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Abstract: The acceleration in advancements of smart materials and non-contact controlled devices in
the field of 4D printing is facilitated by the use of magnetically responsive shape memory polymer
(SMP) composites. This study is dedicated to the development of promising shape memory materials
based on polylactic acid (PLA) and cobalt ferrite (CoFe,O,4) nanoparticles. The activation of the
shape memory effect (SME) in magnetic nanoparticle composites was achieved by applying a high-
frequency alternating magnetic field (HFAMF). The PLA /CoFe,O4 composites exhibited a remarkable
shape recovery ratio (>84%) and underwent rapid heating when exposed to HFAMEF. The interaction
of these composites with mouse adipose-derived mesenchymal stem cells demonstrated adequate
cytocompatibility. The rapid magnetosensitive behavior and high shape recovery characteristics of
PLA/CoFe;O4 composites make them promising candidates for biomedical applications.

Keywords: polylactide; CoFe,O4 nanoparticles; shape memory effect; magneto-responsive composites;
smart materials

1. Introduction

Polymeric materials are extensively used in various biomedical applications such as
drug delivery systems, tissue engineering scaffolds, hydrogels, biodegradable sutures,
wound dressings etc. [1]. The field of biomedical polymers continues to advance, with
the development of novel and smart materials [2-5]. Shape memory polymers (SMPs)
are “smart” materials that can restore their original shape from a deformed shape when
exposed to an external stimulus [6,7]. Owing to versatility and low cost, SMPs are used
to fabricate orthopedic devices [8], vascular stents [9], orthodontic wire for brackets [10],
craniofacial meshes and plates [11], and neural probes [12].

SMPs are gaining popularity in the development of medical devices particularly
for minimally invasive surgical procedures. For example, a compressed medical device
can be introduced into a living system through a small incision, which later transforms
into its intended shape under the influence of a suitable trigger. Thermally activated
polymers are the most common SMPs [13]. In addition to direct heating, indirect heating
methods have also been developed due to the concerns associated with the overheating
of surrounding tissues. For instance, SMPs with functional fillers can be activated by
light [14-17], electricity [18-20], magnetic fields [21-23], or microwaves [24,25], but in fact
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they are still activated by heat since different forms of energy can be converted to heat
through the functional fillers. However, indirect triggers such as exposure to solvent [26,27],
ultrasound [28,29], and other triggers [30-32] have also been reported.

The parameters governing the shape memory effect in polymers can be controlled
by incorporating particles; altering composition; physical properties such as thermal tran-
sitions and degree of crystallinity; and processing or programming conditions [33]. In
semicrystalline polymers, a shift in shape is induced by heating it above the glass transition
temperature (Tg) [34], or above the melting transition of crystalline domain [35]. Program-
ming the shape of SMPs is possible by increasing the mobility of molecular segments
when heated above the transition temperature. The characteristics of the SME depend
on the material’s structure, particularly the coexistence of hard and soft phases, which
determines the entropy elasticity of macromolecules [36,37]. Crystalline regions serve as
“nodes” facilitating the recovery of the original shape. However, the extent of their presence
can both enhance and limit the shape memory effect.

Hyperthermia is a medical cancer treatment that involves raising the temperature of
the body to 4146 °C [38]. During this treatment process both healthy and tumor tissues are
affected. Nanoparticle-induced hyperthermia gained popularity for localizing treatment.
Magnetic nanoparticles (MNPs) have potential to convert the electromagnetic energy of
HFAMF into thermal energy [39]. MNPs-based hyperthermia is a clinically approved
method for treating cancer [40]. These MNPs can be magnetic alloy nanoparticles (MANPs),
such as Fe-Ni, Co-Pt, etc., or magnetic metal oxide nanoparticles (MMONPs), such as
Fe304, MnFe,;O4, and CoFe, Oy [41].

In the biomedical field, magnetically activated shape memory polymer composites
have shown considerable promising results. Unlike methods requiring direct heating, these
materials can be remotely controlled, enhancing safety and facilitating minimally invasive
insertion of medical devices [42]. When exposed to an external HFAMF, magnetic particles
within the material undergo induction heating. This internal heating of shape memory
polymer triggers the shape memory effect when activation temperature is reached [43-45].

