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ABSTRACT 

Thermo- and magneto-responsive shape-memory bionanocomposites based on a bio-

based polyurethane and magnetite nanoparticles were prepared. Due to the structure of 

the reactants, the behavior of the polyurethane matrix differs from common 

polyurethanes, since the soft segment was formed by a diisocyanate and a chain 

extender, whereas the macrodiol served as hard segment. The influence of the 

magnetite nanoparticles on the thermal and mechanical properties and the shape-

memory behavior was studied. It was observed that magnetite nanoparticles interacted 

with macrodiol-rich domains and decreased the overall crystallinity of the material, 

although their presence did not affect the mechanical properties to a great extent. At the 

same time, the magnetite nanoparticles increased the shape fixity and contributed to 

shape recovery. The bionanocomposites exhibited magnetic behavior and could be 

easily heated in an alternating magnetic field, allowing fast and almost complete shape 

recovery. Preliminary cytotoxicity, hemocompatibility, and cell adhesion analysis suggest 

that the new materials are benign and potentially useful for biomedical applications. 

Keywords: Bionanocomposites, bio-based polyurethane, magnetite nanoparticles, 

shape-memory, magneto-responsive, biocompatibility. 

INTRODUCTION 

Shape-memory polymers (SMPs) have gained significant attention among the scientific 

community in the last decade since they are possibly useful for a wide range of 

applications in different industries.[1–3] Moreover, if compared with other shape-memory 

materials such as ceramics or alloys, SMPs show technical advantages due to their good 

recovery, low density, low cost and ease in processing and in tailoring their properties 

just by changing their composition.[2,4] SMPs can be deformed to and fixed in a 

temporary shape and recover their original shape in response to an external stimulus 

such as heat, magnetic or electric fields, exposure to moisture, a change of the pH, 

irradiation with light, and other stimuli.[5,6] Most of the reported SMPs are thermo-
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responsive and shape recovery is triggered by direct heating. SMPs are obtained by 

combining a physically or chemically cross-linked network structure that offers rubber 

elasticity and a switching element, i.e., a second type of cross-links that can be switched 

on or off with an external stimulus. This element, which is responsible for the shape fixity, 

is often created by way of phase separation, and a phase transition temperature (Ttrans), 

which can either be a glass transition (Tg) or a melting temperature (Tm), is used as the 

switch. During the programming, the material is heated and deformed at a switching 

temperature (Ts) above Ttrans and is subsequently cooled below Ttrans in order to fix the 

temporary shape. The original shape is restored when the sample is reheated above 

Ttrans.[7,8] In some applications, such as in certain biomedical applications, the shape 

memory objects cannot be heated directly and the shape recovery has to be triggered 

using an indirect method. This can be achieved by the incorporation of magnetic 

nanoparticles, applying an alternating magnetic field, and converting electromagnetic 

radiation into heat.[9]  

Segmented thermoplastic polyurethanes (STPUs) represent a widely investigated SMP 

platform, since their chemical structure can readily be varied, allowing to access 

elastomers whose properties cover a wide range.[10–12] Moreover, many STPUs are 

physiologically benign and thus useful for biomedical applications.[3,13–15] STPUs are 

block polymers consisting of two segments, one of which is a macrodiol and the other is 

formed by the reaction of a diisocyanate and a low-molecular-weight chain extender. The 

incompatibility between the two segments leads to microphase separation, the extent of 

which is strongly dependent on the chemical composition and the length of the 

blocks.[16,17] In recent years, monomers derived from renewable sources such as 

vegetable oils, amino acids, and polysaccharides are increasingly being used in the 

synthesis of STPUs with the goal of reducing the use of monomers derived from fossil 

sources and their adverse impact on the environment.[18,19] In this context, it was 

observed in a previous study[10] that the combination of an aliphatic asymmetric bio-

based diisocyanate (L-lysine diisocyanate, LDI) and a diol chain extender derived from 

corn sugar (1,3-propanediol, PD) afforded an amorphous phase which is not able to form 

crystalline domains with a Tg that is much lower than Tm of the crystalline domains formed 

by a macrodiol derived from castor oil. This peculiar behavior led to an “inversion” of the 

role of the phases. Whereas in common thermo-responsive shape-memory 

polyurethanes the phase formed by the macrodiol is used as the switching element, while 

the phase constituted by the diisocyanate and chain extender serves as permanent 

cross-links,[20,21] here the macrodiol-rich domains acted as the hard phase. 
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SMPs can be loaded with different nano-fillers, such as chitin, cellulose and magnetite 

nanoparticles (MNPs) in order to modify their shape-memory properties and/or to impart 

responsiveness towards a specific stimulus.[9,22–26] The incorporation of MNPs allows 

inducing heat to the material by the application of an alternating magnetic field (AMF). In 

this way, the shape recovery of the material could be triggered without direct contact with 

a thermal source.[9,27,28]  

Combining these approaches, we here report thermo- and magneto-responsive shape-

memory bionanocomposites based on a fully bio-based polyurethane synthesized from 

a macrodiol derived from castor oil, L-lysine diisocyanate, and bio-based 1,3-propanediol 

that were loaded with different amounts of MNPs. Thin films were prepared by solvent-

casting and the thermal, mechanical, and shape-memory properties of the new 

bionanocomposites were analyzed using differential scanning calorimetry (DSC), 

dynamic mechanical analysis (DMA), tensile testing, as well as cyclic shape-memory 

experiments. Moreover, the magneto-response of the bionanocomposites was studied 

by applying an alternating magnetic field. Finally, biocompatibility was assessed by 

performing cytotoxicity, hemocompatibility and cell adhesion assays. 

