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A B S T R A C T

In the present work the creation of a new biomaterial aimed at bone tissue regeneration is shown, covering the
synthesis of the polymers, the material design and their exhaustive physicochemical and biological character-
ization. The copolymers of dioctyl fumarate (DOF) and N-isopropylacrylamide (NIPAM) were synthetized and
characterized by size exclusion chromatography, 1H NMR and its thermal properties were studied by DSC and
TGA analyses. Based on their properties, two copolymers with different DOF content were selected as raw
material to design scaffolds for bone tissue regeneration. The scaffolds were prepared by casting and electro-
spinning technique, giving rise to biomaterials with particular chemical and topographic surface which were
characterized by water contact angle and scanning electron microscopy (SEM) analysis. The cytotoxicity and
biodegradation by murine macrophage RAW 264.7 cells was assay, while biocompatibility and osteogenic in-
duction were made using bone marrow progenitor cells (BMPC). None of the biomaterials obtained showed
cytotoxicity. The biological properties suggest that the cells adhere and proliferate better on biomaterials with
higher DOF content and fibrous morphology. All scaffolds support osteoblastic cell differentiation, but to a
greater extent on the biomaterial that has higher DOF content prepared by casting. Altogether, our results
suggesting that these biomaterials could be useful in the bone tissue engineering.

1. Introduction

The incidence of bone defects as a result of various diseases or ac-
cidents is a problem that affects the world population and increases
with the age of people. Bone has a hierarchical and complex structure
that supports its diverse mechanical, biological and chemical functions
[1]. However, when the regeneration of large bone defects is not pos-
sible through self-repairing mechanisms, it is necessary to resort to
other strategies. Thus, tissue engineering, based on a combination of
scaffolds, cells and biofactors, has emerged as a novel and versatile tool
for the restoration of various tissues, including bone tissue. The design
of three-dimensional scaffolds with interconnected pore structures and
appropriated surface properties is very important to guide cell adhesion
and proliferation, as a first stage toward to specific cell differentiation
which promotes the tissue regeneration. In addition, scaffolds ad-
dressed to bone tissue engineering must meet other important re-
quirements such as those related to their surface and topographic
characteristics, mechanical properties and osteogenic ability [2]. De-
spite the plethora of available biomaterials to treat bone defects, only a

small number has reached clinical use, this is the reason why new de-
velopments are still necessary [3].

Biomaterials employed in tissue regeneration have been developed
using different types of natural or synthetic polymers, such as dextran,
cellulose, gelatin, chitosan, alginate [4,5] or polyesters, acrylates and
methacrylate [6,7]. Fumaric polymers can be considered competitive
with methacrylics polymers because they exhibit similar physico-
chemical properties. In addition, fumaric monomers can be produced
by fermentation processes from renewable resources which make them
precursors of interest from the economic and environmental point of
view. Homo and copolymers from dialkyl fumarates have been pre-
viously studied in our group as biomaterials directed towards various
biomedical applications, such as scaffolds for bone tissue regenerations
and membrane for transdermal delivery system (TDS). They were bio-
degradable by cellular mechanisms and were able to support osteo-
blastic growth without evidence of cytotoxicity [8,9]. In addition, the
inclusion of nanohydroxyapatite in a compatibilized blend of poly(dii-
sopropyl fumarate) (PDIPF) and poly(e-caprolactone) (PCL), sig-
nificantly improves the cell biocompatibility and osteogenicity of the

https://doi.org/10.1016/j.eurpolymj.2019.109348
Received 18 July 2019; Received in revised form 16 October 2019; Accepted 31 October 2019

⁎ Corresponding author.
E-mail address: toberti@inifta.unlp.edu.ar (T.G. Oberti).

European Polymer Journal 122 (2020) 109348

Available online 09 November 2019
0014-3057/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00143057
https://www.elsevier.com/locate/europolj
https://doi.org/10.1016/j.eurpolymj.2019.109348
https://doi.org/10.1016/j.eurpolymj.2019.109348
mailto:toberti@inifta.unlp.edu.ar
https://doi.org/10.1016/j.eurpolymj.2019.109348
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eurpolymj.2019.109348&domain=pdf


scaffolds [10]. On the other hand, a borax cross-linked scaffold based
on fumarate-vinyl acetate copolymer and chitosan demonstrate the
versatility of this material for osteo- and chondrogenic development
[11]. In another area of applications, we show that the appropriate
selection of co-monomers allows designed a membrane with right
properties for TDS system including a bisphosphonate [12,13].