Polylactide (PLA) is a thermoplastic aliphatic polyester widely used in biomedicine due
to its biocompatibility and bioresorption ability [46,47]. PLA exhibits a distinct shape memory
effect, which becomes evident at the glass transition temperature (Tg = 55-65 °C). This process
occurs as the polymer transitions into a viscoelastic state [48-50]. The addition of a filler into a
polymer alters the transition temperature and shape memory characteristics, as the inclusions
form new nodes in the molecular structure of the polymer matrix. For example, incorporation
of inorganic additives (TiO; [51], carbon nanotubes [52], Al,Os [53], and SiO; [54]) in a PLA
matrix not only mitigates the drawbacks of pure PLA but also enhances its overall properties.

Cobalt ferrite (CoFe,O4) MNPs are of particular interest for magnetic hyperthermia
due to their large cubic magneto-crystalline anisotropy and high coercivity value [55].
Ferrite nanomaterials with a spinel structure, including cobalt-spinel ferrite, possess high
saturation magnetization, high permeability, and no preferred direction of magnetization
as compared to widely studied iron oxides [56]. In addition, CoFe,O4 NPs exhibit high
anisotropy and slower relaxation time than iron oxide nanoparticles. These characteristics
make CoFep,O4 NPs a good alternative for the treatment of hyperthermia [57]. MNPs of
CoFepOy are extensively used in magnetic hyperthermia imaging, magnetic separation,
biosensors, and drug delivery [58-62], due to their excellent physical and chemical prop-
erties and absence of cytotoxicity in therapeutic concentration [63]. The stability of these
particles in the physiological environment was studied by coating the surface of CoFe;O4
MNPs with organic moieties such as citric or olein acid [64].

The objectives of this work are to develop a cytocompatible, magnetically activated
SMP having enhanced heating speed and a high recovery rate. Additionally, we also
aimed to ensure the 3D printing feasibility of SMP. The CoFe;O4 nanoparticles synthesized
by coprecipitation, and the structure and morphology, as well as magnetic properties
of the nanoparticles was studied. A detailed analysis of the thermal, structural, and
mechanical properties of the composite material and the impact of different concentrations
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of CoFe;O4 nanoparticles on them was performed. Moreover, the heating rate and recovery
coefficient of the deformed samples’ shape under the influence of a magnetic field were
measured. Finally, the cytocompatability of composites in contact with mouse adipose-
derived mesenchymal stem cells was also evaluated.

2. Materials and Methods
2.1. Materials

Polylactide (molecular weight of 110 kg/mol) was received from Nature Works LLC
(Plymouth, MN, USA). Earlier investigations on the shape memory effect involved the use
of similar polylactide samples [50,65,66]. Prior to experiments, the PLA pellets were dried
at 60 °C for 6 h in a hot air oven.

Synthesis of CoFe,O4 Nanoparticles (NPs)

Cobalt ferrite nanoparticles were obtained by coprecipitation. This method is simple
to implement and makes it possible to obtain a high yield of nanoparticles stable in aqueous
medium. To obtain NPs at the first stage, 1.62 g of iron (III) chloride (FeClz, >98%, Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 20 mL of deionized water. A solution of
2.15 g of cobalt chloride hexahydrate (CoCly-6H,0O, 98%, Plasmotherm, Moscow, Russia)
in 2 mL of deionized water (Milli-Q water) and 0.5 mL of hydrochloric acid (HCI, 36%,
Sigma-Tek, Augusta, KS, USA) was added to the obtained solution. The obtained solution
was stirred on a magnetic stirrer for several minutes and added dropwise to 100 mL of 1M
sodium hydroxide solution (NaOH, >98%, Sigma-Aldrich), preheated to boiling point. The
boiling solution was maintained for 30 min with continuous vigorous stirring of the reaction
mixture. After 30 min, the reaction mixture was cooled, the nanoparticles were separated
from the solution with a permanent magnet, and washed with deionized water (3 times
100 mL each). Next, 315 mL of 2 M nitric acid (HNOj3, 65%, Sigma-Aldrich) was added to
the resulting precipitate of NPs, as well as a solution of 1.27 g of iron nitrate (Fe(NOs)s,
>98%, Reactivetorg, Moscow, Russia) in 15 mL of deionized water. The resulting solution
was brought to a boil and held under vigorous stirring for 1 h. After that, the reaction
mixture was cooled to room temperature, the NPs were separated from the solution using
a permanent magnet and washed with 2 M HNOj3 solution (3 times 100 mL each). The
resulting precipitate of NPs was redispersed in 50 mL of deionized water. In the second
step, 10 mL of 0.2 M citric acid (C4HgO7, 98%, Sigma-Aldrich) solution was added to 50 mL
of NPs solution, after which the pH of the solution was adjusted to 7.4 using 1 M NaOH
solution. To get rid of the excess of citrate ions uncoordinated on the surface of CoFe;Oy,
the obtained nanoparticle solution was washed using centrifuge filters [67].