 

EXPERIMENTAL 

Materials 

To synthesize the MNPs, iron (III) chloride hexahydrate (98%) (Panreac), iron (II) 

chloride tetrahydrate (≥ 99%) (Sigma-Aldrich), ammonium hydroxide (30%) (Panreac), 

and oleic acid (90%) (Fluka) were used. Tetrahydrofuran (THF) (HPLC grade) supplied 

by Macron Fine Chemicals was employed to disperse the MNPs, and also as solvent for 

the preparation of the bionanocomposites by solvent-casting. The polyurethane matrix 

was synthesized using a macrodiol derived from castor oil (poly(butylene sebacate)diol), 

ethyl ester L-lysine diisocyanate (LDI) (226 g mol-1) (CHEMOS GmBH) and a chain 

extender derived from corn sugar, 1,3-propanediol (PD) (76 g mol-1) (Quimidroga S.A.). 

The hydroxyl index of the macrodiol was 32.01 mg KOH g-1, determined by titration based 

on ASTM D 4274-88 Test Method A standard, and a number-average molecular weight 

of 3505 g mol-1. The macrodiol, LDI and PD have bio-based carbon contents of 72, 81 

and 100%, respectively, as determined by a standard procedure according to ASTM-

D6866. The chemical structures of the macrodiol, diisocyanate and chain extender are 

shown in Figure 1a. 

a) 
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b) 

 

Figure 1. a) Chemical structure of the reactants employed for the synthesis of the 

biobased polyurethane matrix. b) Digital image of films of the neat PU and 

nanocomposites with 3 or 5 wt% MNPs. 

For biocompatibility studies, L929 murine fibroblast obtained from ATCC (American Type 

Culture Collection) were used. The cells were cultured in Minimum Essential Medium 

(MEM), supplemented with 1 mM sodium pyruvate, 1% non-essential amino acids 

(Gibco, Paisley, UK), 1% penicillin-streptomycin (Lonza, Verviers, Belgium), and 10% 

fetal bovine serum (FBS; Biochrom AG, Berlin, Germany).  

Preparation of magnetite nanoparticles 

The MNPs were prepared by a co-precipitation method from an aqueous Fe3+/Fe2+ 

solution (molar ratio 3:2) using ammonium hydroxide (30%) in excess. First, 0.09 molof 

FeCl3·6H2O and 0.06 mol of FeCl2·4H2O were dissolved in 50 mL of distilled water and 

the solution was heated to 70 °C. Subsequently, 40 mL of NH4OH were added, which 

caused the immediate formation of a black precipitate. The particles were subsequently 

coated by adding 0.02 mol of oleic acid and the suspension was stirred at 80 °C for 30 

min. The oleic acid coated MNPs thus obtained were washed with distilled water and 

Macrodiol

LDI PD
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separated by centrifugation. The water was replaced and the centrifugation/washing 

cycle was repeated several times until a neutral pH was reached. After another 

centrifugation step, they were dispersed in THF and stored in a refrigerator at 4 °C. The 

concentration of the MNPs in THF was 4 g L-1. 

Synthesis of thermoplastic bio-based polyurethane 

For the synthesis of the thermoplastic bio-based polyurethane matrix, a macrodiol 

derived from castor oil (poly(butylene sebacate)diol), a L-lysine amino acid based 

diisocyanate (ethyl ester L-lysine diisocyanate (LDI)), and a chain extender from corn 

sugar (1,3 propanediol (PD)) were combined following a two-step bulk polymerization 

procedure.[10] Briefly, first the dried macrodiol was reacted with LDI at 100 ˚C for 4 h in 

order to obtain a prepolymer. Subsequently, the dried PD was added and stirred for 10 

min. The resulting viscous liquid was poured into a mold at it was pressed at 100 ˚C at 

50 bar for 10 h. Finally, the polyurethane was left to cool down to room temperature at 

50 bar. The NCO/OH ratio was 1.01. The molar ratio of the three components, 

macrodiol:LDI:PD, was 1:5.05:4, resulting in a LDI-PD content of 29 wt%. Taking into 

account the bio-based carbon content and weight percentage of the components it was 

determined that the bio-based carbon content of the matrix was 75%. Furthermore, the 

weight and number average molecular weight, as well as, the polydispersity index  of the 

bio-based polyurethane were 100000, 40000 and 2.5, respectively, as previously 

reported.[10] Its chemical structure was analyzed by performing proton nuclear magnetic 

resonance (1H NMR) and Fourier transform infrared (FTIR) spectroscopy, which can be 

found in the Supplementary Information.  

