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Abstract
The aim of this study is to prove the feasibility of a system able to apply local
mechanical loading on cells for tissue engineering applications. This experimental
study is based on a previously developed artificial cartilage model with different
concentrations of Poly(Vinyl Alcohol), PVA, that simulates the cartilage extracellular
matrix, ECM. Poly(L-lactic Acid), PLLA, microspheres with dispersed magnetic
nanoparticles, MNP, were produced with an emulsion method. These microspheres
were embedded in aqueous PVA solutions with varying concentration to resemble
increased viscosity of growing tissue during regeneration. The ability to induce a local
deformation in the ECM was assessed by applying a steady or an oscillatory
magnetic field gradient to different PVA solutions. PLLA microparticle motion was
recorded, and the images were analyzed. Besides, PVA gels and PLLA
microparticles were introduced into the pores of a Polycaprolactone scaffold, and the
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microparticle distribution and the mechanical properties of the construct were
evaluated. The results of this experimental model show that the dispersion of PLLA
microparticles containing MNPs, together with cells in a supporting gel will allow
applying local mechanical stimuli to cells during tissue regeneration. This local
stimulation can have a positive effect on the differentiation of seeded cells and
improve tissue regeneration.

Key words: Magnetic nanoparticles, Microparticles, Polycaprolactone, Poly(lactic
acid), Poly (Vinyl Alcohol), Local stimulation of cells.

1.

Introduction

Articular cartilage is a tissue with relatively few cells embedded in a dense extra
cellular matrix mainly composed of collagen type II and proteoglycans.7,29 The
interactions between cells and matrix are controlled by signal factors and a complex
flow and force controlled system. The physical stimuli and the cell response is a
multiform feedback system that has been studied at a molecular, cellular and higher
tissue level.9,28,2,1 A major component in the ECM of articular cartilage are the
negatively charged glucosoaminoglycans. These fixed charge densities give the
tissue electromechanical properties. The flow of free electrolytes through the medium
containing fixed charges creates physicochemical responses and charge-dependent
osmotic swelling pressure. Upon external mechanical loading, electric potentials are
developed with the chondrocytes being exposed to these electrochemical events.
This signal transduction mechanism is directly dependent on the external mechanical
loading of the joint.23,24 The chondrocytes respond to the mechanical stimuli by
multiple regulatory pathways, with consequences on transcription, translation and
post-translational modifications that further control extra cellular matrix production
and function.4,34 Integrins, growth factor receptors, cytoskeletal filaments, nuclei,
stretch-activated ion channels and cartilage ECM proteins are just some of the
signaling molecules that contribute to biosynthesis, remodeling, or repair of the tissue
as mechanotransduction response to mechanical loading.14,15

Tissue Engineering is an integrative area of biotechnology and engineering that
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focuses on restoring or improving tissue function with cells and materials.13 Today’s
tissue engineering strategies apply natural or synthetic materials with or without a
previously seeded cell source to regenerate damaged tissue. A major challenge in
cartilage engineering is to design structures that transmit adequate mechanical
signals to cells in the scaffolds, as well as diminishing the difference in compression
forces from surrounding tissue.13

Beyond the physiological compression subjected to the joint, the ability for external
control of specific cellular components in vivo is a highly interesting research area
that can lead to tools for manipulating cell growth and tissue differentiation. Magnetic
actuation on cellular behavior has been investigated,5 and magnetic micro- and
nanoparticles have gained interest for their ability for remote control of cellular
behavior,32,33 e.g. magnetic tweezers attached to integrin receptors on a cell
surface.38 By applying a rotating magnetic field, the particles can twist and hence the
force required to twist the particles is related to the mechanical properties of the
cytoskeleton. Magnetic tweezers have also been used to activate mechanosensitive
ion channels to study and control the production of specific proteins.27,3 The cellular
effect of osteoblasts and fibroblasts in magnetic polymer nanofibers has been
studied, and it was observed that the cells that aligned to the applied magnetic field
showed increased cell proliferation.21

In this study we have embedded magnetic nanoparticles in Poly(L-lactic acid), PLLA,
microparticles produced via the emulsion method. The microparticles loaded with
nanoparticles have been introduced in different Poly(vinyl alcohol), PVA, aqueous
solutions. In previous studies, we have shown that it is possible to tailor the
mechanical properties of Polycaprolactone, PCL, scaffolds filled with PVA, by
applying cycles of freezing and thawing, and reach mechanical modulus of articular
cartilage.35,36,37 Several authors refer to PVA gels as cartilage scaffolds or tissue
substitutes.20,10 This study aims at experimentally studying the movement of the
PLLA microparticles embedded in different medium densities that resemble the
growing ECM. Then an external magnetic field has been applied to the nanoparticles
in water and aqueous solutions with varying PVA concentrations. Furthermore, the
nanoparticle loaded PLLA microspheres in PVA hydrogel have been injected into
porous PCL, scaffolds. We further explore our previously developed artificial cartilage
3

model, applying it on scaffolds loaded with PLLA microspheres with embedded MNP.
The physicochemical properties such as the mechanical properties and morphology
of the PCL/PVA with PLLA/MNP spheres have been characterized.