Based on these previous developments, in this work an economic
and novel biomaterial was designed using fumaric copolymers. In
particular, dioctyl fumarate (DOF) and N-Isopropylacrylamide (NIPAM)
monomers were selected to synthesize new copolymers with different
compositions and polarity, due to that these characteristics have a
significantly influence on cell biocompatibility. Furthermore, the bio-
compatibility and biodegradability of PNIPAM hydrogels were pre-
viously demonstrated [14]. Our copolymers were obtained in order to
evaluate the influence of the macromolecular characteristics as well as
the scaffold morphology on their biocompatibility and osteogenicity. In
addition, the copolymerization behavior of this new system was ana-
lyzed for the purpose of understand the structure-properties relation-
ship, as well as their thermal properties related to the conditions of
processing and sterilization. With the intention to evaluate the cellular
response over different surface topography of the scaffolds, films and
fibrous matrices were designed. We hypothesize that the rational design
of a scaffold for the best growth and development of osteoblasts is based
on the combination of hydrophobic and hydrophilic monomers, which
will allow reaching an adequate balance of polarity of biomaterial,
together with an appropriate superficial morphology.

2. Experimental

2.1. Materials

Dioctyl fumarate (DOF) monomer was prepared and purified as
previously described [12]. N-Isopropylacrylamide (NIPAM, 97%) was
purchased from Sigma-Aldrich (Buenos Aires, Argentina), which was
recrystallized from hexane. 2,2′-Azobisisobutyronitrile (AIBN) was
purchased from Sigma-Aldrich (Buenos Aires, Argentina) and used after
recrystallization from methanol. Dimethyl-2,2′-azobis(isobutyrate)
(MAIB) was prepared in our laboratory following a previously pub-
lished methodology [15]. Toluene, hexane, chloroform and other sol-
vents were purchased from Cicarelli and Anedra (PA) (Buenos Aires,
Argentina).

2.2. Copolymer synthesis

Radical copolymerization of DOF with NIPAM was carried out in
toluene solution (25%) under thermal heating at 60 °C, following a
published procedure [16]. Briefly, different amounts of both monomers
and the solvent were introduced into a reaction tube together with the
previously weighed mass of initiator (AIBN or MAIB, 40 mM). The
mixtures were degassed by three freeze-pumpthaw cycles in a Schlenk
line system, and then the tube was sealed and immersed into a ther-
mostat at 60 °C. The reaction time was of 4 d in the absence of light.
After reaching room temperature, the copolymers were isolated by
hexane addition and purified twice by solubilization–precipitation
(chloroform:hexane, 1:10). Finally, the copolymers were dried at con-
stant weight for conversion (%C) estimation by gravimetry. The copo-
lymers were designated DFN.

2.3. Copolymer characterization

1H NMR spectra of DFN were recorded with a Bruker-500 MHz
(Avance-AV 500) at 35 °C in deuterated chloroform (DCl3).
Tetramethylsilane (TMS) was used as an internal standard.

A Shimadzu IR-435 spectrometer was used to record the infrared
spectra of copolymers as a capillary film onto a sodium chloride (NaCl)
window, between 4000 and 400 cm−1 with a resolution of 4 cm−1 and

32 accumulated scans. The EZOMNIC software (EZOMNIC 7.4.127,
Thermo Fisher Scientific Inc, Madison, WI, USA) was used to analyze
the spectra.

The molecular weight distribution and the average molecular
weights were determined by size exclusion chromatography (SEC),
using a LKB-2249 instrument at 25 °C. A series of four μ-Styragel ®
columns, ranging in pore size 105, 104, 103, 100 Å, was used with
chloroform as an eluent. The sample concentration was 4–5 mg/mL and
the flow rate was 0.5 mL/min. The polymer was detected by the car-
bonylic absorption of the ester group (5.75 μm), using an infrared de-
tector (Miram 1A Infrared Analyzer) and the calibration was done with
poly(methyl methacrylate)(PMMA) standards supplied by Polymer
Laboratories and Polysciences.

Thermogravimetry analysis (TGA) was performed in a TGA-51
Shimadzu thermogravimetric analyzer. Samples of 2–5 mg were heated
from room temperature to 600 °C a heating rate of 10 °C/min under
nitrogen flux (40 mL/min).

Glass transition temperatures (Tg) were measured employing a
scanning calorimeter (DSC, Q2000-TA Instruments). The samples were
scanned at 10 °C/min, from −50 to 200 °C, under dry nitrogen. Three
consecutive scans were performed for each sample: heating/cooling/
heating.

2.4. Scaffolds preparation

In order to perform experiments with macrophage cells in culture,
and analyzed the effect of the surface topography, scaffolds of selected
copolymers were obtained by two different methodologies: solvent
casting and electrospinning. In the first case, polymer solution was
prepared in chloroform (5%) and the solvent evaporated at room
temperature on Teflon molds and then dried under vacuum until con-
stant weight. These samples were designated as DFNXc, where X in-
dicates the content of dioctyl fumarate monomer in the copolymer.