Preparation of the bio-based polyurethane bionanocomposites 

Shape-memory bionanocomposites based on the synthesized bio-based polyurethane 

and the MNPs were prepared by solvent casting. Bionanocomposites of 1 g were 

prepared; to that end, the bio-based polyurethane was dissolved in THF (50 mg mL-1) 

and different volumes of the MNPs dispersed in THF were added to the solution, in order 

to prepare bionanocomposites with 3 and 5 wt% of MNPs. Subsequently, the mixture 

was sonicated in a Sonoswiss SW3H sonication bath for 1 h with a cold water recirculation 

system. The dispersion was subsequently cast into a poly(tetrafluoroethylene) mold 

having a diameter of 7.5 cm, which was then placed in an oven at 70 °C for 20 h to 

remove the solvent. Finally, the obtained films were compression-molded twice in a hot 

press at 80 °C at 5 bar for 5 min. The final thickness of the films was around 0.2 mm. 

The bionanocomposites produced are coded PU-xMNP, where x refers to the weight 

percentage (wt%) of MNP added. Furthermore, a neat bio-based polyurethane was also 
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prepared following the same procedure, which was designated as PU. In Figure 1b a 

digital image of the prepared polyurethane matrix and its bionanocomposites is shown. 

Characterization techniques 

The morphology of the MNPs and the prepared bionanocomposites were determined by 

performing wide-angle X-ray diffraction (XRD) studies. The XRD patterns were collected 

by using a Philips X’pert PRO automatic diffractometer operating at 40 kV and 40 mA, in 

theta-theta configuration, secondary monochromator with Cu-K radiation (= 1.5418 

Å) and a PIXcel solid state detector (active length in 2 = 3.347°). A fixed divergence 

and antiscattering slit giving a constant volume of sample illumination were used.  

Transmission electron microscopy (TEM) was used to analyze the morphology of the 

MNPs. TEM studies were carried out on a Philips SuperTwin CM200 operated at 200 

kV. The instrument was equipped with LaB6 filament and EDAX EDS microanalysis 

system. For samples preparation, MNPs were diluted in THF for 5 min in an ultrasonic 

bath (JP Selecta Ultrasons H-D). Subsequently a drop of the suspension was spread 

onto a TEM copper grid (300 Mesh) covered by a carbon film followed by drying under 

vacuum. 

The characteristic functional groups of the MNPs were identified by means of Fourier 

transform infrared spectroscopy (FTIR) using a Nicolet Nexus FTIR spectrometer. To 

that end, KBr pellets were prepared and the spectra were obtained after 64 scans in the 

range of 4000-400 cm-1 with a resolution of 4 cm-1. 

The thermal properties of the bionanocomposites were analyzed by means of differential 

scanning calorimetry (DSC) using a Mettler Toledo DSC822e. Samples with a weight 

between 5 and 10 mg were sealed in aluminum pans and heated from -75 to 100 °C at 

a rate of 20 °C min-1, using N2 as a purge gas (20 mL min-1). The crystallization process 

was followed by cooling the samples from 100 to -75 °C at a rate of 10 °C min-1. The 

inflection point of the heat capacity change observed was chosen to evaluate Tg, and the 

maximum of the endothermic peak and the area under the peak were used to determine 

Tm and the melting enthalpy (Hm). Similarly, the crystallization temperature (Tc) was 

determined from the minimum of the exothermic peak observed in the cooling scan and 

the crystallization enthalpy (Hc) from the peak area. The Hm and Hc values are based 

on the total sample weight.  
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Based on the melting or crystallization enthalpy values, equation 1 was used to calculate 

the relative crystallinity of the bionanocomposites (c) in the first heating (c heating) and 

cooling (c cooling) scans:[29] 


c

=
∆Hbc

∆H100
 (1) 

where Hbc is the experimental melting or crystallization enthalpy value of the 

bionanocomposite,  is the weight fraction of the neat bio-based polyurethane in the 

bionanocomposites and H100 is the melting or crystallization enthalpy value of the 

matrix.  

The dynamic mechanical behavior of the prepared bionanocomposites was analyzed by 

dynamic mechanical analysis (DMA) in tensile mode on an Eplexor 100N analyzer from 

Gabo, using a static strain of 0.10%. The temperature was varied from -100 to 75 °C at 

a scanning rate of 2 °C·min-1 and at a fixed operation frequency of 10 Hz. Samples were 

cut in strips of 22 mm x 5 mm x 0.2 mm.  

Mechanical testing was carried out at room temperature using a Universal Testing 

Machine (UTM) (MTS Insight 10) with a load cell of 250 N and pneumatic grips. Samples 

were cut into strip shape (22 mm x 5 mm x 0.2 mm). Tests were performed with a 

crosshead rate of 50 mm min-1. Elastic modulus (E), tensile strength at yield (y), tensile 

strength at break (b), strain at yield (y) and strain at break (b) were averaged from the 

data of at least five samples. 