2. Materials and Methods
2.1 Materials
Polycaprolactone, average molecular weight 80 kDa (Mw/Mn < 2), was obtained from
Sigma Aldrich (Spain). Microspheres of Elvacite 2043, a mixture of low molecular
weight Poly(ethyl methacrylate), and Poly(methyl methacrylate), PEMA/PMMA, with
diameters ranging from 120 to 200 µm were purchased from Lucite International
(USA). 1.4 Dioxane (Sigma Aldrich, Spain) was used as solvent for PCL, and
ethanol, EtOH, (99% pure Scharlab, Spain) was used to dissolve the dioxane and
PEMA/PMMA porogen particles in the freeze extraction and particle leaching
process. Poly(Vinyl alcohol), average Mw 130 kDa, 99+% hydrolyzed was purchased
from Sigma Aldrich (Spain) and used in hydrogel preparation and as aqueous phase
in the oil/water emulsion method for microparticle synthesis. Poly(L-lactic acid),
PLLA, (Purasorb PL-18 medical grade, PURAC) with average molecular weight 217250 kDa was used for microparticle fabrication. Chloroform, ACS reagent grade,
stabilized with ethanol (99.8%), and tetrahydrofuran, THF, ACS reagent grade,
99.8% were purchased from Sigma Aldrich (Spain) and used as solvent for PLLA.
THF, GPC grade from Sharlau, was used as eluent for molecular weight
determination. Superparamagnetic hydrophobic magnetic nanoparticles, MNP, (EMG
1300) were purchased from Ferrotec Ferrofluid as dry powder. All the chemicals
were used as received and with no further modification.

2.2 Microparticle synthesis
MNPs were dispersed in a 2% w/v PLLA solution in chloroform with a concentration
of 5% w/w MNP to PLLA (hereafter called PLLA/MNP dispersion). All the procedure
was conducted under a methacrylate hermetic box to assure no MNP escape by air.
PLLA/MNP microparticles were fabricated via an oil/water emulsion method. The
oleic phase consisted of 2% w/v PLLA/MNP dispersion in chloroform and the
aqueous phase of 4% w/v Poly(Vinyl alcohol) solution. Briefly: 20 mL of PLLA/MNP
4

dispersion was added drop wise via a syringe pump into 200 mL of PVA solution at
constant stirring at 750 rpm with 1 mL/min pump rate. 150 mL of deionized water was
added to assist with solvent evaporation, and the mixture was stirred for 24 hours.
After stirring, the resulting microparticle dispersion was washed twice with water,
filtered with ethanol through a 50 µm filter, air-dried and vacuum dried prior to
microparticle collection.
In order to improve their hydrophilicity, the microparticles were subjected to plasma
treatment inside a Piccolo (Plasma Electronic) Microwave plasma chamber. The
plasma treatment parameters were: Argon gas, 50 Pa initial gas pressure, with a gas
flow rate of 160 sccm Ar, for 600 seconds. Treatment times from 60 to 600 seconds
were previously assayed to assess the limit tolerable by the microparticles, and no
alteration was seen at any point throughout this range. PLLA microparticles without
MNP were prepared following the same protocol.

2.3 Scaffold preparation
15% w/w and 20% w/w PCL solutions in 1.4 dioxane were prepared by continuous
stirring for 24 hours until transparent and homogeneous solutions were obtained.
Scaffolds with a double micro and macro porosity were fabricated according to
previous studies.19,31,35,37 Briefly: PCL solution was mixed with PEMA/PMMA
microspheres in a weight ratio of 1:1.25. The mixture was immediately frozen with
liquid nitrogen. After approximately one minute, the frozen polymer was immersed in
precooled EtOH and kept at -20°C for three days with daily solvent changes. To
remove the PEMA/PMMA spheres the scaffolds were washed in EtOH at 40°C for 8
days, changing the EtOH twice every day until no traces of PEMA/PMMA
microspheres were seen. The scaffolds were cut with circular stamps and surgical
scalpels 5 mm in diameter and 2 mm high.