In the second case, electrospinning technique allows obtain fibrous
scaffolds. For that copolymer solutions in chloroform (5%) were pre-
pared. The solution was loaded into a standard 2.0 mL plastic syringe
connected to a polyamide tube, the open end of which was attached to a
blunt 21-Gauge stainless steel hypodermic needle (I.D. = 0.71 mm)
used as the nozzle and a needle-to-collector distance of 10 cm. The flow
rate was controlled by a programmable syringe infusion pump (ADOX
Activa A22 S.A., Argentina) connected to the syringe. A high-voltage
power source (MP SRL, High Voltage Power Source.) was used to charge
the solution by attaching the electrode of positive polarity to the nozzle,
and the grounding one to the aluminium collecting. Solutions were
electrospinned at a positive high voltage gradient of 12 kV and a so-
lution flow rate of 2.0 mL/h. The scaffolds thus obtained were dried
under vacuum at room temperature to fully eliminate the residual
solvent, and stored in a desiccator until use. These samples were de-
signated as DFNXe, where X indicates the content of dioctyl fumarate
monomer in the copolymer.

Both kinds of scaffolds were sterilized by UV exposition for 2 h [10]
for biological assays.

2.5. Scaffolds characterization

Morphologies of surfaces scaffolds were qualitatively characterized
by scanning electron microscopy (SEM). Samples were viewed under
Philips 505 scanning electron microscope operated at an accelerating
voltage of 20 kV. Polymeric surfaces were sputter coated with gold
before viewing under SEM. The images were analyzed by using Soft
Imaging System ADDA II.

The wettability of the scaffolds was analyzed by Water contact angle
(WCA). The measurements were carried out using deionized water at
room temperature, as previously published [8].

The thickness of the scaffolds was measured at several points using a
micrometer (Black Jack, 0–25 mm ± 0.01) and the mean values were
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calculated.

2.6. Cell culture and incubations

Murine macrophage RAW 264.7 cells were grown in DMEM
(Invitrogen, Buenos Aires, Argentina) containing 10% fetal bovine
serum (FBS, Natacor, Argentina), 100 U/mL penicillin and 100 mg/mL
streptomycin at 37 °C in a 5% CO2 atmosphere. For the experiments,
scaffolds were cut to size, inserted in a 24-well plate and macrophages
plated on them. These cells were used to evaluated the degradation of
scaffolds as wells as the possible cytotoxicity. For the last assays, NO
and cell counting were assessed according to our previous publication
[16].

For biocompatibility assays bone marrow progenitor cells (BMPC)
were used. BMPC were isolated from the femora of Sprague-Dawley rats
and cultured according to Molinuevo et al. [17]. Cells were maintained
in basal media (DMEM-10% FBS) at 37 °C. Biocompatibility was as-
sessed by cell morphology (SEM and fluorescence microscopy), adhe-
sion, proliferation and osteoblastic differentiation. All experiments with
animals were done in conformity with the Guidelines on Handling and
Training of Laboratory Animals published by the Universities Federa-
tion for Animals Welfare [18]. Approval for animal studies was ob-
tained from our institutional animal welfare committee (CICUAL-FEC-
UNLP Protocol Number 001-05-15).

2.7. In vitro degradation assay

To evaluate the possible degradation, the scaffolds were weighted
(Wo) and incubated with RAW 264.7 macrophages in DMEM/10% FBS
for 7 and 14 d. After that period cells were lysed with 0.1% Triton X-
100, 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 W W
W

% 100t0

0 (1)

2.8. Cell morphology, adhesion and proliferation

The morphology of BMPC growing on different scaffold was eval-
uated by SEM, as described previously [19]. Briefly, cells were plated
on films or fibers matrices during 24 h, samples were washed with PBS,
fixed with 96% ethanol for 10 min at room temperature. After that,
samples were dehydrated with graded ethanol series and finally dried at
room temperature and coated with gold. The samples were analyzed as
described for matrix alone.

In addition, the shape of BMPC and their interaction with the
scaffolds was evaluated by fluorescence microscopy. For F-actin
staining, after 2 h or 24 h in culture, cells were washed twice with PBS,
fixed with 4% paraformaldehyde/PBS for 10 min at room temperature
and permeabilized with 100% EtOH for 4 min at –20 °C. Alexa Fluor
488 Phalloidin stock solution in methanol (495/518 nm Life tech-
nology) was diluted in PBS (1:100) and incubated for 1 h at room
temperatures in the dark, to stain F-actin fibers. Nuclei were visualized
by Hoechst 33,258 counterstaining for 5 min (338/505 nm, Sigma-
Aldrich). Samples were examined by a fluorescence microscopy
equipped with appropriate filter sets, connected to a digital color
camera (Olympus, Tokyo, Japan). The photographs were taken with an
objective of 40X. Images were recorded with the cell Sens Software
(Olympus, Tokyo, Japan) and were analyzed with the free software
ImageJ.

The adhesion and proliferation of BMPC was evaluated by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. This assay measures the reduction of the tetrazolium salt MTT to
formazan by intact mitochondria in living cells. Thus, absorbance

change is directly proportional to the number of viable cells. Briefly,
2.5 × 104 cells per well in basal media were plated onto the scaffolds
which were casted on multiwell culture plates and cultured during
different periods of time: 2 and 4 h for adhesion, or 24 and 48 h for
proliferation. After these culture periods, cells were incubated for two
additional hours with a solution of 0.1 mg/mL MTT. After washing, the
formazan precipitate was dissolved in dimethyl sulfoxide (DMSO) and
the absorbance read at 570 nm.