The thermally activated shape-memory properties were studied using an MTS Insight 10 

instrument with a temperature chamber (Thermcraft). Strip shape samples of 22 mm x 5 

mm x 0.2 mm were heated to the switching temperature (Ts) of 40 ºC for 10 min. 

Thereafter, samples were stretched up to 50% at a rate of 5 mm min-1. Once the target 

strain was reached, samples were cooled under applied stress around to -10 ºC, which 

is below the transition temperature (Ttrans) with a cooling spray (Freezer 5320, Jelt) to fix 

the temporary shape for 1 min and the applied stress was removed. The permanent 

shape was recovered upon heating the samples up to the switching temperature for 10 

min. Five thermo-mechanical cyclic tensile tests were consecutively performed. 

Thermally activated shape-memory behavior was quantified taking into account the 

commonly used parameters, i.e. shape fixity (Rf) and shape recovery (Rr) values, which 

can be calculated using equations 2 and 3, respectively: 
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Rf(N)  =  
εu(N)

εm(N)
 ·  100 (2) 

Rr(N)  =  
εm(N) −  εp(N)

εm(N) −  εp(N − 1)
 ·  100 (3) 

where m is the maximum strain in the tensile test, u is the residual strain after cooling 

below Ttrans and unloading, p is the residual strain after the shape recovery, and N is the 

number of cycles.  

Magnetic measurements 

The nanocomposites were tested in an alternating magnetic field (AMF) using a 

commercially available device (Magnetherm V1.5, Nanotherics Ltd.) equipped with a 

nine-turn solenoid operating at 523.5 kHz and 15.9 kA/m. The surface temperature of 

the nanocomposites during the AMF stimulation was monitored using a IR camera 

(Optris PI450, Optris GmbH). To trigger magnetically induced shape-memory effect, a 

Power Cube 32/1800 HF2 device operating with 1018KHz high-frequency generator, 

magnetic flux density of 21mT and coil diameter of 4mm was used.  

Biocompatibility studies 

Finally, the biocompatibility of the prepared bionanocomposites was analyzed by 

performing cytotoxicity, hemocompatibility and cell adhesion assays. For cytotoxicity and 

hemocompatibility, the extractive media was obtained by incubation of the material in 

complete medium (24 h) or phosphate buffered saline (1xPBS) (72 h) at 37 ºC, 

respectively.  Every assay was performed according to ISO 10993-12:2007 standard.[30]  

Cytotoxicity was assessed by PrestoBlue® (Invitrogen, USA), a resazurin-based solution 

that functions as a colorimetric cell viability indicator. For this assay, murine fibroblasts 

(L929 cells) were seeded into 96-well plates at a density of 4x103 cells/well in 100 µL of 

complete culture medium. After 24 h, the medium was replaced with 100 μL of negative 

control, high-density polyethylene (HDPE) (complete medium), positive control, polyvinyl 

chloride (PVC) (DMSO, 10% in complete medium) or biomaterial´s extractive media. The 

optical density (OD) was measured at 570 and 600 nm in a spectrophotometer (Synergy 

HT spectrophotometer, Biotek, USA) at different time points (0, 24, 48 and 72 h). The 

viability of the cells was calculated from equation 4: 

Viability (%) = 
ODsample

ODnegative control

· 100 (4) 
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where ODsample is the absorbance of the sample and positive control cells and ODnegative 

control is the absorbance of the negative control cells. All assays were conducted in 

triplicate and average values and their standard deviations are reported. 

Hemocompatibility was analyzed using the method of cyanomethemoglobin following 

ISO 10993-4:2009.[31] This colorimetric method is based on the principle that hemolysis 

of red cells lead to the release of hemoglobin, which can be converted to 

cyanomethemoglobin using ferricyanide in presence of bicarbonate, the 

cyanomethemoglobin formed can be quantified by measuring its absorbance at 540 

nm.[32] For the hemocompatibility determination, blood samples were obtained from 

three different healthy donors and treated with Li–heparin to avoid coagulation. A pool of 

the three samples with plasma free hemoglobin (PFH) concentration below 1.0 mg mL-1 

was used in the assay. First, pooled blood was diluted with 1 x PBS to adjust the total 

blood hemoglobin (TBH) concentration to 10 mg mL-1 (TBHd). Then, to assess the 

potential hemolytic effect of the bionanocomposite, 100 µL of sample extracted media 

and controls (positive control, 1% Triton X-100; negative control, 40% polyethylene glycol 

solution) were mixed with 100 µL of TBHd and 700 µL of 1 x PBS. The samples were 

incubated for 3 h at 37 °C and centrifuged for 15 min at 800 g. After that, the hemoglobin 

concentration of the sample supernatant was calculated according to 

cyanomethemoglobin standard curve at 540 nm in a microplate reader. The percentage 

of hemolysis was calculated according equation 5:  

