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In this study, modified polyurethanes (PUs) with starch and magnetite were synthesized in the form of scaffolds for potential
applications in orthopedics. Polyurethanes were synthesized using a one-step method. PU synthesis was carried out using
poly(e-caprolactone) 2000 as soft segments and 4,4’ -methylenediphenyl diisocyanate (MDI). Various molar ratios of starch
and 1,5-pentanediol (PDO) as crosslinker/chain extender were applied, and the effects of incorporating different amounts of
magnetite, as well as the role of PDO to starch ratio, were studied. The use of the additive in the form of magnetic particles
was to feature the polyurethane materials for use in hyperthermia. The prepared polyurethanes were investigated using Fourier
transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), thermogravimetry (TG), and dynamic
mechanical analysis (DMA) methods. Scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDX)
analysis and preliminary bioactivity assessment were also performed. The addition of magnetic particles did not cause
significant changes in the properties of the obtained materials compared to starch. The tested materials have the potential to be

used to fill or replace bone defects in orthopedics, where they can undergo hyperthermia treatment.

1. Introduction

Despite the significant development of medicine in recent
years, it is still difficult to develop the appropriate techniques
and materials that would enable the regeneration of bone tis-
sue of patients with orthopedic injuries, cancer, or other
bone diseases. Despite the high efficiency of autogenous or
allogeneic transplants, numerous disadvantages limit their
common use. This leads to the intensive development of
bone loss reconstruction materials [1-4].

One of the basic and most popular polyurethane applica-
tions in medicine is implants and prostheses. The feature
that distinguishes the materials used for implants from other
biomaterials is their biostability. In the case of long-term

implants, materials that are resistant to degradation or ade-
quately protected against degradation should be used. Aro-
matic diisocyanates used for the synthesis of polyurethanes
have a significant impact on their degradation. Moreover,
resistance to hydrolysis, and thus the biodegradation rate,
can be increased by increasing the content of hard segments
in polyurethanes. Such an implant can fulfill its tasks for a
long time, and it will not be necessary to replace it. This
group includes materials used as breast implants or blood
vessel prostheses [5-8].

Over the last few years, many materials obtained from
renewable resources were used to modify synthetic polymers
and fabric then innovative materials with improved proper-
ties. One of the most widely used polysaccharides is starch,
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TaBLE 1: Composition of PU/starch/magnetite samples.

Sample code MDI (mole) PCL (mole) PDO (mole) PDO: starch/mass ratio Magnetite (mass%)
PU_0S_OM 2 1 1 1:0 —
PU_25S_0M 2 1 1 0.75:0.25 —
PU_50S_OM 2 1 1 0.5:0.5 —
PU_75S_0M 2 1 1 0.25:0.75 —
PU_100S_0M 2 1 1 0:1 —
PU_0S_1M 2 1 1 1:0 1
PU_25S5_1M 2 1 1 0.75:0.25 1
PU_50S_1M 2 1 1 0.5:0.5 1
PU_75S_1M 2 1 1 0.25:0.75 1
PU_100S_1M 2 1 1 0:1 1
PU_0S_0.5M 2 1 1 1:0 0.5
PU_100S_0.5M 2 1 1 0:1 0.5
Isocyanate Mixture A+B
A PU

Polyol Open mold

catalyst

chain extender/crosslinker (1, 5-PDO/starch)

B Magnetite

FIGURE 1: Scheme of sample preparation.

