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a b s t r a c t
β-Ketonitrile tautomeric copolymers have demonstrated tunable hydrophilicity/hydrophobicity properties
according to surrounding environment, and mechanical properties similar to those of human bone tissue. Both
characteristic properties make them promising candidates as biomaterials for bone tissue engineering. Based
on this knowledge we have designed two scaffolds based on β-ketonitrile tautomeric copolymers which differ
in chemical composition and surface morphology. Two of them were nanostructured, using an anodized aluminum oxide (AAO) template, and the other two obtained by solvent casting methodology. They were used to
evaluate the effect of the composition and their structural modiﬁcations on the biocompatibility, cytotoxicity
and degradation properties. Our results showed that the nanostructured scaffolds exhibited higher degradation
rate by macrophages than casted scaffolds (6 and 2.5% of degradation for nanostructured and casted scaffolds,
respectively), a degradation rate compatible with bone regeneration times. We also demonstrated that the
β-ketonitrile tautomeric based scaffolds supported osteoblastic cell proliferation and differentiation without
cytotoxic effects, suggesting that these biomaterials could be useful in the bone tissue engineering ﬁeld.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Polymeric materials based on tautomeric monomers have been designed to be used in many applications such as colloidal stabilization
of hybrid nanomaterial, stimuli-responsive for biomedical uses or in
order to enhance the thermo-mechanical properties [1–3]. The main
advantage of this kind of polymers is the possibility to regulate the
composition of both tautomeric forms (keto-enol) to obtain polymeric
materials with changeable polarity as a function of the surrounding
environment. This behavior has been previously demonstrated in a
systematic study conducted by the polymerization of a β-ketonitrile
monomer under different solvent conditions [4,5]. Thereby, the presence
of tautomeric groups is especially important in these macromolecules to
discriminate against speciﬁc substrates according to the environment
in which they exist. A property that could make them interesting for
biomedical applications. Many approaches to functionalize the scaffold
surface or nanoparticles for drug delivery have been undertaken in
order to introduce useful surface characteristics to provide the desired
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microenvironment for such goal [6,7]. For example, scaffolds are very important for good cell adhesion, proliferation and differentiation. On the
other hand, a biomaterial suitable for bone tissue engineering should
present mechanical properties similar to those of bone tissue in order to
support the tensions of the skeleton during the regeneration time. We
have previously demonstrated that these tautomeric copolymers presented appropriated thermal and mechanical properties to be used as a bone
substitute [8]. In this sense, the ultimate tensile stress increments in the
increase of the tautomeric monomer mole fraction of the copolymer,
and the elastic modulus and the tensile strength of the copolymers
reached values intermediate between trabecular and cortical bone.
In order to design adequate scaffolds for bone tissue engineering,
several factors have to be taken into account including chemical composition, topographic characteristics, biocompatibility, cytotoxicity and
mechanical properties [9,10]. One of the more relevant characteristic
is the topography of the biomaterials, which may inﬂuence not only
cell adhesion but also cell proliferation and differentiation. Cell adhesion
to biomaterial surface is an important prerequisite for the successful
integration of implants in vivo, as well as for cell colonization of scaffolds proposed for tissue engineering applications. In fact, some authors
found that scaffolds with an ordered surface improve cellular biocompatibility, increasing cell development and differentiation and wound
healing while decreasing inﬂammatory properties [9,11,12].
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In order to obtain scaffolds with nanoﬁber topography, different
methodologies have been used such as electro-spraying and electrospinning for polymer solution and melt-spinning for solid state polymer, and so on [13–15]. In the last years a new methodology based on
patterning of alumina templates had been proposed in order to obtain
one-dimensional ordered nanostructures. The advantage of this nanostructuration method is the possibility of preparing surface supported
nanoﬁbers which exhibited high or moderate aspect ratio and it can
be applied to different polymeric materials [16–18]. This technique
was successfully applied to obtain biodegradable extracellular matrices
consisting of mechanically stable arrays of aligned poly(lactide) nanorods [19]. Fibroblasts growing on these nanorods formed dense tissue
layers, with an excellent adhesion to the substrate and exhibited a
highly elongated morphology similar to those occurring in natural
tissue [19].
In the present study we analyzed the effect of the biomaterial composition and topography of a tautomerizable β-ketonitrile copolymer
for bone tissue engineering. Two β-ketonitrile copolymers which differ
in chemical composition and surface morphology were evaluated for
biocompatibility, cytotoxicity and degradation properties.