Hemolysis (%) =
sample hemoglobin concentration - negative control concentration

positive control concentration - negative control concentration
· 100 (5) 

The adhesion and morphology of the L929 cells on the surface of the materials was 

studied by scanning electron microscopy (SEM). The material was placed in 24-well 

ultra-low attachment plate and L929 were seeded onto it at a density of 1 x 105 cells cm-

2. SEM was carried out at 24, 48 and 72 h. At each time point, the sample was rinsed 

three times in Sorensen buffer (Panreac AppliChem, Spain), fixed using 2% 

glutaraldehyde (Panreac) in 0.1 M cacodylate buffer and post-fixed in 1% OsO4 for 1 h, 

washed with PBS, dehydrated using a series of graded ethanol solutions and dried in 

hexamethyldisilazane for 10 min. The sample was then sputtered with a thin layer of gold 

under an argon atmosphere and observed using a Hitachi S-4800 scanning electron 

microscope with an accelerating voltage of 15 kV. 

 

RESULTS AND DISCUSSION 
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The crystal structure and crystal size of the MNPs was determined by wide-angle X-ray 

diffraction (XRD). As can be observed in Figure 2a, the diffractogram of the MNPs show 

peaks at (220), (311), (400), (422), (333), and (440) crystallographic planes, which agree 

with those reported for the standard crystal structure of magnetite (Fe3O4).[28,33–36]  

a) 

 

b) 

 

c) 

 

Figure 2. a) Wide-angle X-ray diffractogram, b) TEM image, and c) FTIR spectrum 

of the MNPs. The inset in (c) shows a scheme of the chelating bidentate interaction 

between the COO- group of the oleic acid and iron atoms at the surface of the 

nanoparticle. 

The crystal size (D) of the MNPs could be determined through Scherrer’s equation:[37]  

10 20 30 40 50 60 70

(440)

(333)

(422)
(400)

(311)

(220)

 

 

In
te

n
s
it
y
 (

a
.u

.)

2 (º)

ISSN: 1559-0836                                                                                                          19 - 5 |  55

Metal Ions in Life Sciences



D = 
∙

 ∙ cos
 (6) 

where  is the Scherrer constant (0.9),  is the radiation wavelength (Cu K = 0.15418 

nm),  is the width at half height of the selected peak in radians, and  is Bragg angle.  

According to this equation, and using the diffraction signal corresponding to the (311) 

crystallographic plane, the crystal size was calculated to be 7 nm. However, the 

“crystallite size” is not necessarily synonymous with “particle size” and this method is 

only an estimation of the diameter of the magnetite nanoparticles.[28] 

The morphology of the MNPs was further analyzed by TEM. As can be observed in 

Figure 2b, the MNPs are spherical and they are well individualized. The average particle 

diameter of the MNP was calculated from TEM images by performing 80 measurements 

to be 8.0 ± 2.2 nm, which is in accordance with the estimated value by Scherrer’s 

equation and also with the values reported in literature.[28,36,38]  

FTIR spectroscopy was used to identify the interaction of oleic acid, which was used as 

a surface modifier, with the MNPs. As can be observed in Figure 2c, the bands 

associated with asymmetric and symmetric stretching vibration of C-H bonds in 

methylene groups[28,39,40] are present at 2921 and 2850 cm-1, respectively. At 1622 

and 1520 cm-1 the bands ascribed to asymmetric and symmetric carboxylate (COO-) 

stretching vibrations, respectively, can be observed.[36,40–42] At 1415 cm-1 the band 

ascribed to coordinate in-plane deformation of the hydroxyl groups of the carbonyl group, 

i.e. oleic acid physisorbed on particle surface can be seen.[28,40] The band observed at 

1050 cm-1 is related to C-O single bond stretching vibration after adsorption of the oleic 

acid on the particle surface.[28] The broad band centered at 582 cm-1 corresponds to 

Fe-O bonds of magnetite.[28,33,34] Finally, the broad band centered at 3420 cm-1 could 

be attributed to the O-H vibration of adsorbed water on the nanoparticles’ surface.[40] 

The wavenumber separation, , between the asymmetric and symmetric COO- 

stretching vibration bands can be used to distinguish the type of the interaction between 

the carboxylate head and the metal atom, which can be monodentate ( = 200-300 cm-

1), bridging bidentate (140-190 cm-1), chelating bidentate (< 100 cm-1)  and ionic 

interaction.[36,41,42] The  observed here (1622 - 1520 = 102 cm-1) is ascribed to 

chelating bidentate denoting that the interaction between COO- group of oleic acid and 

the Fe is covalent[36] and thus oleic acid in carboxylate form is chemisorbed on the 

surface of oxide particles (Scheme inside Figure 2c).[40] These results revealed that 
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oleic acid was both physi- and chemisorbed onto the magnetite nanoparticles as a 

carboxylate.[28,36] 