2.2. Characterization of CoFe;O4 NPs
2.2.1. Transmission Electron Microscopy

Transmission electron microscopy (TEM) images were acquired with a Titan Themis Z
(Thermo Fisher Scientific, Landsmeer, The Netherlands) transmission electron microscope
equipped with a DCOR+ condenser system spherical aberration corrector at an accelerating
voltage of 200 kV. The average NPs size was estimated from more than 300 particles in
semi-automated mode using Image]J software (version 1.53t).

2.2.2. X-ray Diffraction

The phase composition of the NPs was studied via X-ray diffraction (XRD) analysis
using a DRON-4 (Burevestnik, Russia) diffractometer with Co K, radiation. The experi-
mental points were recorded in the range of angles 26 = 20-100° at a scanning speed of 0.1°
in one step.

2.2.3. Study of Magnetic Properties

The magnetic properties of the cobalt ferrite nanoparticle samples (saturation spe-
cific magnetization (Js), residual specific magnetization (Jr), and coercivity (Hc)) were
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investigated at room temperature in the Physical Property Measurement System (PPMS)
DynaCool (Quantum Design, San-Diego, CA, USA) with the option of vibration magnetom-
etry. Dry nanoparticle powders were prepared for recording magnetic hysteresis loops. The
specific magnetization of each sample was calculated from the iron concentration measured
by atomic emission spectroscopy (AES).

2.3. Composite Material Preparation Technique

Cobalt ferrite nanoparticles (1, 5, and 10 wt.%) were used as inorganic fillers in a
polylactide matrix for the fabrication of composites. These composites were prepared by
extrusion using a rheological extrusion twin-screw microcompounder HAAKE MiniLab II
(Thermo Fisher Scientific, Waltham, MA, USA). Screw speed, chamber heating temperature,
and dwell time was optimized to ensure uniform mixing and to minimize defects during
the extrusion process. This method was used to produce filaments for 3D printing with a
diameter of 1.7 &= 0.2 mm, as well as ribbons with a width of 3.1 &= 0.2 mm and a thickness
of 1.2 £ 0.2 mm.

2.4. 3D Printing

A three-dimensional model of specimens was designed using SolidWorks 2021 soft-
ware (Dassault Systemes, Vélizy-Villacoublay, France), which represents a parallelepiped
with dimensions of 10 X 6 X 12 mm, with subsequent conversion of the model into G-code
with pre-defined settings using PrusaSlicer 2.6.1 software (Prusa Research, Prague, Czech
Republic). The samples were 3D printed by fused deposition modeling using BiZon Prusa
i3 Steel PRO (3DiY, Moscow, Russia). Extruder temperature was kept at 180 °C, table tem-
perature was maintained 60 °C, and the extruder nozzle height was 0.6 mm with a printing
speed of 5 mm/s and 100% filling density. The filling type used in these experiments
was concentric.

2.5. Characterization of Composite Materials
2.5.1. Differential Scanning Calorimetry

The thermal properties of the materials were studied by differential scanning calorime-
try (DSC) using a DSC 204 F1 calorimeter (Netzsch GmbH & Co. KG, Selb, Germany). The
following mode was used: heating from 30 to 210 °C, holding at 210 °C for 10 min, cooling
to 30 °C, holding for 10 min, and reheating to 210 °C. The heating and cooling rates were
10 °C/min. The tests were performed in an argon atmosphere (50 mL/min). The degree of
crystallinity (x) was calculated according to Equation (1) as follows:

 AH,, — AH,,
AH""-wpp 4

X 1)

where AH); is the melting enthalpy and AH,. is the cold crystallization enthalpy.
AH,,'%% is the theoretical melting enthalpy of 100% crystalline PLA, which was
93 J/g [68]; w is the mass fraction of PLA in the composite.

2.5.2. Shape Memory Effect Parameters

Parameters of the shape memory effect, such as restoring stress and restoring strain,
were investigated using a dynamic mechanical analyzer DMA Q800 (TA Instruments, New
Castle, DE, USA). The measurement was performed in the temperature range of 26-80 °C
at a heating rate of 2 °C/min. The samples were stretched by 100% in length and tested
to evaluate the recovery stress and recovery strain. In the first case, the specimens were
clamped on both sides to determine the recovery stress. In the second case, one of the grips
was movable to evaluate the change in specimen length. The test was performed on ribbon
samples (30 X 5 x 1 mm).
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2.5.3. Study of Mechanical Properties

The compressive strength, in particular Young’s modulus, of a series of 3D-printed
10 x 6 x 12 mm specimens with different percentages of CoFe,O, in PLA were investigated
using a Zwick/Roell Z020 universal testing machine (Zwick GmbH & Co. KG, Ulm,
Germany). The test was performed at a speed of 1 mm/min until complete failure of the
specimens was observed.