2.9. Osteoblastic differentiation

Osteogenic induction of BMPC growing on scaffolds or tissue culture
plate (TCP) was performed by incubating the cells in basal DMEM/10%
FBS media (Basal condition) or in a media supplemented with β-gly-
cerol-phosphate and ascorbic acid (Differentiation media) during dif-
ferent periods of time as previously reported [17]. After 15 d, the ability
of the cells to express markers of osteoblastic phenotype associated with
bone-forming capacity was evaluated by measurement alkaline phos-
phatase (ALP) activity following the methodologies previously de-
scribed [9]. Briefly, measurement of ALP was carried out by spectro-
photometric determination of initial rates of hydrolysis of p-
nitrophenyl-phosphate (p-NPP) to p-nitrophenol (p-NP) at 37 °C for
10 min. p-NP was determined by absorbance at 405 nm. After 21 d,
mineral deposits in the extracellular matrix were analyzed with the
colorimetric assays of Alizarin S red [20].

2.10. Statistical analysis

Results are expressed as mean ± SEM and represent at least three
different experiments performed in triplicate. Differences between the
groups were assessed by one-way analysis of variance (ANOVA) using
the Tukey post hoc test. For no normally distributed data, the non-
parametric Kruskal-Wallis test with Dunn post hoc test was performed
using GraphPad In Stat version 3.00 (Graph Pad Software, San Diego,
CA, USA). p < 0.05 was considered significant for all statistical ana-
lyses.

3. Results and discussion

3.1. Copolymers synthesis and characterization

In this study, we prepared new amphiphilic fumaric copolymers by
radical polymerization using two different of initiators (AIBN and
MAIB) in order to evaluate its influence on the macromolecular char-
acteristics. The structure of the copolymers obtained was identified by
spectroscopic methods. FTIR (thin film, cm−1): 3430 (NeH), 2982,
2930 (CeH), 1723 (C]O ester), 1646 (C]O amide), 1230,
1165(COeOR), 1108 (CeO). Fig. 1 shows the structure and 1H NMR
spectrum of a representative sample. 1H NMR (DCl3C, δH, ppm): 0.90
(CH3eCH2–); 1.16 (CH3eCH <); 1.29 (−(CH2)4); 1.45
(–CH2eCHeO−); 1.64 (–CH2– main chain); 2.18 (–CHeCON− main
chain); 2.06–3.10 (–CHeCOO− main chain); 4.03 (NCH<); 4.84
(–OCH<) and 6.35 (NH).

The composition of copolymers was estimated from the integral
ratio of peaks at 4.84 and 4.03 ppm corresponding to (–OCH<) of DOF
and (–NCH<) of NIPAM, respectively, using eq. (2).

=
+

F I OCH
I OCH I NCH

( )
( ) 2 ( )1 (2)

where F1 is the mole fraction of DOF in the copolymer and I(OCH) and I
(NCH) represent the 1H NMR resonance peak areas at 4.84 and
4.03 ppm, respectively.

Table 1 summarizes the mole fraction of DOF in the feed (f1), in the
copolymer (F1), percentage of reaction conversion (%C) and properties
of the copolymers obtained. As can be see, different behavior was ob-
served by the use of AIBN or MAIB as initiators, at same initiator
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concentration. In the first case, the conversion decreased when f1 in-
crease, while the %C was not affected significantly when MAIB was
employed as initiator. These observations could be attributed to higher
polymerization rate (Rp) of fumaric monomer in presence of MAIB,
contrary to that observed for other vinyl or acrylic monomers, whose
polymerization rate were independent of the nature of the initiator, as
was previously demonstrated [21]. Some differences in average mole-
cular weight (Mw) were also observed, when one and the other initiator
were used. It is possible to see that when f1 increased both Mw and the
polydispersity index (PDI) almost do no change when AIBN was used as
initiator. On the other hand, an increase of Mw and PDI was observed
using MAIB as initiator in comparison with the Mw and PDI values
determined employing AIBN initiator, under the same experimental
conditions. This behavior could be attributed to the lower reactivity of
the DOF with respect to NIPAM, which is highlighted in the presence of
MAIB. In fact, with the same value f1, a higher DOF content in the
copolymer was found when MAIB was used as initiator. On the other
hand, the high PDI observed could be a consequence of chain transfer
reactions which broaden the molecular weight distribution, as was
previously reported for similar systems [12]. In order to verify this
hypothesis, the kinetic of a reaction initiated by MAIB (f1 = 0.5) was
carried out and the molecular weight distribution was monitored up to
4 d. Fig. 2 shows the chromatographic profiles corresponding to the

samples obtained at 2, 3 and 4 d, while the value of reaction conver-
sion, Mw and PDI were insert in the graph. It is possible to see an in-
crease of the PDI when the conversion increased, which could be due to
an increase in chain transfer reactions.