It is well known that the thermal transitions of the domains used for shape fixing and 

recovery play a key role in the context of shape-memory behavior and is important to 

define the shape memory test conditions, and also essential for developing an 

understand for the processes at play. Therefore the thermal behavior of the 

bionanocomposites was analyzed by DSC. In Figure 3 the heating and cooling traces of 

the neat PU and the bionanocomposites containing 3 or 5 wt% MNPs and also the 

LDI/PD and macrodiol building blocks are shown, while in Table 1 the thermal transitions 

and the relative crystallinity values are reported. As can be observed, the neat PU and 

the bionanocomposites show the thermal transitions associated with neat LDI/PD-rich 

and macrodiol-rich domains, indicating that the materials made show a microphase 

separated structure. The magnification of the low-temperature portion of the traces 

(Figure 3b) shows that the neat PU and the bionanocomposites show a Tg around -45 

ºC and -44 and -42 ºC, respectively, which is ascribed to TgMacrodiol. The increasing 

tendency of the Tg of the nanocomposites suggests that the MNPs interact with the 

macrodiol rich domains, restrict the chain mobility, and hence increase the Tg.[43] 

Moreover, at higher temperatures (-14; -11 and -12 ºC) the Tg associated with LDI/PD 

rich domain can be observed, which is slightly lower in the bionanocomposites. 

Furthermore, this glass transition is the Ttrans, which would trigger the shape-memory of 

the bionanocomposites. In order to develop a better understanding of the interaction 

between the MNP and the macrodiol- and LDI/PD-rich domains, the solubility parameters 

of the macrodiol, LDI/PD, and oleic acid used for the synthesis of MNPs were calculated 

by Hoy’s method.[44] The obtained theoretical parameters were 20.1, 24.3 and 18.5 

J
1

2⁄
 cm-3 2⁄ , respectively, denoting that the MNPs coated with oleic acid would preferably 

interact with macrodiol rich domain, which is in agreement with the DSC results. 
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b

) 

 

Figure 3. a) DSC heating traces of the neat PU and bionanocomposites with 3 or 5 

wt% MNPs. The traces of the macrodiol and the LDI/PD building blocks are also 

shown. The inset shows the corresponding cooling traces. b) Magnification of the 

low-temperature portion of the traces shown in (a).  

Table 1. Thermal characteristics and crystallinity values established of the neat PU and 

the bionanocomposites containing 3 or 5 wt% MNPs. Also shown are data for the 

LDI/PD and the macrodiol building blocks. 

aMeasured by DSC 

bMeasured by DMA 

 

Finally, all DSC heating traces (except the one of the LDI/PD building block) show a 

sharp endothermic peak around 60 – 65 ºC, which is associated with melting of 

crystalline domains formed by the macrodiol. The PU-MNP bionanocomposites show 

slightly lower Tm, Hm, and c heating values than the neat PU, indicating that MNPs tend to 

preferably interact with macrodiol-rich domains and the addition of the MNPs decrease 

the crystallization ability of the macrodiol-rich domains a bit. This behavior was also 

observed in the cooling DSC thermograms, inset Figure 3a, where it was observed that 
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PU -45 14 65 63 42 -59 1.00 1.00 19 

PU-3MNP -44 11 62 60 41 -56 0.97 0.98 22 

PU-5MNP -42 12 60 58 42 -55 0.97 0.98 22 

LDI/PD - 33 - - - - - - - 
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overall crystallinity and c cooling decreases as the MNP content increases. Similar results 

were reported in the literature.[45]  

Wide-angle XRD was used to analyze the crystallinity of PU-3MNP bionanocomposite. 

In Figure 4, the XRD patterns of PU-3MNP together with those of the macrodiol and PU 

are shown. Both PU and PU-3MNP show two strong peaks at 2 angles that are similar 

to the peaks observed for the neat macrodiol. This fact denotes that the peaks observed 

are related to the crystallizable macrodiol-rich domains. However, the peak observed at 

24.7° in the macrodiol shifts to a slightly lower angle, suggesting that different chains 

arrangements are formed.[46] Moreover, in PU-3MNP the crystallinity was lower than in 

the neat PU, since the intensity of the peak at 2 = 21.4° decreases considerably. This 

fact suggests the tendency of the MNPs to interact with macrodiol-rich domain, which 

was also deduced from the results obtained by DSC and the calculation of the solubility 

parameters.  

 

Figure 4. X-ray diffractogram of the neat PU, the bionanocomposite with 3 wt% 

MNPs, and the macrodiol building block.  

The mechanical behavior of the PU and the PU-MNP bionanocomposites was analyzed 

by dynamic mechanical analysis (DMA). Figure 4 shows the temperature dependence of 

the storage modulus and the tan of all compositions. At low temperature, all materials 

are rigid, with a storage modulus (E’) of 2360, 2700 and 2470 MPa at -75 ºC for PU, PU-

3MNP, and PU-5MNP, respectively. At higher temperature a sharp decrease of E’ and a 

simultaneous maximum in tan can be observed, which is related to the Tg of the LDI/PD 

rich domain.[10] In the rubbery state the E’ continues gradually decreasing until at 
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temperatures around 60 °C a sharp decrease of E’ occurs, which corresponds to the 

disruption of the crystalline structure of the material. In general, slightly higher E’ values 

were observed for bionanocomposites, due to some reinforcement imparted by the 

MNPs, as observed by other authors.[9] Table 1 displays the maximum of tan and the 

values of this  transition temperature (T) seem not to be dependent of MNP content, 

since similar values were obtained for PU-3MNP and PU-5MNP.  