Y

Starch crosslinked polyurethane

—— Urethane linkage
~~~ PCL soft segment

FIGURE 2: Reaction scheme of the formation of PU and the crosslinking by starch.
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FIGURE 3: FTIR spectra of PU materials crosslinked using (a, b) starch and/or modified with (c, d) magnetite.

which is biodegradable, widely available, and can be chemi-
cally modified into a variety of macromolecular structures
with interesting properties and applications. It is noteworthy
that starch is a versatile modifier that can be used in the
industrial sector not only to reduce costs but also to improve
the biodegradability of synthesized materials [9, 10].

Promising results on the use of polyurethanes and
polyurethane-saccharide composites have resulted in great
interest in conducting further research on these materials.
For example, Bil et al. [11] obtained polyurethanes contain-
ing 22-70 wt.% hard segments for bone tissue engineering
applications. Poly(e-caprolactone) diol, cycloaliphatic diiso-
cyanate 4,4'-methylenebis(cyclohexyl isocyanate), and eth-
ylene glycol as chain extender were used to synthesize
aliphatic poly(ester-urethanes). The biocompatibility results
suggested that the proliferation of human bone-derived cells
(HBDCs) cultured in vitro improved with increasing hard
segment content, while the osteogenic potential of HBDC
decreased with increasing hard segment content. Using air-
driven 3D printing technology, Ma et al. [12] obtained bio-
degradable polyurethane-urea (P-PUU) scaffolds based on
piperazine with a gradient of its content. In vitro and
in vivo biological results suggested that 3D printed P-PUU
scaffolds exhibit remarkable biocompatibility and osteocon-
ductivity, facilitating new bone formation. Barikani et al.
[13] obtained biodegradable polyurethane elastomers as a
result of the synthesis of poly(e-caprolactone) (PCL) and
isophorone diisocyanate (IPDI), extended by a different
mass ratio of chitosan and 1,4-butanediol (BDO). As a result
of the inclusion of chitosan into the polyurethane skeleton,
the thermal stability was improved. The research also
showed that with an increase in the chitosan content in the
polyurethane backbone, the hydrophilicity decreased and
the crystallinity increased.

Magnetic particles with nanometric and micrometric
sizes are increasingly used in biomedical and medical appli-
cations. They can be used in special medical techniques due
to their specific properties. The most important features of
the particles used in medicine are nontoxicity, biocompati-

bility, injectability, and high accumulation in the target tis-
sue [14, 15]. Hyperthermia is a form of therapy, widely
used in the treatment of cancer, which consists of increasing
the temperature of the tissues. This treatment is aimed at
destroying cancer cells. However, in such a situation, there
is a problem in the form of uneven heating of cancer cells.
As a possible solution, magnetic particles can be introduced
into the body near the tumor, which causes only a local
increase in temperature. Then, under the influence of the
alternating magnetic field, the orientation of the magnetic
domains of the particles changes, and the resulting energy
is converted into thermal energy and transferred to nearby
tissues, which is manifested by a local increase in tempera-
ture. This process primarily destroys cancer cells that are less
resistant to temperature (they die at temperatures above
43°C), while healthy cells can survive at higher temperatures.
It is noteworthy that oxides are most often used in hyper-
thermia [16-18].

In recent years, PU/Fe;O, composites have received con-
siderable scientific interest. Chalid et al. obtained and char-
acterized shape-memory PU/Fe,O, nanocomposites. It was
stated that well-dispersed Fe;O, nanoparticles have good
adhesion to the polyurethane matrix. This fact may influ-
ence the enhancement of the magnetic and mechanical
properties of composite materials [19]. Zou et al. studied
properties of the shape-memory nanocomposite films which
were manufactured using thermoplastic PUs and oleic acid-
(OA-) coated Fe;O, nanoparticles by solution mixing
followed by solvent casting. The purpose of applying an oleic
acid layer to the surface of the nanoparticles was to prevent
their agglomeration. It has been found that the recovery time
of nanocomposite films in the magnetic field decreased with
increasing nanoparticle content [20]. In our research, the
key novelty was achieved by combining crosslinking effects
induced by starch with the effects caused by the presence
of magnetic particles. The use of starch in the crosslinking
process improves the thermal properties of the obtained
materials, while the addition of magnetite should provide
functional magnetic properties.
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FIGURE 4: An exemplary result of the deconvolution of the IR C=0 absorption band for PU_25S_1M.