2.5.4. SME Activation in a High-Frequency Alternating Magnetic Field

The composite samples (1, 5, 10 wt.%, n = 5 for each composition) were placed in the
cuvette of a TOR UltraHT (Nanomaterials LLC, Tambov, Russia) high-frequency alternating
magnetic field generator to investigate the activation of the shape memory effect in the
magnetic field, as well as to measure the heating rate and the degree of shape recovery.
Heating was performed at the magnetic field amplitude H = 9.6 kA-m~! and frequency
f = 261 kHz. The temperature of the samples was measured with a Seek Thermal camera
having an accuracy of £0.1°. Heating rate graphs were plotted by recording the tempera-
ture after every second, followed by initiation of exposure to HFAMF.

All samples were deformed by 20% in height before being loaded into the cuvette.
The height of the samples before deformation, after deformation, and after recovery in the
magnetic field were measured with a caliper. The degree of shape recovery of the samples
was counted as the ratio of the height after recovery to the height before deformation.

The SME of the fabricated composite was studied in contact with a mouse small
intestine model to assess its potential biomedical application. 3D-printed PLA /CoFe;Oy
(5 wt.%) clips in the shape of a not fully closing ring were preliminary deformed, and a
small intestine was placed in the center of the clip. The proposed model was designed
based on the size and shape of the small intestine; the outer and inner diameter were
6 and 1 mm, respectively, and the height was 2 mm. The system was placed into the
cuvette of the HFAMF generator (magnetic field amplitude H = 9.6 kA-m~! and frequency
f =261 kHz). The experiment was recorded with a Seek Thermal camera, and samples
before and after the exposure to magnetic field were photographed.

2.6. In Vitro Studies
2.6.1. MSC Isolation from Mice Adipose Tissue and Culture

Mouse adipose-derived mesenchymal stem cells (mAD-MSC) were isolated from the
subcutaneous adipose tissue of Balb/c mice. Adipose tissue was cut into fine pieces and
digested with 0.2% collagenase IA (PanEco, Moscow, Russia) for 40 min at 37 °C with
shaking at a speed of 200 rpm. The cell suspension was then washed twice in PBS and
filtered through a 100 mm nylon filter. Cells were pelleted by centrifugation at 279 x g for
20 min and then were resuspended and cultured in DMEM/low glucose (1 g/L, PanEco),
supplemented with 10% FBS (HiMedia, Maharashtra, India), 2 mM L-glutamine (PanEco),
antibiotic-antimycotic mix (Biosera, Cholet, France), and incubated at 37 °C in 5% CO,
atmosphere. For all experimental procedures we used early passage (P3-P4) mAD-MSCs.
The mAD-MSC were characterized by the expression of mesenchymal markers and the
ability to differentiate into adipogenic and osteogenic cell lines, as described earlier [69].

2.6.2. MTS-Test

The MTS test to evaluate the cytotoxicity of the samples was performed on mouse
adipose-derived mesenchymal stem cell culture (mAD-MSC). This standard in vitro test
shows whether the samples under study affect the proliferative activity of the cells. This
procedure as well as the SME study on the mouse’s small intestine was conducted with
the approval of the Local Ethical Committee of the N.N. Blokhin NMRC of Oncology
(document no. Act708n dated 23.08.2010), Moscow, Russia.

The mAD-MSC cells thawed from liquid nitrogen (p6 passaging) were seeded into
DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS) and 2 mM glu-
tamine in culture flasks (T25), and grown under standard conditions (37 °C, 5% COy).
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When 80-90% confluence of the monolayer was achieved, cells were transferred to a new
flask in fresh cell culture medium.

The PLA samples without NPs and with cobalt ferrite NPs (1, 5, and 10 wt.%) for the
cytotoxicity test were ribbons about 3 mm width and about 1 mm thickness. Such ribbons
were cut into rectangular pieces of 3 mm by 4 mm to fit easily into the bottom of the well
of a 96-well plate. The samples were then sterilized by immersing them in 70% ethanol
for 15 min, dried under sterile conditions, and placed at the bottom of the 96-well plate
wells. Each sample was tested in six replicates. An amount of 10,000 mAD-MSC cells in cell
culture medium were seeded into the wells on top of the sample pieces. Samples were not
placed in control wells; here, cells were seeded directly at the bottom of the wells. The cells
were incubated with samples and in control wells for 24 h under standard conditions. Light
microscopy was used to check whether the cells had seeded the surface of the samples after
24 h of incubation.