3.2. Structural analysis of DFN copolymers

Fig. 3 shows the plot of DOF mole fractions in the feed (f1) versus
the mole fraction of DOF in the copolymer (F1) for the copolymers
synthesized using the two initiators (AIBN and MAIB). In both cases the
system shows the same tendency with greater variations in F1 when
f1 > 0.5 which evinces the preference of the growing macroradical to
incorporate DOF monomer. This result suggests higher reactivity of
used acrylamide monomer, similar to that found for others copoly-
merizations of fumaric esters with acrylic monomers [21–23].

The different behavior observed, related with the kind of the in-
itiator used could be attributed to that the primary radical generated

Fig. 1. 1H NMR spectrum of DFN in CDCl3 at 35 °C.

Table 1
Characteristics of the synthesized copolymers.

Sample Initiator f1* F1* %C Mw (Kg/mol) PDI

1 AIBN 0.30 0.10 26 – –
2 0.50 0.10 14 11.62 2.36
3 0.60 0.59 13 17.08 2.80
4 0.70 0.71 10 15.04 2.84
5 MAIB 0.40 0.15 33 119.70 2.30
6 0.45 0.28 38 64.43 7.47
7 0.50 0.62 28 60.77 9.40
8 0.60 0.76 26 24.95 4.22

Reaction conditions: [Initiator] = 40 mM, [Monomers] = 75% toluene solu-
tion, 96 h at 60 °C.

* f1 and F1 are the mole fraction of DOF in the feed and in the copolymer,
respectively.

Fig. 2. Chromatographic profile of DFN60 (sample 7, Table 1) in function of
time. Table insert presents the corresponding of reaction conversion, weight
average molecular weight and polydispersity index.
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from AIBN has lower initiation reactivity than that from MAIB, as was
previously demonstrated for dialkyl fumarate homopolymerizations
[24], which could lead to differences in the microstructure of the co-
polymers.

3.3. Thermal properties

Some of previously synthesized copolymers will be used as raw
material to design scaffolds for bone tissue regeneration. Due to bio-
materials addressed to these applications must be sterilized before to
carried out biological assays, is important to know its thermal behavior
to avoid its decomposition during sterilized process. Thus, the DSC of
the copolymers synthesized was analyzed in order to obtain their glass
transition temperature (Tg) value. Fig. 4 presents the corresponding
thermograms together with the experimental Tg values for each sample
(the numbers on the right correspond to the designation of each sample
in Table 1). All copolymers shows a single Tg, which depends on the
molar content of comonomers and presents an intermediate Tg value
between those of the respective homopolymers, as expected for random
copolymers. The previously reported Tg value for PNIPAM and PDOF
are 135 °C and −14 °C, respectively [25,12]. As can be seen in Fig. 4, as
the DOF monomer content in the copolymer increases, the Tg value
decreases, both using AIBN and MAIB initiators (Fig. 4A and B). The Tg
values for PDOF and for the copolymer with the highest DOF content

were not evident of thermograms, similar to what was previously ob-
served by other researchers [26,27].

Based on the previously determined properties, samples 2 and 6
from Table 1 (designated as DFN10 and DFN30, respectively) were
selected in order to analyze the effect of copolymer composition on the
thermal stability by thermogravimetric analysis. The selection of ana-
lyzed polymers was based on some of its characteristics such as F1

(comonomer composition in copolymer), Mw (average molecular
weight), %C (conversion reaction) and Tg value, in order to design the
best scaffold according its final physicochemical and biological prop-
erties.

Their decomposition curves are presented in the Fig. 5, from which
the following parameters were obtained (Table 2): initial decomposi-
tion temperatures (IDT) and maximum decomposition temperatures
(Tmax1 and Tmax2).

The observed thermal events up to 200 °C in thermograms could be
attributed to residual solvents or absorbed environmental water. Both
copolymers seemed to decompose in a two-stage process and showed
lower initial decomposition temperatures than PNIPAM homopolymer
(350 °C). Silva and coll. reported that the thermal degradation of
PNIPAM occurs in a single stage, close to 420 °C [25]. Previously was
demonstrated that fumaric copolymers can decompose in one or two
stages depending of the pair of comonomers and the first decomposition
event can be attributed to the loss of the lateral group by cleavage re-
action of the pendent group [22,28]. In the present case, the two
thermal events observed can be awarded to loss of the dioctyl lateral
group of fumarate monomer and to the final scission of main chain,
respectively.

These results show that the synthesized copolymers exhibited high
thermal stability which suggest that they could be subjected to a
thermal sterilization process up to 100 °C without undergoing de-
formation or decomposition.