2. Materials and methods
2.1. Materials
Styrene (98%, PASA S.A.) was freed from an inhibitor by washing
with aqueous NaOH solution (10% wt) and then with water until neutrality, dried over anhydrous sodium sulfate and distilled under reduced
pressure before use. The initiator, 2,2′-Azobis(isobutyronitrile) (AIBN,
98%, Merck) was puriﬁed by recrystallization from methanol before
use. 2-Methyl-3-oxo-5-phenyl-4-pentenonitrile (MOP) was synthesized as previously reported [4]. Methanol (99.9%, Aldrich), chloroform
(RPE, Carlo Erba), hydrochloric acid (37%, Merck), and CuCl2 (97%, Aldrich) were used as received without further puriﬁcation.
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2.3. Casting, nanostructuration and surface characterization of the scaffold
In the ﬁrst case, the copolymer was casted as a ﬁlm, (SC), prepared
from a chloroform solution (5 wt.%) and was poured onto teﬂon dishes
(19.6 cm2). The solvent was allowed to evaporate at room temperature,
and then the resulting ﬁlms were dried under vacuum until constant
weight. The ﬁlms were washed with ethanol 70° and sterilized by UV
exposition for 30 min. SEC conﬁrmed that no degradation of the material had occurred during this treatment [21].
The nanostructured scaffolds, NS, were prepared by inﬁltration of
copolymer via the melt precursor ﬁlm wetting method into the anodized aluminum oxide (AAO) template of 270 nm and 15 μm of length
(Fig. 1), as previously described [8,17]. Brieﬂy, the solid copolymers
were placed on the AAO surfaces and introduced in an oven, at a
temperature about 100 °C higher than the copolymer glass transition
temperature (Tg), under nitrogen atmosphere. After the inﬁltration process, the excess of copolymer was removed from the surface of AAO
template with the aid of a razor.
In order to remove the AAO template and obtain the supported
free nanoﬁbers, previously, a coating of polymethyl methacrylate has
been place over the template, then, templates were treated, in the ﬁrst
place with an aqueous solution of CuCl2 and HCl and after that with
5 wt.% of phosphoric acid [8].
The scaffolds were designed as SC17 and SN17 for scaffolds obtained
from St-co-MOP copolymer of 17% of MOP composition, and as SC62
and SN62, for the scaffolds corresponding to the copolymer of 62% of
MOP composition.
The surface of both types of the scaffolds, SC and SN, with
or without cells was coated with gold and their morphology was
examined using scanning electron microscopy (SEM, Phillips505
Holland) and the images were analyzed by Soft Imaging System
ADDAII.
Water contact angle (WCA) measurements were carried out using
deionized water at room temperature, as previously published [22].

2.4. Swelling assay
2.2. Polymer synthesis and characterization
Two tautomerizablestyrene-co-2-methyl-3-oxo-5-phenyl-4pentenonitrile copo-lymers (St-co-MOP), of different MOP monomer
mole fractions in the copolymer (FMOP), were synthesized by mass radical polymerization and characterized following a procedure described
elsewhere [4]. Brieﬂy, different amounts of both co-monomers (total
weight 10 mL) were introduced into a reaction tube with a preweighed amount of initiator (35 mM). The mixtures were degassed by
three freeze–pump–thaw cycles in a vacuum line system, then sealed
and immersed into a thermostat at 60 °C at different times in the absence
of light. After the reaction, the polymer was isolated with methanol and
puriﬁed by three steps of dissolutions in chloroform and precipitation in
methanol. Finally, it was centrifuged and dried under vacuum.
The 1H NMR spectra of the samples were recorded with a Bruker
Spectrometer; 300 MHz. Chloroform-d1 was used as solvent for the
polymer. The polymer sample concentration was 6.0% of weight and
the measurements were carried out at 40 °C.
The average molecular weight (Mw, Mn) and the molecular weight
distribution (Mw/Mn) were determined by SEC in a LKB-2249 instrument at 25 °C. A series of four μ-Styragel columns (105, 104, 103, 100 Å
pore size) were used with chloroform as eluent. The polymer concentration was 4–5 mg/mL, and the ﬂow rate was 0.5 mL/min. The polymer was
analyzed using double detection as previously reported. Mass chromatograms of the polymers were detected by a Shimadzu (SPD-10A) UV/VIS
detector at 254 nm (for the phenyl group), while the carbonyl group
was detected by infrared absorption at 5.75 μm with a Miram 1A spectrophotometer detector [20]. Polystyrene standards supplied by Polymer
Laboratories and Polysciences were used for calibration.