2.4. Scaffold/hydrogel constructs
The scaffold/hydrogel constructs were obtained as described previously.35,36,37,26
Briefly: a 10% w/v aqueous solution of PVA was prepared by stirring at 80°C for 2
hours and left to cool to room temperature. The viscous solution was then poured
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into a 48 multi-well cell culture plate. Pure PVA hydrogels were obtained by freezing
the solution at -20°C for 12 hours and then thawed back to room temperature for 8
hours. Water immersion of the hydrophobic PCL scaffolds was carried out by
changing the solvent from EtOH to water. To make sure that all the pores were filled
with water, the scaffolds were put in water and subjected to continuous vacuum
extraction. The plasma treated PLLA microparticles were dispersed in PVA solution
at 50ºC and homogenized by sonication. PVA solution filled with PLLA microparticles
was then introduced into water immersed PCL scaffolds by vacuum injection and the
scaffolds were subjected to a number of successive freezing and thawing cycles as
described for pure PVA hydrogels. All samples were left in water 24 hours before
mechanical testing.
The porosity of the scaffolds was obtained by dividing the volume of pores (Vpores) by
total sample volume (Vtotal), with the sum of scaffold volume (Vscaffold) and pore
volume being in accordance with equation 1. The volume of pores was calculated by
scaffold mass filled with PVA (mwithPVA), subtracting the dry scaffold mass (mdry), and
divided by the PVA solution density (ρPVAsolution), according to equation 2. PVA
solution density was estimated from a 10% PVA aqueous solution with a pure PVA
density of 1.30 g/cm 3.11 The scaffold volume was calculated by dividing the dry
scaffold mass by PCL density (ρPCL), equation 3. PCL density is 1.146 g/cm 3.17
Porosity was calculated for 6 replicates of PCL scaffold filled with PVA solution and
caution was taken to eliminate any excess PVA on the scaffold surface.
Porosity 

V pores 

V pores
Vtotal



V pores
Vscaffold  V pores

mwithPVA  mdry

 PVAsolution

Vscaffold 

mdry

 PCL

(1)

(2)
(3)

2.5. Differential Scanning Calorimetry
DSC heating scans (PYRIS-DSC 8000, Perkin Elmer) were conducted to measure
PLLA microparticle crystallinity and the effect of nanoparticle dispersion and plasma
treatment of the microparticles. The scans were run between 0ºC to 200ºC at a
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heating rate of 20ºC/min, and from 200ºC to 0ºC at a cooling rate of 40ºC/min. The
specific melting enthalpy, Δhm, value used for fully crystalline PLLA was 93.7 J/g.22

2.6. Scanning and Field Emission Electron Microscopy
Morphology of water immersed PCL scaffolds filled with PVA hydrogel and
PLLA/MNP microparticles, and the pure PVA hydrogel loaded with PLLA/MNP
microparticles, subjected to 6 cycles of freezing and thawing, was observed in a
cryogenic scanning electron microscope (cryo-SEM) JSM-6300 (JEOL Ltd., Tokyo,
Japan). Water immersed samples were rapidly frozen in liquid nitrogen, and fractured
in the cryo-transfer system vacuum chamber. After water sublimation at -90ºC, the
sample was coated with gold in the same chamber, directly moved into the SEM
column and examined.
Dry PLLA/MPN microparticles were observed in a Field Emission Scanning Electron
Microscope, FESEM, device (Zeiss Auriga Compact). Images were taken at 2-5 kV
with platinum coating for image contrast enhancement. For observation of
nanoparticle dispersion inside the microparticles a PLLA/MPN microparticle was
cross-sectioned by using a Focused Ion Beam, FIB, device. The FIB operates with a
focused beam of Gallium ions at low beam currents for imaging and high beam
currents for site specific sputtering, which allows precision milling of the sample to
nanoscale. After sectioning, the particle was covered with carbon and observed in
the FESEM attached to the FIB equipment.