3.4. Scaffold characterization

Several studies have shown that surface chemistry and topographic
characteristics (roughness, porosity and nanostructure) plays a large
role not only in the initial cell adhesion, but also in the proliferation
and differentiation of many cell types [29–31]. Therefore, we examined
the morphological characteristics of scaffolds from samples 2 and 6 (See
Table 1), prepared by casting and electrospinning, through SEM images
(Fig. 6). These samples were labeled based on the comonomer com-
position, as was before indicated, (10 and 30 for samples 2 and 6, re-
spectively) and the methodology used for its preparation (c and e, for

Fig. 3. Copolymer composition plot for DOF-NIPAM system.
[Initiator] = 40 mM, 96 h at 60 °C. The lines are the eye guide.

Fig. 4. DSC thermograms and Tg values of copolymers obtained: (A) samples 1–4 and (B) samples 5–8 from Table 1.
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casting or electrospinning, respectively): DFN10c, DFN10e, DFN30c
and DFN30e. The thickness of the scaffolds prepared by casting were
206 ± 6 μm and 230 ± 5 μm for DFN10c and DFN30c, respectively;
while that for DFN10e and DFN30e, prepared by electrospinning
technique the thickness were 72 ± 7 μm and 78 ± 2 μm, respectively.

Fig. 6(A) and (B) shows the micrographs of the surface morphology
of solution-cast films of DFN10c and DFN30c, respectively. The images
reveal smooth and homogeneous surfaces without porous and

somewhat rough in the case of DFN10c. On the other hand, electro-
spinning methodology allows us to obtain 3D fibrous scaffolds, as can
be seen in the SEM images (Fig. 6(C) and (D)). The micrographs show
highly porous scaffold consisting of random fibers with diameters of
3.15 ± 0.30 μm and 2.92 ± 0.30 μm for DFN10e and DFN30e, re-
spectively.

Besides, the initial cell-surface interaction is also depending of the
hydrophilicity of the materials [32,33], due to biomaterial-cell inter-
actions can be related to the wetting properties of the scaffold, thus
influencing cellular behavior. In order to evaluate this important as-
pect, the water contact angle (WCA) of the membranes was analyzed in
the present study. Fig. 7 shows the WCA of different scaffold previously
mentioned, including the values corresponding to the membranes pre-
pared from the homopolymers (PNIPAM and PDOF). It is possible to see
an increase of the WCA with the increase of percentage of more hy-
drophobic monomer in the copolymer (DFN10 versus DFN30), which is
more significant in the case of the scaffolds with fiber morphology. This

Fig. 5. TGA (black) and DTG (gray) curves under nitrogen atmosphere at heating rate of 10 °C/min for: (A) DFN10 and (B) DFN30.

Table 2
DSC and TGA data of selected copolymers.

Sample F1 Tg (°C) IDT Tmax1* Tmax2*

DFN10 0.10 120.9 268 320 (33) 392(49)
DFN30 0.28 107.4 254 315 (67) 382(21)

Value in parentheses indicates the total mass loss (%) up to the stated tem-
perature.

Fig. 6. Scanning electron micrographs showing the surface morphology of scaffolds: (A) and (B) solution-cast films of DFN10c and DFN30c, respectively; (C) and (D)
fibrous scaffolds formed by electrospinning of DFN10e and DFN30e, respectively. Magnification 1000×.
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result is in agreement to expected, based not only on the copolymers
composition but also on its morphology, as can be appreciate by the
significant increase of this properties in the case of the fibers (DFN10e
and DFN30e) in comparison to the casted scaffolds (DFN10c and
DFN30c). This behavior could be explained based on different models
which considered the effect of wetting of solids with porous or textured
architecture [34,35]. In our samples, prepared by electrospinning, due
to air pockets exist below the water droplet, the surface follows the
Cassie-Baxter state model, which leads to an increase in the contact
angle. Similar results were found for other systems based on the same
materials but with different surface topography [30,36,37].

3.5. Degradation by macrophages

It is known that polyfumates have a skeleton composed of a linear
structure of CeC which makes them have a lower biodegradability than
other synthetic polymers. However, we previously demonstrated that
they could be biodegradable by cellular mechanisms [8]. Thus, the
possible degradation of the scaffolds was evaluated under cells condi-
tions using RAW 264.7 macrophages at 37 °C and determining the
weight loss after that 7 and 14 d. We found a linear increase in the
weight loss for all scaffolds in function of the time (Fig. 8), with a
maximum of about 11% and 15% of weight loss after 14 d of incubation
for DFN10c and DFN30c respectively. In contrast, for DFN10e and
DFN30e the corresponding values were around 4% and 6%, respec-
tively. Thus, the degradation induced by macrophages was significantly
lower (p < 0.001) for the scaffolds prepared by electrospinning than
for those obtained by casting.

Under this degradation conditions we would made a projection of
the scaffolds degradation at long time and to predict that the casted
scaffolds will be completely degraded after 3–4 months, while that the
fibrous scaffolds will be degraded after 8–12 months. These times are
according to the bone regeneration in cases such as long bone fracture
(3–9 moths) or cranio-maxillofacial applications (6–9 moths) [38,39].
With this result in mind, it could be possible to develop a scaffold with
composition and morphology such that its degradation time to be si-
milar to the regeneration of the host tissue.