The maximum swelling and water absorption capacity of the membranes (from SC or SN) were determined as follows [23]. The membranes
were weighed (w0) and then immersed in the phosphate-buffered saline
(PBS, pH 7.4) at 37 °C. Then of 24 h, the samples were removed, and after
wiping the surface with paper, were weighed in the wet state (w).
The water content of the membrane was obtained as the difference between w, the weight of the water saturated sample and w0, the weight

Fig. 1. Scanning electron microscopy (SEM) of AAO template.
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of the initial dried sample. The percentage of swelling of the membrane is
deﬁned as:
%Sw ¼

100ðw−w0 Þ
:
w0

ð1Þ

2.5. Cell cultures and incubations
MC3T3E1 mouse calvaria-derived cells were grown in DMEM containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin at
37 °C in a 5% CO2 atmosphere. Cells were seeded on 75 cm2 ﬂasks and
sub-cultured using trypsin-EDTA. In MC3T3E1 osteoblast-like cells, previous studies have demonstrated that expression of osteoblastic
markers begins after culturing the cells with medium supplemented
by 5 mM beta-glycerol-phosphate (βGP) and 25 μg/mL ascorbic acid
[14,24]. Under these culture conditions, alkaline phosphatase activity
begins to be expressed after 1 week and reaches a maximum after
2 weeks, while mineralization is achieved after extending the culture
to 3 weeks. However, the cells only undergo active replication during
the ﬁrst 5 days of incubation. For adhesion and proliferation experiments and differentiation experiments, cells on polymeric matrixcoated dishes were incubated in 10% FBS medium during the periods
of time indicated in the legend of ﬁgures. For collagen production and
mineralization experiments with MC3T3E1 osteoblast cells were cultured for 2 weeks in an osteogenic media (DMEM/FBS supplemented
with β-glycerol-phosphate and ascorbic acid) changing the medium
every 2 days.
RAW264.7 monocyte-macrophage cells were grown in DMEM
containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin
at 37 °C in a 5% CO2 atmosphere [25]. Cells were seeded on 75 cm2 ﬂasks,
sub-cultured using 10% EDTA.
2.6. Cell adhesion and proliferation
The adhesion and proliferation assays were performed as it was
previously reported [26,27]. Brieﬂy, cells were plated on the polymeric
matrix in DMEM-10% FBS at a seeding density of 105 cell/mL and
allowed to adhere for 1 h at 37 °C. For proliferation assay cells were incubated in the same conditions for 24 h. After each period of time,
dishes were then washed with phosphate-buffered saline (PBS), ﬁxed
with 5% glutaraldehyde for 10 min and stained with crystal violet. The
number of cells on the scaffolds was evaluated by microscopy counting
several representative ﬁelds per well.
2.7. Evaluation of osteoblastic differentiation
Osteoblastic differentiation was evaluated by two markers: the
quantitation of type I collagen production with a Sirius red-based
colorimetric microssay and mineral nodule deposition [22].
Brieﬂy, for type I collagen production, cells were ﬁxed in Bouin's
ﬂuid for 1 h, washed with water and stained with Sirius red dye for
1 h. The stained material was dissolved in 0.1 N sodium hydroxide
and the absorbance was read at 550 nm. For mineral nodule production
cells were ﬁxed with 4% p-formaldehyde and stained with alizarin S red.
The nodules were de-stained in 0.1 N sodium hydroxide and the absorbance was read at 548 nm.
2.8. Interleukin-1b and tumor necrosis factor-α production
The cytotoxicity of the scaffold was evaluated measuring the production of the proinﬂammatory cytokine tumor necrosis factor alpha
(TNF-α) and interleukin 1β (IL-1β). Brieﬂy, macrophages RAW264.7
were plated on the scaffolds and the cytokine production was evaluated
in the culture media after 7 days with ELISA (Mouse IL-1β ELISA Kit,
OptEIA™ from BD Biosciences and Mouse TNF-α ELISA Kit, OptEIA™).

