1950–2100 cm− 1 spectral region. 

Hypothesizing that such chemical structural modifications affect the 
free energy surface-density, we calculated the solid surface energy 
assuming that Coulombic interactions of a permanent dipole are 
responsible for the polar component of a surface while the dispersive 
component is constituted just by van der Waals interactions. The surface 
energy was then calculated based on the concept of short and long-range 
intermolecular interactions, termed polar and dispersive interactions, 
respectively, and are displayed in Fig. 4(a). According to the dispersive 
energy component, the charge fluctuations, resulting from intermolec-
ular forces over long distances, were always more intense than the 
permanent dipole moments (characterized by the polar components) for 
all thermal treatments. The dispersive component remains stable for T1 
and T2 and increases slightly for T3, indicating a higher stability of the 
polymeric matrix. After T3, the polar component practically vanishes. In 
addition, with a reduction in roughness, an increase in the contact angle 
for water is observed, indicating that the surface becomes more hydro-
phobic. Molecular rearrangements from the chemical structure modifi-
cations induced by T1 and T2 (as observed in the IR spectra displayed in 
Fig. 2(c)) affected the polar component as well, resulting in surface 
activation and an increase in the hydrophilicity (see contact angle values 
in Table 1). It is interesting to note that the decrease in the polar 
component of the surface energy after T3 is associated with a reduction 
in the roughness and a return to a hydrophobic regime. 

The statistical multivariate ordination and correlation results 
demonstrate the main role of the polar energy components in correlation 
with SW (− 0.95) (Supplementary Table S3). Considering the effects of 

Table 1 
–NR heat treatment temperatures and associated characteristic properties: 
contact angle values (θ) using water, ethylene glycol (eg) and diiodomethane 
(di), and AFM-based average roughness (Ra) values measured on NR-samples 
submitted to different thermal treatments: ST, T1, T2, T3 and T4.   

ST T1 T2 T3 T4 

Temp. (K) 333 373 383 393 473 
θwater (◦) 85.2 ± 1.2 69.8 ± 1.6 71.4 ± 1.6 99.9 ± 1.4 84.5 ± 3.2 
θeg (◦) 80.1 ± 1.8 82.7 ± 3.9 79.0 ± 1.8 97.3 ± 3.8 77.6 ± 5.1 
θdi (◦) 45.7 ± 1.9 47.3 ± 1.0 49.2 ± 2.7 39.8 ± 3.1 52.5 ± 2.1 
Ra (nm) 5.1 ± 2.6 3.9 ± 0.6 5.0 ± 0.9 2.0 ± 0.1 –  
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energy components on the total energy (see the second column of values 
in Table S3), the results suggest that polar components γp have a 
fundamental role in NR surface activation, which subsequently affects 
SW by increasing the hydrophilicity, as evidenced by PCA. Fig. 4(b) 
shows the biplot of the PCA results with component 1 associating the 
loadings (green vectors) of the physicochemical parameters. This 
component is also responsible for 66% of statistical variance, as attested 
by the analysis. T1 and T2 have a noticeable influence on surface energy, 
in particular, due to the γp changes, as evidenced in the upper right 
quadrant of the PCA-biplot. In the same way, the increase in the γp de-
creases the contact angle, that is, it increases the hydrophilicity of the 
polymeric surface. The importance of these findings lies in the fact that 
γp has been pointed out as the feasibility indicator of favorable polar cell 
membrane-material interactions [38–40]. 

3.3. Cell response 

Tunable SW can entail wide possibilities for the design of bio-
materials, for instance, improving cell attachment on substrates for 
regenerative therapies. Understanding the relationship between the 
physicochemical modifications of the NR surface due to thermal treat-
ments and cell-material interactions is the first step to achieve such 
applications. To assess the NR surface effects on cell response, Osteo-
blastic lineage cells MC3T3-E1 were employed, given their clinical 
relevance for any future biomaterial-based implant strategy (whose 
main applications are in bone tissues). The cell viability was increased in 
the presence of NR samples, compared to the control (cells cultivated on 
polystyrene discs), after 48 h of culture, see Fig. 5. This indicates that the 
NR is not toxic to osteoblasts and can even stimulate cell growth. 

The effect of the thermal treatment of NR on the cell behavior was 
investigated with ST and T1 samples seeded at the bottom of the culture 
wells. The results show that simple thermal treatment of NR films at 373 
K enhances SW and cell response, see Fig. 5. Due to the thermal treat-
ment, SW increases with a contact angle decreasing from 85◦ to 70◦ for 
T1 (the lowest temperature of the studied thermal annealing). This 
finding is close to the optimized contact angles often suggested as an 
ideal reference measure for biomaterials [41]. It is generally believed 
that the cell response to a material’s surface (in the absence of other 
intermediate adsorption layers) tends to be favored by hydrophilic re-
gimes with contact angles within the range of 60◦- 70◦ [42–44]. There is 
evidence that different wetting regimes can improve cell viability with 
contact angle values a little above and a little below 60◦ A wide 
wettability spectrum of titanium oxide surfaces showed an increase in 
cell viability with surfaces displaying contact angles within a 20◦- 30◦

range, which was attributed to polar free-energy components that 
resulted from ionic interactions [39]. However, such an approach does 
not fit with polymeric materials, which normally exhibit hydrophobic 
properties and weak polar interactions. Herein, our results evidence the 
role of the polar interactions (quantitatively described by the parameter 
γp) in increasing surface energy and favoring polar cell 
membrane-material interactions in a biopolymer. The concept of polar 
interactions directly affecting cell viability appears to be 
material-dependent. Slightly ionic surfaces having a few OH− groups 
available on their polymeric surfaces can be quite different from those 
on other biomaterials surfaces, such as ceramic coatings [45]. In this 
case, the charge effects are particularly relevant in affecting cell 
response [45–47]. From the electrostatic point of view, the increase in 
the polar component of the surface free energy is a result of changes in 

Fig. 3. AFM micrographs of NR surfaces submitted to ST, T1, T2, and T3 heat treatments.  
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the ionic forces after molecular rearrangement, suggesting that surface 
charges can be induced by the treatments. These sequential events 
constitute a fundamental aspect in tuning the NR surface free energy, 
which affects SW and optimizes the cell–surface interface. 

4. Conclusion 

This manuscript reports the temperature effects on NR films and the 
possibilities of modulating their surface properties via thermal treat-
ments to improve cell viability, tissue growth, and biocompatibility 
without any dopant incorporations into the NR. From a fundamental 
science perspective, we studied NR molecular rearrangements by in situ 
infrared spectroscopy with heating and cooling ramps from room- 
temperature up to 473 K and from room-temperature down to 80 K, 
respectively. The temperature changes the conformation of aromatic 
units, and thus modifies the structural conformation of proteins and shift 
the IR bands. Additionally, new molecular groups, such as C–––C and 
C–––N, are formed on the surfaces affecting surface free energy and 
interface interactions. Our results also revealed anharmonic effects that 
originate from the vibrational band phonons of the NR constituents. As a 
result of the thermal treatments, hydrophilic-hydrophobic transitions 
are obtained, in particular increasing the polar component of the surface 

free energy, which has been considered the main factor in affecting cell 
viability. Therefore, the wetting on the NR can be tuned by simple 
thermal treatments without the need of dopants. To demonstrate the 
potential of the temperature-tunable NR-SW in biomedical fields, we 
analyzed the cell response using osteoblastic cells seeded on the sur-
faces. Our findings show that simple thermal treatment of NR films at 
373 K enhances SW and cell response, opening new horizons for appli-
cations of tunable NR-SW in biomedicine. 
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