3.6. Citotoxicity

The studies of NO and cell counting performed to evaluated the
possible cytotoxicity of fibrous scaffold on macrophages, demonstrated
no effects on these cells (data not shown). These results were similar to

the reported for the film scaffolds in our previous publication [16],
suggesting that neither the composition nor the topography induced
toxic effects on the Raw 264.7 cells.

3.7. Biocompatibility studies

The biocompatibility of different scaffold was evaluated though the
interaction with BMPC, assessing the cell viability, the actin- cytoske-
leton development and the cell morphology by SEM.

The adhesion of BMPC to different scaffold was tested after 2 or 4 h
and the proliferation after 24 and 48 h of culture, using the MTT assay
(Fig. 9). It can be seen that cells attach and growth progressively until
48 h. However, the electrospun-like scaffolds (DFN10e and DFN30e)
significantly promoted better cell attachment and proliferation, as com-
pared to plane casted-matrix (DFN10c and 30c) at all-time point studied.
It can be seen that cells adhere and growth almost equally to the 10c and
30c scaffold (Fig. 9A and B). However, the effect of the copolymer com-
position was evident in the fiber matrix′s, with a significant increment of
adhesion and proliferation when cells were cultured on the DFN30e
scaffold. Altogether, the results suggest that both the surface topography
and the copolymer composition can modulate the growth of the cells.

Fig. 9 also shows cells cultured for 2 h (Fig. 9C) or 24 h (Fig. 9D) on
different scaffolds. It can be seen that initially cells maintain the rounded
form with few extensions interacting with the scaffolds. According to the
data of Fig. 9A, few cells were observed on the DFN10c and 30c matrix,
in comparison with cells adhered to the fibrous scaffolds. After 24 h of
culture, cells developed extensions and processes interacting with the
matrix. More flattened and elongated cells were observed, with promi-
nent stress fibres of the actin cytoskeleton often insert (Fig. 9D), better
seen on images of the electrospinng scaffolds (DFN10e and DFN30e).
Conversely, on casted scaffolds, few cells with stellate shaped and less
developed actin cytoskeleton (Fig. 9D) were typically observed.

The morphology of the BMPC growing on the casted or fibrous
scaffolds was observed by SEM (Fig. 10). It can be seen that cells at-
tached and proliferate well on the film or fibrous scaffolds during 24 h
of culture. In addition, it is possible to observe that the scaffolds keep
their morphology unaltered during the rehearsal time. It was observed
that more BMPC growth on the fibers scaffolds. These results agree with
the morphological observations described in Fig. 9 and suggest that the
topography and surface characteristic as well as the chemical nature of
the scaffold may affect the development of these cells. We and other

Fig. 7. Water contact angle (WCA) of DFN scaffolds at room temperature. Data
are expressed as mean ± SEM, n = 6. Differences are $ p < 0.001 vs PNIPAM;
* p < 0.001 vs DFN10c; # p < 0.05, ## p < 0.001 vs DFN30c; @ p < 0.001
vs PDOF; & p < 0.001 vs DFN10e.

Fig. 8. In vitro degradation assay. Macrophage RAW 264.7 cells were cultured
on the scaffolds during different periods of time and then evaluated the loss of
weight. Data are expressed as mean ± SEM, n = 3. Differences were: *
p < 0.01; ** p < 0.001 vs DFN10c and # p < 0.01; ## p < 0.001 vs
DFN30c.
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groups have previously demonstrated that this could be the case, since
the attachment, spreading and growth of cells is modulated for clues
that the surface is probably sending to the cells [11,31,40,41]. For in-
stance, the interaction of integrins on cells membranes with the surface
could induce biochemical signaling that in turn modulate cell growth
and differentiation [29]. Thus, more investigation are needed in order
to assessed the specific mechanism involves in these interactions.

It is known that the interaction of osteoblast with the matrix via
integrins modulate their differentiation, function and survival [42].
These processes are regulated by several transcription factors that in
turn lead to expression of different proteins involved in matrix pro-
duction and mineralization. Osteoblast secreted type I collagen and
other matrix protein to form the osteoid, over which the mineral hy-
droxyapatite will be deposited. ALP and osteocalcin are protein asso-
ciated with these processes and represent markers for the osteoblast
maturation during the osteoblastogenesis and bone formation. Runx2
and osterix are essential transcription factor for the osteoplastic dif-
ferentiation, controlling the formation and remodeling of bone. Thus,
several factors and signaling are involved in bone regeneration.