In this study, polyurethane scaffolds containing mag-
netic particles were obtained and tested. This modification
is aimed at expanding the use of orthopedic PU materials
for the treatment of hyperthermia.

2. Experimental Part

2.1. Materials and Synthesis. PCL diol with an average molar
mass of 2000, 4,4’ -methylenediphenyl diisocyanate (MDI),
dibutyltin dilaurate (DBTDL), and iron oxide (II, III) with
diameter < 5 ym were supplied by Sigma-Aldrich. 1,5-Penta-
nediol (PDO) was purchased from Merck KGaA. The starch
was provided by Chempur. All reagents were used as
received. PCL diol, starch, and iron oxide were dried under
a vacuum.

Polyurethanes were produced using a one-step method.
First, the polyol masterbatch was prepared; the molten
PCL and the optional modifiers (starch and/or magnetite)
in appropriate amounts were placed in a plastic container
and mixed using an ultrasonic homogenizer. Next, PDO
and the catalyst (DBTDL) were added to the polyol master-
batch, and finally, melted MDI was introduced. The reaction
mixture was mixed with a glass rod and poured into the pre-
viously prepared mold, where the polymerization process
took place. The materials in the molds were placed in a vac-
uum oven at 37°C. The composition of the samples is pre-
sented in Table 1, and the scheme of sample preparation is
displayed in Figure 1. Figure 2 exhibits the reaction scheme
of the formation of PU and the crosslinking by the starch.

2.2. Techniques. Thermogravimetric analysis (TGA) was
performed using the TA Instruments TGA 550 Discovery
thermobalance. Samples of ca. 6-9 mg were placed in open
platinum crucibles. The measurement was carried out in
the 35-600°C temperature range, at a heating rate of 10°C/

TaBLe 3: Phase separation results of PU/starch/magnetite
composites.

Sample code R DPS

PU_0S_OM 0.571 0.364
PU_255_0M 0.115 0.103

PU_50S_0M 0.253 0.202
PU_755_0M 0.332 0.294
PU_100S_0M 0.266 0.210
PU_0S_1M 0.396 0.284
PU_25S5_1M 0.125 0.111

PU_50S_1M 0.199 0.166
PU_75S_1M 0.243 0.195

PU_100S_1M 0.358 0.264
PU_0S_0.5M 0.568 0.362

PU_10058_0.5M 0.990 0.497

min under a nitrogen atmosphere. Based on the TG curves,
the mass loss temperatures of 1%, 2%, 3%, 10%, and 50%
and Trgma Were determined.

Differential scanning calorimetry (DSC) analysis was
performed using Mettler Toledo DSC 1. Samples (ca. 4-
6 mg) were placed in closed perforated aluminum crucibles.
For each sample, the measurements ran in the heating=>
cooling=>heating cycle in the -70-210°C temperature range.
The heating rate was 10°C/min, and the measurement was
carried out under a nitrogen atmosphere.

Dynamic mechanical analysis (DMA) tests were per-
formed on a TA Instruments DMA Discovery 850 analyzer.
Measurements were carried out on cylindrical samples with
a diameter of 12mm and a height of 2-4 mm. The samples
were compressed with a force of 4 or 6 N, with a frequency
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FiGure 5: TG and DTG curves of pure starch and magnetite.

of 10Hz and an amplitude of 20 um in the temperature
range -70-90°C.

Infrared (IR) experiments were performed using the
Bruker Tensor 27 IR device with an ATR attachment. The
samples were scanned 64 times in the spectrum range of
4000 to 500 cm™ with a resolution of 2cm™.

A scanning electron microscope (Nova NanoSEM 200,
FEI, USA) equipped with an energy-dispersive X-ray ana-
lyzer (EDAX) was used to analyze the morphology of the
materials obtained. Before measurement, the prepared sam-
ples were placed on the holders and coated with carbon.

Preliminary bioactivity evaluation was performed using
the Kokubo method [21]. The samples were incubated in
simulated body fluid (SBF) at a temperature of 37°C for 26
days. During the incubation period, the SBF was changed

every 4-5 days. The samples were then washed with distilled
water, dried, and subjected to microscopic analysis (SEM) to
observe apatite formation on their surface.

The velocity of propagation of ultrasonic longitudinal
waves was measured with the CT-3 material tester (uni-

pan-ultrasonics), along the diameter of the samples with
dimensions of approx. 17.5mm. Measurements were made
using the transition method with two heads (transmitting
and receiving) with a frequency f = 1 MHz. The insulating
tape was used as a coupling medium between the heads
and the test sample. In each series of measurements, four
independent measurements were made to measure the
transit time of the longitudinal ultrasonic wave, and then,

the average speed values and standard deviations were
calculated.

3. Results and Discussion

FTIR spectra are presented in Figure 3, and the data are
collected in Table 2.

Analysis of the FTIR spectra confirmed the chemical
structure of the obtained polyurethanes. The lack of a band
corresponding to C=N valence vibrations (2250 cm™) proves