2.9. Degradation assay
To evaluate the possible degradation the membranes were weighted
(Wo) and incubated with RAW264.7 macrophages in DMEM/10% FBS
for 3 and 7 days. After that period cells were lysed with 0.1% Triton X100, the scaffolds were washed several times with distilled water and
dried until constant weight. After that the scaffolds were weighed
again (Wt). Degradation was calculated as the weight loss of each scaffold during the culture period using the following expression:

% Degradation ¼

Wo −Wt
100:
Wo

ð2Þ

In addition the average molecular weight of the material at the end
of degradation assay (7 days) was analyzed by SEC.
2.10. Statistical analysis
Results are expressed as mean ± SEM and, unless indicated otherwise,
were obtained from two separate experiments performed in triplicate.
Differences between groups were assessed by one-way ANOVA with
Dunnett multiple comparisons test and were performed using GraphPad
InStat version 3.00 (GraphPad Software). A p value b 0.05 was considered
signiﬁcant for all statistical analyses.
3. Results and discussion
3.1. Preparation and characterization of the polymers
The copolymers obtained were identiﬁed by 1H NMR (300 MHz,
Chloroform-d1, ppm) δ: 1.72 (h + l); 2.17 (g + i); 2.58 (j); 2.78 (m);
3.20 (k); 6.88 (c + f); 7.11 (b + e); and 7.21 (a + d). The copolymer
compositions were estimated from the integral ratio of selected peaks
of 1H NMR, using the following formula: FMOP = (5I(Al) / (I(Ar) −
3)) / 3, where I(Al) and I(Ar) are the intensity of the signals of aliphatic
and aromatic hydrogen, respectively. The copolymer molecular weights
were estimated from SEC measurements. The copolymers are named,
St-co-MOP1 and St-co-MOP2. The chemical composition, weight-average
molecular weight (Mw) and polydispersity index (PI = Mw/Mn) are: Stco-MOP1, FMOP = 0.17, Mw = 82,400 g/mol, IP = 1.99 and St-co-MOP2,
FMOP = 0.62, Mw = 33,200 g/mol, IP = 2.07.
The chemical structure of the obtained copolymer is shown in
Scheme 1. This scheme shows also, the tautomeric equilibrium present
in the copolymer synthesized and the hydrogen assignation before indicated in the 1H NMR spectrum.
3.2. Preparation and characterization of the scaffolds
St-co-MOP copolymers synthesized are functional materials characterized by the presence of tautomeric group, which can modulate the
surface polarity depending of the environment as was demonstrated
in a previous study [4]. This structural characteristic is signiﬁcant considering the biomaterial–cell interaction, which is a key factor for the
cell adhesion and proliferation process. On the other hand, some authors proposed that nanoﬁbers, with high surface area to volume ratio
and similar structural morphology to the ﬁbrillar extracellular matrix,
could be effective as tissue engineering scaffolds [28,29]. All these factors led us to study both the effect of St-co-MOP copolymer composition
as well as the morphological characteristics of scaffolds on the biocompatibility of the samples.
The scaffolds were prepared by two different methods (solvent casting and nano-structuring) for comparison purposes. The surface of the
scaffolds obtained by solvent casting was smooth, uniform and brittle
as it was observed by SEM (Fig. 2A), while the membranes prepared
using the self-ordered AAO templates showed a nanorod arrangement
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Scheme 1. Keto-enol equilibrium existing in St-co-MOP copolymer.

with a diameter of 270 nm and a length of 15 μm (Fig. 2B, arrow), so
they could give differences in their biological response.