Due to our new biomaterials will be used for bone tissue re-
generation, the osteoblastic differentiation on film or fibrous scaffolds
were evaluated. For that matter, the ALP expression and the presence of

mineralized nodules were analyzed. Fig. 11 shows that ALP was ex-
pressed at low levels when cells grown in all scaffolds under a basal
condition, suggesting that these materials or their topography do no
induce any specific differentiation by itself. When cells were induced to
differentiate in an osteogenic media, ALP increased significantly in the
TCP-control condition and clear differences were observed between the
scaffolds. Cells growing in the scaffolds prepared with highest DOF
content (DFN30) expressed more ALP than in the corresponding basal
media (p < 0.001 for DFN30c; p < 0.05 for DFN30e). Moreover, this
stimulation was greater in a casted matrix (DFN30c) in comparison
with the fibrous scaffolds (DFN30e).

In addition, the ability of BMPC to mineralize the matrix was assessed
after 21 d in culture under basal or differentiation condition. Fig. 12
shows that cells expressed minimal mineralization in the presence of a
basal condition, and no differences between the TCP or scaffolds were
observed, in agreement with the results found for ALP expression.
However, in the presence of an osteogenic media the calcium miner-
alization was statistically stimulated when cells grown on TCP or
DFN10c, DFN30c or DFN30e (p < 0.001 vs basal). Nevertheless, cells
mineralize better on the DFN30c matrix than on the other ones.

The osteogenic media-induced matrix mineralization seems to be
similar to the ALP response (Fig. 11). Nevertheless, when cells grown

Fig. 9. Adhesion (2 and 4 h) and proliferation (24 and 48 h) of BMPC cultured on different scaffolds. Panel A and B represent the survival cells evaluated by MTT
assay. Results represent the mean ± SEM, n = 8. Differences were: * p < 0.001 vs DFN10c; # p < 0.05, ## p < 0.001 vs DFN30c and & p < 0.05, && p < 0.01,
&&& p < 0.001 DFN10e, for each culture period. Panel C and D show cells on different scaffolds after 2 h or 24 h, respectively. The actin fibers were stained with
Alexa Fluor488 phalloidin (green) and the nucleus with Hoechst (blue). Obj. 40x. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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on DFN10c scaffolds cells produced mineralized nodules although not
express more ALP than in the basal condition. These observations
suggest that beside ALP other factors are still working on in the process
of matrix mineralization. More studies are needed to clarify this pro-
cess.

Altogether, the biocompatibility studies suggest that all scaffolds are
good to promote the growth and differentiation of BMCP, although
some differences were apparent. Comparatively, the differentiation of
the cells is greater when they grow on the more hydrophobic scaffolds
(DFN30). The results could be consequence of the biomaterial-cell in-
teractions based on the chemical nature of the material that have
highest DOF content. Similar results were previously reported [30].

4. Conclusions

In this study new fumaric copolymers were synthesized starting to
dioctyl fumarate (DOF) and N-isopropylacrylamide (NIPAM) using two
azo initiator (AIBN and MAIB), which exhibited different initiation ef-
ficiency. Under the same experimental conditions, differences in com-
position and macromolecular characteristics were observed, depending
of the initiator employed. All copolymers exhibited high thermal sta-
bility which makes them suitable to withstand thermal processing at
temperatures up to 200 °C. Two copolymers were selected based on
their properties for design scaffolds by casting or electrospinning
methodologies. In the first case a smooth and homogeneous surface

Fig. 10. SEM images of a BMPC growing on the surface of: (A) and (B) solution-cast films of DFN10c and DFN30c, respectively; (C) and (D) fibrous scaffolds formed
by electrospinning of DFN10e and DFN30e, respectively. Time 24 h. Magnification 500X.

Fig. 11. Expression of ALP of BMPC growing on different scaffolds in a basal o
differentiation media during 15 d of cultures. Results represent the
mean ± SEM, n = 6. Differences were: $ p < 0.01; $$ p < 0.001 vs TCP, #
p < 0.05; ## p < 0.001 vs DFN30c, @ p < 0.05 vs DFN30e.

Fig. 12. Production of nodules of mineralization by BMPC growing on different
scaffolds in a basal o differentiation media during 21 d of cultures. Results
represent the mean ± SEM, n = 10. Differences were: $p < 0.01; $$
p < 0.001 vs TCP, # p < 0.001 vs DFN30c, *p < 0.001 vs DFN10c.
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morphology was observed, while microfibrous scaffolds were obtained
in the second case. Both kind of scaffolds shows differences in water
contact angle and degradation rate under cellular conditions (Raw
264.7 macrophages), demonstrating the effect of the structural char-
acteristics as well as the surface morphology on their properties.
Neither of them shows cytotoxic effect.

Studies of adhesion, proliferation and osteoblastic differentiation
were carried out with BMPC cells. Greater cellular viability was found
in the materials obtained by the electrospinning technique. Although all
the scaffolds exhibit good osteogenic capacity, it was significantly in-
creased on the scaffolds which have more fumaric content and more
homogeneous surface (by casting technique). All our results suggest
that the biomaterials obtained have excellent characteristics to be ap-
plied in bone tissue regeneration.
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