Further, the cell culture medium in the wells was replaced with the medium with
the MTS reagent and incubated for 4 h under standard conditions. Additionally, blanks
(wells without cells filled with medium and reagent) were placed on the plate in order
to subtract the optical density of the medium with reagent without cells from the optical
density values in the measured wells. The medium with the reaction products from the
measured wells and blank wells was transferred (saving the scheme of the experiment) to
another clear plate so that the PLA samples would not interfere with the optical density
measurement in the wells. The measurement was carried out on a MultiScan GO (Thermo
Fisher Scientific, USA) spectrophotometer at a wavelength of 490 nm.

The calculation of the proportion of surviving cells (A, %) in the well relative to the
control was carried out according to Equation (2) as follows:

A = 9P =0y 1600, )
OD. — OD,

where OD,,—the optical density of experimental well; OD,—the average optical density
of the blanks wells; and OD.—the optical density of control wells.

2.7. Statistical Analysis

Statistical data were analyzed, and graphs were plotted using OriginPro software
(version 10.0.5.157, Originlab Corporation, Northampton, MA, USA) and reported as
Mean =+ SD. Statistical significance for mechanical testing results was determined at
p < 0.05. Most of the experiments were repeated at least three times independently.

3. Results and Discussion
3.1. Study of the Structure and Morphology of CoFe;O4 NPs

Synthesized CoFe,O4 NPs were characterized by means of TEM and XRD. As can
be seen in Figure S1, NPs are polydispersed and do not have a distinct morphology. The
average size of the magnetic cores of NPs determined using the Image] software was
11 + 3 nm. The coprecipitation method is used to obtain nanoparticles based on iron
oxide (including cobalt ferrites). This method makes it possible to obtain nanoparticles in
a shorter time. This approach has become widespread due to its simplicity and economy.
In addition, it makes it possible to obtain a large number of nanoparticles; therefore, it is
widely used by many researchers to obtain cobalt nanoferrites [70].

X-ray diffraction analysis of the CoFe,O4 NPs sample is presented in Table S1 and
Figure S2. The lattice parameter value a = 8.370 A is consistent with the lattice parameter
of bulk cobalt ferrite a = 8.377 (CoFe,O4, ICDD No.22-1086). Comparison of the size of
CoFep;O4 NPs, determined from X-ray diffraction analysis and TEM, indicates a single-
crystal nature.
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3.2. Study of the Magnetic Properties of CoFe;O4 NPs

It is known that the magnetic moment in ferrites comes mainly from the proportional,
uncompensated intrinsic spin of an individual ion. Therefore, the probability of magne-
tization is explained by considering the distribution of metal ions and the antiparallel
alignment of spins at two sites of the sublattice. According to the Neel model, of the three
types of interactions A-A, A-B, and B-B, the intersublattice A-B superexchange interaction
is the most appropriate. The net magnetization is thus the solution of the vector sum
of the magnetization of the two sublattices, i.e., Js = Jg — Ja, where J5 and Jp are the
magnetizations of sublattices A and B, respectively.

Figure S3 shows the magnetization curves of cobalt ferrite MNPs. According to the
results of magnetometry, it was found that for the obtained MNPs Js = 75 A-m?-kg !, which
is close to that for the bulk material (Js = 80 A-m?-kg~!) [57]. The values of the residual
magnetization and coercive force were Jr = 4 A~rnz~l<g’1 and Hc =3 kA-m~1, respectively,
which indicates the ferromagnetic nature of MNPs and, as in the case of CoFe;O,4 samples,
is consistent with the previously established critical grain size (6-8 nm), below which
CoFe;O4 passes into the superparamagnetic state [71].

3.3. Differential Scanning Calorimetry

SME in polymers is determined by phase transitions. In the case of PLA, the glass
transition temperature (Ty) serves as the switching temperature, causing the chain seg-
ments’ mobility to become severely limited [72,73]. The melting-crystallization behav-
ior of PLA/CoFe;O4 composites were evaluated by DSC. DSC curves are presented in
Figure 1, and the main thermal parameters, including glass transition temperature (Ty),
cold crystallization temperature (T¢.), Tm, and X, are summarized in Table 1.