the complete reaction of the isocyanate groups in the
polyurethane synthesis reaction. All spectra show PU
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FiGure 6: TG and DTG curves of PU/starch composites without (a, b) magnetite and (c, d) with 1% magnetite.

characteristic bands such as strong absorption of N-H
stretching vibrations (3343 cm™), symmetrical and asym-
metrical C-H stretching vibrations of CH, groups
(2864 cm™ and 2944 cm™, respectively), the main absorption
band of the C=O carbonyl group (1723 cm™"), C-N stretch-
ing vibrations (1415cm™), C-H bending vibrations of the
CH, groups (1365 cm™") [22]. Furthermore, for polyurethane
spectra with magnetite addition, a characteristic band of
approximately 590cm™ was also observed, corresponding
to the vibrations of the Fe-O functional group [23].

The addition of starch did not cause significant changes
in the position of individual absorption bands, but it influ-
enced the intensity of some of them. With an increasing
amount of added starch, the main absorption band of the
C=0 carbonyl group decreases. The addition of starch also

reduces the intensity of the bands corresponding to the N-
H stretching vibrations and the symmetric and asymmetric
C-H stretching vibrations of the CH, groups.

The addition of magnetite also did not lead to major
changes in the absorption bands. Only the bands corre-
sponding to the asymmetric C-O stretching vibrations
slightly shifted towards lower values of the wavenumbers
with the increase of the content of the magnetic particles.
Additionally, a new band appeared corresponding to the
vibrations of the Fe-O functional group (approx. 590 cm™);
however, no relationship was found between the addition
of magnetite and the intensity of individual bands.

FTIR spectra in the range 1650-1800cm™ were decon-
volved using OPUS software to obtain the peak area of the
C=0 groups bound by hydrogen bonds at 1694-1712cm’™"
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Figure 7: Continued.
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TaBLE 4: TG results of PU/starch/magnetite composites.

Sample code T, (CC) T,o, (°C) T5, (°C) T4, (CC) Ts00, (C) T orGmax (C) M, egq (%)
Magnetite — — — — — 312 99.295
Starch 274 281 285 296 312 307 13.041
PU_0S_OM 253 267 274 291 319 322 1.284
PU_25S_0M 246 261 268 289 353 368 0
PU_50S_0M 253 268 277 307 366 363 3.266
PU_75S_0M 240 257 266 291 347 355 0.512
PU_100S_0M 238 254 261 289 369 372 0.489
PU_0S_1M 251 264 272 294 335 347 2.489
PU_25S_1M 251 265 273 305 359 363 1.384
PU_50S_1M 246 260 268 290 359 374 1.174
PU_755_1IM 240 256 265 304 377 379 1.172
PU_100S_1M 244 261 271 319 386 393 1.128
PU_0S_0.5M 255 267 275 298 340 339 2.585
PU_100S_0.5M 238 255 263 301 384 396 0.993

in urethane structures and from the free C=O group at 1711-
1730cm™ Figure 4. Based on the results of deconvolution,
the degree of hydrogen bonding and the degree of phase sep-
aration in the obtained polyurethanes were calculated. The
degree of carbonyl groups that participate in hydrogen
bonding can be described by the carbonyl hydrogen bond
ratio R, which can be determined from the equation [24-26]

R= Chonded * S bonded _ Algoa-1712

= ) (1)
Cfree * f free

A1711—1730

where C is the concentration, A is the area of the absorption
peak, and f is the respective extinction coeflicient of the
bonded and free carbonyl groups.

The phase separation degree (DPS) was calculated using
the following equation:

Cbonded R

DPS = = .
Cfree + Cbonded 1+R

(2)

Figure 4 presents an exemplary result of the deconvolu-
tion of the IR C=0 absorption band, and phase separation
data are collected in Table 3.

Based on the results of phase separation summarized in
Table 3, it can be concluded that polyurethanes without
the addition of starch exhibit the highest phase separation.
They are characterized by the highest values of the carbonyl
hydrogen bonding index and therefore also by the degree of
phase separation. The high degree of phase separation of
PUs results from their segmented structure. The PU chains
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are made of alternating soft and hard segments. The soft seg-
ments are most often composed of polyesters, which show
polar characteristics. On the other hand, the hard segments
consist most often of nonpolar hydrocarbon structures
derived from diisocyanates and polar isocyanate groups.
The combination of segments with different polarities causes
difficulties in mixing them. As a result, PU with a high
degree of phase separation is formed. However, in composite
materials, the incorporated modifiers can hinder segmental
mobility and, consequently, cause a reduction in the degree
of phase separation [7].

Among the samples with the addition of starch, it can
also be seen that the degree of phase separation increases
with the increase in the amount of starch added. This means