3.3. Cell morphology, adhesion and proliferation
Cells growing on the scaffold obtained by casting showed ﬁbroblastoid
morphology with good interactions between cells and with the substrate
(Fig. 3A). Cells demonstrated cellular processes to interact with the
ﬂat surface (Fig. 3B, arrows). A similar morphology was observed in the
osteoblasts growing on the nanostructured surfaces (Fig. 3C, arrows).

However, cellular processes were shorter, with a rufﬂed like border and
restricted to the nanorod exposed surface (Fig. 3D).
For biocompatibility assays osteoblastic cells were seeded on the scaffolds and allowed to adhere (1 h, adhesion assays) or to grow (24 h, proliferation assays). It is known that cell attachment is the ﬁrst step toward
the development of a tissue and the extent and the strength of cell adhesion to the matrix play a central role in the regulation of cell proliferation
and differentiation. These processes depend strongly on the physical
properties and chemical composition of the biomaterial surface [30,31].
In our experiments MC3T3E1 osteoblasts adhered better on the scaffolds
obtained by casting than on the nanostructured ones or culture dishes
(control) (Fig. 4). As expected, composition of the scaffold also inﬂuences
cell adhesion: cells adhered better on scaffolds SC62 and SN62 in comparison to SC17 and SN17 (Fig. 4, p b 0.01).
In order to explain the adhesion results in relationship to the surface
properties of the materials we evaluated the value of water contact angle
(WCA) for the obtained scaffolds, which were present in Table 1. No signiﬁcant differences were observed based on the different compositions
but it was similar to the WCA value previously published for polystyrene
(87°), a structurally-related polymer [32]. However, the nanostructured
scaffolds showed a higher contact angle than casted scaffolds (p b 0.01).
Similar behavior was previously described for other systems based on
the same materials but with different surface topography [15]. In this
case the measurement of an apparent contact angle with more hydrophobic character was attributed to air pockets trapped below the liquid,
which could affect, at least initially the attachment of cells. In our
scaffolds, the same effect could explain the differences observed in cell adhesion related to the different topographic characteristics, but it could not
allow explain the differences related to the composition of the copolymer.
In the last case, based on the chemical structure of our materials we
estimate that in polar environment, such as culture media, the enol
group will be predominant [4]. We assume that the presence of the enol
functional moieties gives to the biomaterial the surface characteristics
needed to support cell adhesion and proliferation, as it was reported before [33,34].
On the contrary, cells proliferating on the nanostructured surfaces
grow better than those growing on the casted biomaterial (Fig. 5). Moreover osteoblastic proliferation on the nanorods was similar to the control.
This result was not surprising since it has been previously demonstrated
that cells with stronger interactions with the substrate proliferate in a
less extent or even do not proliferate at all [35]. Cell adhesion must be a
dynamic process where attached cells regulate proliferation signals. However, strong interaction with the biomaterial would conduce to a quiescent state where cells do not replicate but it can still differentiate [30].
3.4. Osteogenic differentiation

Fig. 2. Scanning electron microscopy (SEM) of the copolymers obtained by casting (A) or
nanostructured in an AAO template (B).

We next evaluated the osteogenic differentiation of MC3T3E1 cells
on the tautomeric polymeric scaffolds. We found that type I collagen
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Fig. 3. Electronic microscopy (SEM) images of the osteoblastic cells growing on the scaffolds obtained by casting (A and B) or nanostructured (C and D). White arrows indicate the cellular
processes of the osteoblasts interacting with the scaffolds. A and C 250× magniﬁcation; B and D 1000× magniﬁcation.

production was not inﬂuenced by the chemical composition of the
scaffold or the presence of the nanoﬁbers (Fig. 6A). Although, the presence of the nanorods showed a tendency to down regulate the secretion
of type I collagen, this effect could be the consequence of the nanoﬁbrillar
organization of the biomaterial (Figs. 2B and 6A). Under this organization
the osteoblastic cells interact with molecules similar in size to collagen
therefore requiring less secretion of this protein to complete the extracellular matrix [36]. On the contrary, the mineralization of the matrix
was signiﬁcantly higher on the scaffolds with a lower MOP content but