T : 123.5,
exo 4 4

M 169,2: 1%

Heat flow, mW/mg

I
|
|
I 92.9
I
I

I
I
I
I
I
1
I
I
I
I
I
I

T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200
Temperature, °C

Figure 1. DSC curves of PLA and PLA /CoFe;O4 samples.

Table 1. Tg, Tee, Tm and degree of crystallinity for PLA and PLA/CoFe;O4 samples.

CoFe;04 Mass Fraction, % Tg, °C Tee, °C Tm, °C X
0 58.4 123.5 169.2 1.6
1 62.7 108.4 172.9 7.6
5 62.2 103.8,112.8 1714 8.1

10 62.2 92.9,107.8 168.4 27.0
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As shown in Table 1, Ty of the extruded specimens increases with the addition of
CoFe;O4 NPs from 58.4 °C for pure PLA, to 62.2 °C and 62.7 °C for composites. Chain
mobility, intermolecular interactions, and molecular weight are important factors that
affect Tg. The values of the T, shifted to lower values, which is probably because lamellar
crystals formed during the cooling process. In addition, curves for composites with 5% and
10 wt.% of CoFe,O4 NPs revealed the second peak of cold crystallization. Cold crystal-
lization phenomena are characteristic of amorphous or partially crystallized polymers
when heated above the glass transition temperature; however, a double cold crystallization
peak is observed in DSC curves infrequently. The double peak of cold crystallization may
mean crystallization from interlamellar and interspherolitic amorphous regions controlled
by the degree of nucleation and diffusion. Interlamellar amorphous regions, consisting
of chain folds, chain ends, and linking chains, have some order compared to completely
amorphous interspherolitic regions, so they crystallize at a lower temperature. With the
dominance of nucleation (high supercooling and crystallization from the glassy state), more
interlamellar amorphous regions are formed than interspherolitic. On the other hand, if
diffusion prevails (weak supercooling, crystallization from the melt), more interspherolitic
amorphous regions can be expected than interlamellar ones [74].

The addition of CoFe;O4 NPs had a strong effect on heterogeneous nucleation and
significantly enhanced the crystallization of PLA chains. In addition, according to the
calculation using Equation (1), the degree of crystallinity was only 1.6% for pure PLA. The
degree of crystallinity increased significantly, up to 27.0%, with the content of CoFe;Oy
NPs at 10 wt.%. PLA has low melt crystallinity due to rigid chains, and most PLA chains
reorganize during the thermal cycle [75].

3.4. Parameters of the Shape Memory Effect

Figure 54 shows the deformation curves during reshaping. The temperature at the
beginning of the recoverable deformation decreased with an increase in the mass fraction
of CoFe;O4 NPs in the PLA matrix. Thus, for pure PLA, the temperature was 61.7 °C, and
for a sample containing 10 wt.% of cobalt ferrite, the temperature decreased to 59.5 °C.

The reactive stress curves are shown in Figure 2. The stress curve shows a drop
towards negative values, which reflects the relaxation process during heating. Further,
after a certain temperature, the stresses began to increase sharply. To estimate the restoring
stresses, the change in stress after relaxation to the maximum value was calculated. The
results are presented in Table 2. The analysis showed that there was no strong change
in the value of reactive stresses; their values increased from 3.0 MPa for pure PLA to
3.6 MPa for the PLA /CoFe;O4 composite (10 wt.%). With an increase in the proportion of
filler, the reactive stresses increased, probably due to an increase in the “hard” crystalline
phase in the polymer. There were also no strong changes in the temperature values at
which the stresses began to increase; the temperature rose with the addition of 1% and
5 wt.% CoFe;O4 NPs from 53.7 °C (for pure PLA) to 54.1 °C, and with a weight fraction
of CoFe;O4 NPs of 10%, this temperature decreased to 52.8 °C. This temperature can be
considered the starting temperature of the shape memory effect.

Table 2. Recovery stress variation and SME activation temperature of PLA and PLA/CoFe;O4

samples.
Weight Fraction of CoFe;Oy4, wt.% 0 1 5 10
Recovery stress variation, MPa 3.0 3.2 3.5 3.6

Activation temperature of SME, °C 53.7 54.1 54.1 52.8
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Figure 2. Recovery stress curves for PLA and PLA/CoFe;Oy (1, 5, 10 wt.%) samples.