 

Figure 5. Storage modulus and loss factor of the neat PU and bionanocomposites 

with 3 or 5 wt% MNPs. 

In order to analyze the effect of the addition of MNP on mechanical properties tensile 

tests were performed. The stress-strain curves of the bio-based polyurethane and PU-

MNPs are shown in Figure 6, while in Table 2 the characteristic values derived from the 

curves are gathered. In our previous work[10] it was observed that the mechanical 

properties of the bio-based polyurethane matrix were governed by the crystallinity of the 

macrodiol-rich domains, and hence, the mechanical properties of the prepared 

bionanocomposites were not greatly affected by the incorporation of the nanoparticles. 

As previously deduced from DSC and solubility parameters, the MNPs tend to interact 

with the macrodiol-rich domains and they do not form a percolated network which could 

interfere in the strain of the bionanocomposite.[47] Furthermore, it can be surmised that 

the MNPs could be able to absorb strain energy upon deformation, acting as effective 

stress-bearing phase during deformation,[48,49] since the elastic modulus as well as 

stress at yield and at break are not affected in a great extent.  
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Figure 6. Stress-strain curves of the neat PU and bionanocomposites with 3 or 5 

wt% MNPs. 

Table 2. Mechanical properties of the neat PU and the bionanocomposites containing 3 

or 5 wt% MNPs. 

Sample 
E  

(MPa) 

y 

(MPa) 

b 

(MPa) 

y 

(%) 

b 

(%) 

PU 93 ± 8 6.9 ± 0.2 7.2 ± 0.4 16.9 ± 2.2 1149 ± 153 

PU-3MNP 98 ± 1 7.1 ± 0.1 8.4 ± 0.8 15.8 ± 2.0 1342 ± 72 

PU-5MNP 102 ± 4 7.3 ± 0.3 7.7 ± 0.1 16.3 ± 1.4 1105 ± 78 

 Measured by UTM at 25 ºC 

Since it was observed that the bio-based polyurethane matrix shows thermally activated 

shape-memory properties,[10] the influence of the addition of MNP on shape-memory 

properties was analyzed.  In Table 3, the Rf and Rr values of five consecutive shape fix 

and release cycles of the neat PU and PU-MNP bionanocomposites are shown. In all 

cycles, the addition of MNPs results in a slightly higher shape fixity, which could be 

related, in analogy to findings reported by Ratna et al.[1] reported, to the higher E’ in the 

glassy state. Nevertheless, high fixity (92-100%) is observed across the board, and 

generally, the fixity increases slightly from one cycle to the next. Since all prepared 

materials were stretched above their yield point, Rr values are in the first cycle lower than 

100%. The previous analysis of the thermally activated shape-memory properties of the 

neat PU matrix revealed that the original shape was restored through crystalline 

structures,[10] as the residual stress introduced in the sample during the stretching could 

be stored in though physical crystalline segregated domains, which acts as the driving 
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force for shape recovery.[50–52] Regarding the shape recovery of the 

bionanocomposites, it can be observed that similar Rr values were obtained despite the 

slightly lower overall crystallinity of the bionanocomposites. 

Moreover, the changes observed in both ratios, Rf and Rr, between the first cycle and 

the remaining cycles can be attributed to the history of the sample. During the first cycle, 

the reorganization of the polymer at molecular scale takes place, involving the 

redistribution in the direction of the stress.[7,53] 

Table 3. Rf and Rr values established in five consecutive shape fix and release cycles 

of the neat PU and the bionanocomposites containing 3 or 5 wt%. 

Cycle 

PU PU-3MNP PU-5MNP 

Rf 

(%) 

Rr 

(%) 

Rf 

(%) 

Rr 

(%) 

Rf 

(%) 

Rr 

(%) 

1 91.6 87.3 94.7 88.2 93.3 88.7 

2 93.4 99.3 99.0 94.0 98.1 97.0 

3 94.8 99.5 98.5 97.9 99.5 97.1 

4 96.4 99.5 98.4 99.6 98.7 99.1 

5 99.4 100.0 98.2 100.0 98.7 100.0 

 

All of the bionanocomposites show magnetic behavior, which was qualitatively verified 

by approaching the bionanocomposites with a magnet; an example of the magnetic 

behavior of PU-5MNP is shown in Figure 7a. In addition, the magnetically activated 

release of a temporary shape programmed into a film of the PU-5MNP bionanocomposite 

was studied. To that end, the PU-5MNP bionanocomposite and the neat PU reference 

were exposed to an AMF. In Figure 7b and 7c the surface temperatures of the matrix 

and PU-5MNP during AMF excitation are shown. As can be observed, the temperature 

of the surface of PU-5MNP bionanocomposite increases immediately after the AMF 

excitation starts from 22 to 25 ºC, whereas, the profile of the surface temperature of the 