2.7. Mechanical testing
The PCL scaffolds filled with PVA with and without PLLA microparticles were
subjected to compression in a Microtest Universal Machine SCM 3000 95 with a
custom made device that allows conducting the experiment in water-immersed
conditions. The experiment was performed to 15% of strain with 1 mm/min
compression rate to simulate physiological conditions.6 The elastic modulus was
calculated from the linear zone of the obtained stress-strain curve.
2.8. Gel Permeation Chromatography (GPC)
In order to ascertain the effect of the plasma treatment on the molecular weight of the
polymer chains, a Gel Permeation Chromatography assay was conducted. Samples
7

of microparticles with and without exposure to argon plasma were dissolved in THF
at a concentration of 2 mg/mL, and injected in a Waters HPLC/GPC device,
composed of: Waters 1525 Binary Pump, Waters 2707 Autosampler, four serial
Styragel HR columns, dimensions 7.8 x 300 mm, and Waters 2414 Refractive Index
Measurer. For each sample, two 20 µL injection volume were run for excluding any
disturbance during the measurement. THF was used as eluent at a flow rate of 1
mL/min at 35

0

C.

Polystyrene standards from Shodex (Showa Denko K.K.,

Kawasaki, Japan) were used to obtain a primary calibration curve. The values of the
Mark-Houwink constants for PS (k1= 0.000114 dL/g, α1= 0.716) and PLLA (k2=
0.000545 dL/g, α2=0.73)8 were utilized to determine the molecular weight of the
samples, M2, by the Mark-Houwink equation (equation 4).
k1 M 111  k 2 M 21 2

(4)

2.9. Magnetic Drag
To imitate an in vivo situation and local mechanical stimulation of cells, a magnetic
field was applied to different PVA solutions, representing growing ECM inside the
scaffolds’ pores. To imitate ECM production from cell ingrowth to cell differentiation,
different concentrations of the PVA solution were tested. Water represents the initial
state of cell invasion, and the lower concentrations of PVA act for ECM production
and cell differentiation. PVA solution with PLLA/MNPs was placed in a 30 mm gap
between two electromagnets. The electromagnets had nuclei composed of iron
(relative permeability 860), 55 mm length and cross sectional area 18x18 mm 2,
wrapped 500 times with copper wire. A circuit was designed to feed both
electromagnets with two sinusoidal signals of 1 Hz and phase lag  rad. The current
intensity oscillated between 0 and 2.5 A. The power supply was a NochstromNetzgerät 521 55 with power 240 W and maximum intensity of 20 A. Control drivers
were fed with a symmetrical FAC-3638. Experimental setup was mounted onto the
stage of a Nikon Eclipse TE100 microscope, by using a 10x Nikon lens with a final
optical gain of 100x. The microscope was connected to a digital video camera
(Mikrotron EoSens_CL_MC1362) that records images with a matrix size of
1280×1024 pixels, and a rate of 100 frames per second. The registered images were
sent to a computer running MS Windows 7, through a x64xCelera-CLFull board,
inserted in a PCI Expressx4 slot of the computer. Movement of PLLA/MNPs was
8

followed by means of algorithms developed by our group based on image threshold
techniques. All image processing was carried out using MATLAB R2010a (the
MathWorks, Inc., Natick, MA).
2.10 Viscosity measurement
A Schott-Ubbelohde Size IV Capillary Viscometer was used to measure the viscosity
of different PVA concentrations. Briefly: the viscometer was kept at 25ºC by a water
bath covering the pre-run sphere to ensure temperature homogeneity across the
glass tubing. The liquid reservoir was filled with PVA solutions from 1/100 to 10/100
PVA/water mass ratio. Values were converted into w/w percentages for ease of
comparison of the results. Sample preparation was performed as described in the
manufacturer’s instructions provided with the device, with falling time defined as the
time needed for the sample to run through two reference marks provided in the
viscometer. Falling time was then converted to viscosity, expressed in cP, by
conversion η=t×K, where K is an experimentally determined constant provided by the
manufacturer whose value was 9.917 cP.

3. Results and Discussion

3.1. PLLA/MNP microparticle characterization

The morphology of PLLA microparticles with embedded MNP was observed by
FESEM, as seen in Figure 1. The particle diameter is observed to be between 5 and
50 μm. Interestingly, the PLLA microspheres without encapsulated MNP show a very
smooth surface (inset in Figure 1), whereas the surface of PLLA/MNP microspheres
appears rough. To determine if this change in surface topography could be ascribed
to the accumulation of MNPs at the surface, the cross-section of the microspheres
was observed by using a Focused Ion Beam, FIB, equipment that cuts the
micrparticles inside the FESEM. Figure 2a shows one of the PLLA/MNPs after FIB
cut, while Figure 2b shows a cross-section view. MNPs with diameters in the range of
10 to 30 nm appear well dispersed through a PLLA matrix. In the synthesis of
PLLA/MNP microspheres, the first stage was the suspension of MNPs in PLLA
solution in chloroform under continuous stirring. Interestingly enough this dispersion
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is maintained during formation of microparticles in the water-oil emulsion. Thus, it
seems that the surface roughness is not a consequence of nanoparticle
agglomeration. It should be ascribed to a change in PLLA crystallinity as will be
shown below using DSC.
[Figure 1]
[Figure 2]