3.5. Study of Mechanical Properties

The introduction of CoFe;O4 particles into PLA promotes crystallization of the poly-
mer around the particles, which leads to a decrease in Young’s modulus of the samples by
almost 1.5 times (Figure 3, Table 3). Similarly, when the concentration of CoFe,;O4 particles
increases from 1% to 10%, the number of crystallinity zones increases and the strength of
the material decreases, as evidenced by the graph in Figure 3.

——PLA + 1% CoFe,0,
——PLA + 5% CoFe,0,
——PLA + 10% CoFe,0,

—PLA
80
60
(0]
o -~
E .
8 S
© 40
=
()
20 o
O T T T T
0 10 20 30 40

Deformation, %

Figure 3. Compression curves for PLA and PLA/CoFe;Oy (1, 5, 10 wt.%) samples.

Table 3. Elastic modulus of PLA and PLA /CoFe;O4 samples.

Weight Fraction of CoFe;Oy4, wt.% Elastic Modulus, MPa
0 1201 £ 12
1 1205 + 21
5 914 +£97

10 760 £ 23
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3.6. SME Activation in a High-Frequency Alternating Magnetic Field

The graph presented in Figure 4 clearly shows the dependence of the heating rate on
the amount of filler in the composite material. Composite material with 1 wt.% of CoFe;Oy
heated the slowest of all—in 300 s it heated up by about 10 °C; SME activation temperature
was not reached. PLA /CoFe;O4 (5 wt.%) showed an average heating rate—in 300 s the
material heated up by more than 75 °C; the activation temperature was reached in 100 s.
The composite material with 10 wt.% of CoFe;O4 heated up the fastest—in about 120 s it
reached the melting point (168.4 °C); the activation temperature was reached in 35 s.

PLA + 1% CoFe,0,
2007 PLA + 5% CoFe,0,
180 ] PLA + 10% CoFe,0,
160 —

140 —

O ]

qé 120 %_[

3

) T 1— G

© il

S 100 %T

E 7 Pt =

()

|_

Time, s

Figure 4. Heating rate in a high-frequency alternating magnetic field (H = 9.6 kA-m~!, f = 261 kHz)
curves for PLA/CoFe;Oy (1, 5, 10 wt.%) samples.

The height values of the samples before deformation, after deformation, and after
shape recovery in a high-frequency alternating magnetic field are shown in Figure 5. All
types of samples, regardless of the amount of filler, restore their shape. The values of the
shape recovery coefficient, which is equal to the ratio of the height of the samples after
restoration to the original height, are shown in Figure 6 and Table 4. The shape recovery
is best demonstrated by samples of the composite material with 5 wt.% of CoFe,Os—the
recovery coefficient of this material is 94.06%. PLA/CoFe;O4 (1 wt.%) composite material
recovers its shape worse than PLA /CoFe;O4 (5 wt.%) and has a recovery rate of 84.89%.
This is in good agreement with the DSC results and the values of the degree of crystallinity.

Table 4. Recovery coefficient of PLA /CoFe;O4 (1, 5, 10 wt.%) samples.

Weight Fraction of CoFe;Oy4, wt.% Recovery Coefficient, %
1 84.89 +£1.33
5 94.06 + 0.47

10 93.82 £ 0.58
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PLA + 1% CoFe,O,
[ PLA + 5% CoFe,0,
[ IPLA +10% CoFe,O,

Specimens height, mm
(o]

Before After After exposure
mechanical impact mechanical impact to magnetic field

Figure 5. Height values of PLA/CoFe,Oy4 (1, 5, 10 wt.%) samples before deformation, after deformation,
and after shape recovery in a high-frequency alternating magnetic field (H = 9.6 kA-m ™, f = 261 kHz).

100+ 94.06 93.82

84.89

o
o
1

(@]
o
1

40

20 +

Recovery specimens height, %

1% CoFe,0, 5% CoFe,0,  10% CoFe,0,

Figure 6. Recovery coefficient of PLA/CoFe;Oy4 (1, 5, 10 wt.%) samples after exposure to a high-
frequency alternating magnetic field (H = 9.6 kA-m~1, f = 261 kHz).

The greater the amount of filler in the polymer composite material, the higher the
degree of crystallinity of the polymer matrix. This is due to the fact that the filler particles act
as crystallization centers. In turn, crystalline zones, such as nodes of the polymer molecular
network or filler particles, are the elements responsible for fixing the “permanent” shape
and its restoration after deformation. However, as can be seen in Figure 6, a sample with
a mass fraction of CoFe,O4 NPs of 10% recovers shape worse (the recovery coefficient is
93.82%) than a sample with a mass fraction of CoFe;O4 NPs of 5%. This is due to the fact
that the formation of a large number of network nodes impedes the movement of a free
molecular chain, which leads to a decrease in the recovery factor [73].