that polyurethanes that contain only starch or PDO show
the highest phase separation. In the case of systems contain-
ing both starch and PDO, the degree of phase separation is
lower. This can be connected to the limited chain mobility
in the more complex system. It is hard to draw clear conclu-
sions about the influence of magnetic particles on the degree
of phase separation. In the group without starch, with the
addition of magnetite DPS decreases; in the samples with
100% starch, these values are diverse. The thermogravimet-
ric curves are presented in Figures 5-7; data are collected
in Table 4.

The TG and DTG results show that magnetite is stable
over the entire temperature range. Starch is less stable
because it starts to degrade at quite low temperatures. The
temperature of the maximum mass loss was only 307°C.

The results obtained suggest that the addition of starch
to the system decreases the characteristic temperatures of
the polyurethanes obtained and the material exhibits lower
thermal stability. This change does not depend on the pres-
ence of magnetic particles, as a similar correlation was
observed in both groups. The curves obtained also show that

in the case of samples with the addition of starch, before the
main stage of thermal degradation, there is one more small
peak, most likely the result of the degradation of this poly-
saccharide. On the other hand, at about 500°C, there are
maxima related to the decomposition of the residues [27].
Moreover, it can be seen that for materials containing a
higher amount of starch, the temperature of maximum
weight loss is higher.

However, the addition of magnetic particles does not
have a significant effect on the thermal stability of the
obtained polyurethanes. Regardless of the composition of
the basic system, the characteristic temperatures did not
change significantly with an increasing amount of magnetite.
However, a slight increase in the temperature of the maxi-
mum weight loss was found in the samples containing mag-
netic particles.

Figures 8 and 9 present DSC curves of PU compounds,
and data are collected in Table 5.

The addition of starch caused a decrease in the glass
transition temperature, which may indicate that starch acts
as a plasticizer for soft segments [28]. At temperatures
around 0°C, in some cases, peaks can also be seen as a result
of the cold crystallization process. The glass transition of
hard segments is difficult to determine because it superim-
poses the melting of soft segments, which results in “double
melting peaks” in some samples. Only in the case of samples
containing 100% starch was it possible to determine the
parameters of the glass transition process of hard segments.
The melting temperature of the soft segments decreases with
increasing starch addition, except for samples containing
100% polysaccharide. Because of the crosslinking of starch
and thus the need to provide more energy, the enthalpy of
fusion should increase with increasing amount. However, it
is not directly visible in the results, most probably due to
the glass transition of the hard segments that overlap this
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F1cure 9: DSC profiles of PU composites with different amounts of magnetite with (a, b) starch and (¢, d) without starch; (a, ¢) first and (b,

d) second heating run.

phase change. During the second heating run, the glass tran-
sition temperatures are higher, while the effect of starch does
not change. Moreover, for the first two samples, no distinct
peaks correspond to the melting of soft segments, which is
most likely the result of the limited crystallization of this
phase. The melting parameters of hard segments can only
be determined for materials containing small amounts of
starch. The presence of two glass transitions and two melting
processes in individual samples confirms the presence of two
types of segments (soft and hard) with limited miscibility.

It was found that the addition of magnetite causes a min-
imal increase in the glass transition temperature of the soft
segments. During the first heating run of the samples at tem-
peratures slightly below 0°C, exothermic peaks characteristic
of cold crystallization appear. The addition of magnetic par-
ticles does not significantly affect the melting temperature of
soft segments. During the second heating run, the glass tran-
sition temperatures of the soft segments are slightly higher
than during the first one. The heat capacity for most samples
is lower during the second heating run.

The thermal analysis of DMA enables determination of
the damping coefficient—tangent of the loss angle (§)—and
is expressed by the relationship

%

tan6=E,,

(3)

where E* is the loss modulus and E' is the storage
modulus.

The maximum in the curve that expresses the depen-
dence of tan § as a function of temperature corresponds to
the glass transition temperature of the polymer, but it differs