without signiﬁcant differences on the surface morphology (Fig. 6B,
p b 0.001). This behavior could be explained by the nature of cell interaction with the substrate e.g. a tight adhesion would favor cell differentiation [37], which was inﬂuenced by the poor development of the actin
ring. We can speculate that in the biomaterials with lower MOP fraction
the hydrophilicity of the biomaterial would not allow the correct assembly of the actin network, and as a result osteoblastic cells would not proliferate well but they are able to differentiate. On the other hand, the SN62
showed a tendency to mineralize the matrix in a greater extent than the
same non-structured material (SC62, Fig. 6B). It has been previously
demonstrated that the arrangement of the material at a nano size could
improve osteogenesis compared to casted material [14,33,38]. In some
cases it was observed that the nanostructuration of biomaterials for medical devices exhibited low reproducibility, this is not the case of our AAO
templates, which presents the advantage of uniformity as well as a high
reproducibility in the shape and size of the nanorods [33].
3.5. Evaluation of scaffold cytotoxicity and degradation
It has been previously shown that macrophages are a very sensitive
culture model to evaluate in vitro inﬂammatory responses to a material
with potential applications in tissue engineering [11,39,40]. Thus, since
Table 1
Water contact angle of scaffolds obtained.

Fig. 4. Osteoblastic cell adhesion assay. Cells were allowed to adhere (1 h) and then evaluated by counting the number of cells by microscope ﬁeld. n = 10, *p b 0.05 vs. control,
**p b 0.01 vs. control; #p b 0.01 SC vs. SN.

Scaffolds

WCA

SC17
SC62
SN17
SN62

90 ± 3⁎⁎
90 ± 2⁎
102 ± 1
98 ± 1

⁎⁎ p b 0.01.
⁎ p b 0.05 (SC vs SN).
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Fig. 5. Cell proliferation assay. After 24 h cells were ﬁxed and evaluated by counting the
number of cells by microscopic ﬁeld. n = 10, @p b 0.05 SC vs. SN.

the possible cytotoxic effect of our new biomaterial is a matter of great
concern, we evaluated the production of two pro-inﬂammatory cytokines by RAW264.7 macrophages cultured on both scaffolds (SC and
SN). We found that the cells growing on both kinds of surfaces produced
very low levels of TNF-α and IL-1β and they were comparable to those
produced by cells growing on control surfaces after 7 days of culture
(Table 2). No differences were observed with composition or topography of the scaffolds, which suggest that these tautomeric copolymers
are suitable as biomaterial.
Degradation time depends on the biomaterial properties itself
(chemical structure and monomer composition) and on the availability
of enzymes to degrade the synthetic matrix. Previously we demonstrated that synthetic polymer with a C–C main chain may be biodegradable
by non-hydrolytic cellular mechanism, although at a slower rate than
other biomaterials including heteroatom in their structure such as polyesters, and so on [22]. For degradation assays we cultured RAW264.7
macrophages on the scaffolds during 3 or 7 days, and after these periods
of time the scaffolds were processed as indicated in the experimental
section. In general, no signiﬁcant change on the average molecular
weight was observed at the maximum time assayed, as was determined
by SEC (data not shown). The loss of weight showed that no signiﬁcant
degradation occurs after 3 days of culture. However, after 7 days of
culture there was about 2.5% and 6% of loss of weight on the membranes
obtained by casting and nanostructured respectively, although no
differences were observed with the composition of the polymers (Fig. 7,
p b 0.01). The apparent increase in the degradation of the nanostructured
surfaces could be due to different effects, such as the greatest area of contact with the enzymes or the highest availability of water between the
nanoﬁbers which promote the erosion of materials. In fact, higher uptake
of water of nanostructured than casted scaffolds was observed after 24 h
(5.8% and 1.8% for SN and SC, respectively). A slow degradation rate is a
desirable property of biomaterials used in bone tissue engineering because it should be consistent to the bone regeneration rate [41].

Fig. 6. Osteoblastic differentiation assay. (A) Type I collagen was evaluated by the colorimetric assay of Sirius red. (B) Mineral deposition was evaluated by the Alizarin S red colorimetric assay. **p b 0.01 vs. control.

differentiation with no induction of cytotoxicity and with degradation
times that are compatible with bone regeneration times suggesting that
it would be useful for bone tissue regeneration.
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