The shape recovery of the clip in HFAMEF in the presence of the mouse’s small intestine
is demonstrated in Video S1 and Figure S5. The permeability of the mouse’s small intestine
was demonstrated by injection of PBS from syringe through the central hole. After that,
intestine was inserted into the ring-shaped clip and subjected to the HFAMEF. The tempera-
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ture change during indirect heating of the PLA /CoFe,O4 clip was recorded, showing the
achievement of the SME activation temperature, and thus proving the possibility of soft
tissue compression by the proposed biomedical material-based device. The compressed
clip blocked fluid flow through the intestine due to HMAMEF exposure.

3.7. In Vitro Experiment

Light microscopy made it possible to detect cells only on samples of PLA and
PLA + 1% CoFeyO4 (Figures S6 and S7). Cells could not be seen on the surface of samples
with 5 and 10% CoFe;O4 NPs in transmitted light because the samples turned black due to
the addition of NPs.

The results of the cytotoxicity evaluation are presented in Table 5 and Figure 7. The
proportion of viable cells in the wells with all samples was practically the same and
fluctuated around 90% of the control. Thus, the presence of different concentrations of
cobalt ferrite NPs in the samples does not affect their potential cytotoxicity. A slight
decrease in viability relative to the control can presumably be explained by the fact that not
all the surface of the tested samples was favorable for adhesion and proliferation; perhaps
the edges of the sample pieces were not suitable for cells, but the main area was suitable.

Table 5. Proportion of viable mouse mesenchymal stem cells after incubation with samples for 24 h.

PLA/CoFe;O4 PLA/CoFe;O4 PLA/CoFe;O4

Control PLA (1 wt.%) 5 Wt.%) (10 wt.%)

Proportion of
viable cells 100.0 £ 4.8 894 +9.6 935+ 64 921 +£11.1 87.0+9.6

(mean value), %

100 =
I >
................ F PP N e e PRTORPSSSITORTS
it
80
0
Q60
Q@
Ne}
.8
>
%S5 404
=x
20
0 T d T . T i T * I
Control PLA PLA +1%CF  PLA +5%CF  PLA + 10%CF

Figure 7. Proportion of viable cells in control wells and sample wells (n = 6).

4. Conclusions

Composite materials based on PLA with different contents of cobalt ferrite nanopar-
ticles (1, 5, 10 wt.%) were obtained by extrusion. The degree of crystallinity of samples
of pure PLA and PLA/CoFeyO4 (1 and 5 wt.%) did not exceed 8.1%. However, the value
of the degree of crystallinity was 27.0% for a composite material with 10 wt.% CoFe;Oy4
NPs. It was noted that the degree of crystallinity of the polymer matrix increases with an
increase in the amount of filler in the composite material. CoFe;O4 NPs acted as centers
of crystallization and the formation of an additional rigid fixed phase, which determines
the shape memory properties. The temperature at which the recoverable deformation
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starts, decreased as the mass fraction of CoFe;O4 NPs in the PLA matrix increased, along
with the glass transition temperature reduction. The value of reactive stresses during the
implementation of the SME in the process of dynamic mechanical analysis increased with
an increase in the mass fraction of NPs, and reached 3.6 MPa at the maximum concentration
of the filler.

It was demonstrated that PLA and PLA/CoFe,O4 samples tested in vitro (1, 5, and
10 wt.%) do not have a significant cytotoxic effect and do not affect the proliferative activity
of mouse mesenchymal stem cells. Such a material may be promising for the creation of
adaptive medical devices, such as soft tissue fixators and “self-fitting” bone implants.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs8020048/s1, Figure S1: Bright-field TEM image of NPs;
Table S1: Main results of X-ray diffraction analysis of CoFe,O4 NPs; Figure S2: Diffractogram
of cobalt ferrite MNPs powder; Figure S3: Magnetization curves of cobalt ferrite; Figure S4: Recov-
ery strain curves for PLA and PLA/CoFe;O4 (1, 5, 10 wt.%) samples; Video S1: Shape recovery
in HFAMF in the presence of mouse small intestine; Figure S5: Demonstration of SME in small
intestine; Figure S6: Mesenchymal stem cells (*) at bottom of plate well and on surface of PLA sample;
Figure S7: Mesenchymal stem cells (*) at bottom of plate well and on surface of PLA sample + 1%
cobalt ferrite NPs.
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