from that determined by the DSC method [29, 30].

The DMA results are presented in Figure 10, and the
data are collected in Table 6.

It is difficult to notice the dependence between the
amount of starch added and the glass transition tempera-
tures of the hard and soft segments in the obtained polyure-
thanes. The glass transition of soft segments takes place at a
temperature of approximately -15° C, while for hard seg-
ments it is approximately 35°C. Below the glass transition
temperature, the tangent § is very small, which is the result
of the state of being of the material. In the glassy state, the
mobility of the polymer chains is “frozen,” which means that
the material accumulates more energy and dissipates at a low
level. With increasing temperature and thus changing the
state of the material, the value of the tangent § also increases.
This is the result of the higher mobility of polymer chains in
the elastic state.

It is also not straightforward to determine the relation-
ship between the amount of magnetite added and the glass
transition temperatures of individual segments in the
obtained polyurethanes. Between the temperatures corre-
sponding to the glass transition of individual segments, the
so-called plateau, this is the range in which the material
exhibits elastic properties. As in the case of the first two
groups below the glass transition temperature, the tangent
value of the loss angle is very small, which results from the
glassy state in which the material is located. After the glass
transition, as the material becomes more elastic, the damp-
ing factor gradually increases.

Above the glass transition temperature of the hard seg-
ments, the storage modulus for most samples is slightly
lower than at the beginning of the study, which is a result
of the greater freedom of movement of the polymer chains.
Figures 11 and 12 present the results of the ultrasonic tests.

In the group of samples modified with starch, the
increase in the polysaccharide content causes an increase
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FIGURg 10: DMA curves of PU composites with different amounts of (a, b) starch or (¢, d) magnetite.

TaBLE 6: DMA results: glass transition temperatures of soft (T,,;)
and hard (Ty,) segments for PU/starch/magnetite composites.

Sample code T, (C) Ty, (C)
PU_0S_OM -14 43
PU_255_0M -10 38
PU_50S_0M -17 36
PU_755_0M -13 36
PU_100S_0M — 32
PU_0OS_1IM -10 —
PU_255_1M -17 33
PU_50S_1M -11 30
PU_50S_1M -15 36
PU_100S_1M -22 39
PU_0S_0.5M -9 —
PU_100S_0.5M -23 37

(about 10%) of the longitudinal ultrasonic wave velocity
from V| =369.2m/s (PU_0S_OM) to V| =406.3m/s (PU_
100S_0M) in Figure 11(a). The increase in velocity for PU
with a 25% addition of starch is due to the greater plasticity
of the sample, so when measuring the velocity, it was neces-
sary to use greater pressure of the heads (to allow the passage
of the ultrasonic wave), and as a result, slightly higher veloc-
ity results were obtained.

Additionally, in the case of a group of samples with
1% magnetite admixture, along with an increase in their
polysaccharide content, there is an increase (approx.
11%) of the longitudinal ultrasonic wave velocity from
V. =377.3m/s (PU_0S_IM) to 422.6m/s (PU_100S_1M)
in Figure 11(b). The higher values of the wave velocity
obtained for PU_50S_IM are related to the greater plastic-
ity of the sample.

For the group of samples modified with magnetite from
0% to 1% (without starch), the velocity of longitudinal ultra-
sonic wave propagation slightly increases (up to 3%) from
V. =369.2m/s (PU_0S_OM) to V| =377.3m/s (PU_0S_
1M) in Figure 11(c).

Similarly, for samples with 100% starch addition in
Figure 11(d), the modification with magnetite causes an
increase of 4% of the propagation speed of the longitudinal
ultrasonic wave from V| =406.3 m/s (PU_100S_0M) to V|
=422.6m/s (PU_100S_1M).

In both groups of magnetite modified samples, for sam-
ples containing 0.5% magnetite (without starch and with
100% starch addition) Figures 11(c) and 11(d), the highest
velocity values were obtained, respectively, V; =388.1 m/s
(PU_0S_0.5M) and V; =451.2m/s (PU_100S_0.5M). It is
related to the greater plasticity of these samples. The appar-
ent density study also showed an increase in apparent den-
sity depending on the addition of magnetite for both
groups of samples (Figures 12(a) and 12(b)), which is consis-
tent with the rectilinear relationship between the velocity of
the longitudinal ultrasonic wave and the apparent density.

Ultrasonic tests conducted on modified PUs with starch
and magnetite showed that the increase in the speed of prop-
agation of longitudinal ultrasonic waves up to 11% is mainly
related to the amount of polysaccharide added. The effect of
the addition of magnetite (without starch) is smaller and
does not exceed 5%.

The observed increase in wave velocity is responsible for