PU matrix remains almost constant. This behavior reflects that the MNPs are indeed able 

to increase the temperature of the bionanocomposite when an AMF is applied. Figure 7d 

shows the shape recovery of a fixed shape of PU-5MNP bionanocomposite while an 

AMF with a frequency of 1018 kHz is applied. The recovery of the original shape is fast 

and almost complete recovery of the original shape of the film is reached in about 14 s.  
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a) 

 

b) 

 

c)     

 

d) 

 

Figure 7. a) Magnetic response of PU-5MNP bionanocomposites. b) Surface temperature 

profile of the neat PU and c) the PU-5MNP bionanocomposites during alternating 

magnetic field excitation.  d) Photographs documenting the magnetically activated shape 

recovery of the fixed shape of PU-5MNP bionanocomposite. 

Thermo- and magneto- responsive shape-memory polyurethane bionanocomposites 

could be used for biomedical applications. In a previous study,[10] it was observed that 

the bio-based matrix showed a non-toxic behavior, according to performed short-term 
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cytotoxicity assays. Therefore, in light of the results obtained for the matrix, the in vitro 

biocompatibility of PU-3MNP bionanocomposite was also evaluated by performing short-

term cytotoxicity, hemocompatibility and cell adhesion assays. The viability of PU-3MNP 

bionanocomposite (Figure 8a) is similar to the obtained from negative control and it is 

considerately higher than the established acceptance limit of 70% by ISO 10993-5 

standard,[54] denoting that the material shows a non-toxic behavior. In order to 

determine the interaction of PU-3MNP with blood, the integrity of red blood cells 

membrane was analyzed following cyanomethemoglobin method. As can be observe in 

Figure 8b, the positive control produces complete lysis while for PU-3MNP the hemolysis 

is lower than 5%, indicating the hemocompatibility of the material. Furthermore, as can 

be seen in Figure 8c the hemolytic response of the bionanocomposite is negative due to 

the supernatant is colorless while for the positive control it is positive according to the 

red color of the supernatant. Finally, as can be observed in SEM images (Figure 8d), 

where the adhesion of cells to PU-3MNP bionanocomposites is shown, cells are well 

adhere to the surface. In addition, in more detailed view (enlarged image), it can be seen 

that cells acquire a flattened morphology and present numerous cytoplasmic projections 

that allows stable cell adhesion. Taking into account the obtained preliminary results, the 

prepared PU-3MNP is both biocompatible and hemocompatible. 
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b

) 

 

c) 

 

d

) 

 

Figure 8. Evaluation of the biocompatibility of PU-3MNP bionanocomposite. a) In 

vitro cytotoxicity assay relative to negative control (the dash line represents the 70% 

of cell viability, b) percentage of hemolysis induced, c) digital image of the hemolytic 

response of PU-3MNP and positive control and d) SEM micrographs of L929 

cultured on the surface of PU-3MNP after 72 h (left: 500X, right: 2000X). 

CONCLUSIONS 

Thermo- and magneto- responsive shape-memory bionanocomposites were prepared 

and characterized by using a bio-based polyurethane as matrix and different contents of 

MNP. The effect of the amount of magnetite nanoparticles on the final properties was 

analyzed. The MNPs tend to preferably interact with the macrodiol-rich crystalline 
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domains and slightly decrease the overall crystallinity. In addition, the mechanical 

properties of the bionanocomposites were not greatly affected by the presence of the 

MNPs. The addition of the MNPs increased the shape fixation capability slightly, 

especially in the first fixing cycle. The shape recovery was similar, despite the slightly 

lower crystallinity, suggesting that the MNPs were able to absorb strain energy upon 

deformation contributing to shape recovery. In addition, the bionanocomposites show 

magnetic behavior and they can be heated by an alternating magnetic field. In this way, 

the addition of MNPs allows fast and almost complete shape recovery via indirect 

triggering method without sacrifice the final properties of the matrix. Finally, taking into 

account the observed non-toxic behavior, good hemocompatibility and cell adhesion, the 

prepared magnetic bionanocomposites with MNP show potential to be used in further 

biomedical applications.  
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SMPs: Shape-memory polymers 

Ttrans: Transition temperature  

Ts: Switching temperature 

STPUs: Segmented thermoplastic polyurethanes 

LDI: L-lysine diisocyanate 

PD: 1,3-propanediol 

MNPs: Magnetite nanoparticles 

AMF: An alternating magnetic field 
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THF: Tetrahydrofuran  

ATCC : American Type Culture Collection  

MEM: Minimum Essential Medium (MEM 

FBS: Fetal bovine serum  

Rf: shape fixity  

Rr:Shape recovery  

PFH: Plasma free hemoglobin 

TBH: Total blood hemoglobin  

TBHd: Diluted total blood hemoglobin  

: Wavenumber separation 

T transition temperature 
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