a correspondingly higher Young’s modulus, i.e., elasticity of
a given material. The tested samples, along with the growth
of modifiers, are characterized by greater elasticity and
therefore material stiffness.

In Figure 13, microscopic images show the surface mor-
phology of polyurethane materials. The polyurethane shown
in Figure 13(d) has a relatively smooth surface, indicating a
tight architecture of the crosslinked PU. On the other hand,
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FIGURE 12: The apparent density of PU with different magnetite content (a) without the addition of starch and (b) with 100% starch.

samples that contain the addition of starch are slightly
cracked, which is the result of a less dense polyurethane net-
work. Blurry white points indicate the location of magnetic
particles inside the polymer matrix. Their presence is con-
firmed by the average EDS analysis of the surface of the
material. In the case of point analysis at higher magnification
(Figure 13(c)), individual magnetite grains can be specifi-

cally identified. EDS analysis of the obtained materials
showed the presence of iron, but otherwise, the material
consists mainly of carbon and oxygen.

Figure 14 shows the result of SEM analysis of the surface
of the tested samples, which show changes in morphology
after incubation in SBF. On the surface of polyurethanes,
numerous structures of formed apatite, as well as sodium
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FiGurg 13: SEM microphotographs of PU modified with starch and magnetite and the results of EDS average analysis: (a) PU_25S_0M, (b)
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FiGURE 14: SEM microphotographs of PU modified with starch and magnetite and the results of the EDS average analysis after 25 days of
incubation in SBF: (a) PU_100S_0M, (b) PU_50S_1M, (c) PU_0S_IM, and (d) PU_100S_IM.

chloride and carbonates, are visible. EDS spectra confirm the
presence of apatites (hydroxyapatite layer) as increased
amounts of calcium and phosphorus can be seen.

4. Conclusions

The subject of the work was modified polyurethanes
obtained by a one-step method. Samples with different con-
tents of additives, starch, and magnetite were synthesized
and characterized in terms of structure and morphology.
FTIR spectroscopy confirmed the structure of the polyure-
thanes obtained. The introduction of starch into the system

did not change the position of individual absorption bands,
but it did affect the intensity of some of them. With an
increasing amount of polysaccharide, the intensity of the
main absorption band of the carbonyl group C=0, the band
corresponding to the N-H stretching vibrations, and the
symmetric and asymmetric CH stretching bands of the
CH, groups decreased. The degree of phase separation is
the highest for PU without starch, but with increasing
amounts of modifier, it also increases. The bioactivity study
confirmed that the obtained polyurethanes show the ability
to create apatite on their surface. It has been found that
PUs containing starch showed lower thermal stability. The
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addition of starch decreased the glass transition temperature
of the soft segments, which may indicate that it acts as a
plasticizer. DSC analysis showed that the addition of starch
causes a decrease in the melting point of the soft segments
of polyurethanes and an increase in the heat of fusion, most
likely due to crosslinking by the polysaccharide.

The addition of magnetic particles did not cause such
large changes in the properties of the obtained PU materials
as starch. The thermal stability determined by TG did not
practically change; as with the addition of starch, magnetite
also accelerated the glass transition process. However, the
magnetic particles did not affect the melting point of the soft
segments. The addition of magnetite did not significantly
affect the position of the absorption bands in the FTIR anal-
ysis. Only a new absorption band was noticed, correspond-
ing to the vibrations of the Fe-O functional group (approx.
590 cm™). The images obtained by SEM showed single mag-
netite grains, which were also identified using EDS analysis.
The study of bioactivity showed a similar result as in the case
of samples with the addition of starch, which proves that the
magnetic particles do not affect the bioactivity of the
obtained polyurethanes. After incubation in SBF, a hydroxy-
apatite layer was formed on the surface of the modified
polyurethanes.

In conclusion, the obtained materials are characterized
by good thermal properties—a key feature for hyperthermia
applications—as well as show potential bioactivity, which
will probably lead to osseointegration with bone tissue and
make them useful fillings for bone defects in orthopedics.
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