Differential scanning calorimetry scans were conducted before and after argon
plasma treatment (Figure 3). The thermogram of PLLA microspheres without MNPs
corresponds to an amorphous polymer. The glass transition appears around 60ºC
accompanied by a large overshoot due to physical ageing. After the glass transition,
when the PLLA chains acquire enough mobility, crystallization takes place in two
steps shown in the thermogram by two exothermal peaks, one of them between 70ºC
and 120ºC and the other one in the range between 150ºC and 165ºC, followed by
melting. This behavior in amorphous PLLA has been described previously by
others.16 The total area calculated in the thermogram using a straight baseline
between 70ºC and 195ºC is nearly zero, showing that the sample at the start of the
scan was amorphous. The scan recorded in PLLA/MNPs is quite different, the
exothermals are not shown, so the melting peak is due to crystals already present in
the sample at the beginning of the scan. Crystallinity values are listed in Table 1,
showing that argon plasma treatments had no significant influence on crystallinity.
The increased crystallinity of the MNP-loaded samples might be attributed to a
nucleation effect: the nanoparticles, which were crystalline in nature, could act as
nuclei for the formation of further crystals, thus speeding up the limiting phase of the
crystallization process, which occurred during solvent evaporation in the emulsion.

[Figure 3]

A second heating scan was recorded after cooling the sample from the melt. In these
measurements PLLA crystallization could take place from the melt during cooling. It
is well known that PLLA crystallization is quite slow and cooling, even at moderate
cooling rates, yields an amorphous polymer.12,39,30 It is worth noting that the
nucleation effect of MNPs is not shown in the second heating scans (the second
scans of the PLLA and PLLA/MNPs are similar to each other). This means that
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MNPs act as nucleation points during crystallization from solution but not during
crystallization from the melt.
[Table 1]
The PLLA glass transition temperature (Tg) and heat capacity jump at T g, ∆cp, show
no variation with plasma treatment. However, in the first heating scan, particles
without MNP displayed both higher ∆cp and Tg; this is accrued to a higher amount of
amorphous phase. Nevertheless, in the second heating scan the glass transition
occurs at the same temperature and with similar peak profiles. This behavior is
concordant with the initial crystallinity: The MNP-loaded samples had lower amounts
of glass phase, which is responsible for the glass transition.

A Gel Permeation Chromatography assay was carried out for the PLLA
microparticles with and without previous argon gas treatment. The inset in the Figure
3 shows the molecular weight distribution of one sample, representative of both
treated and non-treated argon plasma. The molecular weight of all samples is in the
range of 230-260 kDa, which broadly corresponds to manufacturer’s data. The
chromatograms of samples subjected or not to plasma treatment completely
superpose. No sign of chain cleavage due to plasma interaction was found.

3.2. Assessment of PLLA/MNP motion in viscous media

Figure 4 shows that the viscosity of the PVA solutions increases exponentially with
the polymer concentration. Intrinsic viscosity was extrapolated at point 0, resulting in
a value of 3.57 dL/g.
[Figure 4]
Testing of the deformation induced in the neighborhood of the particle due to
magnetic field was performed on different concentrations of PVA solution containing
PLLA/MNPs. To represent the different phases of ECM production, water and
different concentrations of the PVA solution were tested. Samples were placed
between two electromagnets where the applied magnetic flux density was in the
range of 20-50 mT, depending on the current intensity (see Figure 5).
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[Figure 5]

The magnetic force acting on a magnetic dipole

can be written as:
(5)

where

is the magnetic flux density and

the nabla operator. As the

microparticles were immersed in a fluid, the hydrodynamic drag force, FD, exerted on
spherical objects with very small Reynolds number (very small particles) in a viscous
fluid, obeys the Stokes' law:
(6)
where  is the fluid viscosity, R the radius of the spherical particle in motion, and v its
velocity. Solving the equation of forces, a limit velocity is obtained (when both forces
are equal).
This velocity limit has been experimentally measured, for different configurations,
placing the samples between the north south electromagnet poles on a microscope
stage. Imagery was recorded and analyzed by algorithms based on image threshold
techniques.25 A high contrast was found between the PLLA/MNP microparticles and
the fluid resulting in a low computation power. Tracking was done on the centroid of
the area, bordering the perimeter of the microparticle. This technique is robust,
providing the centroid position with subpixel accuracy. The recording started with no
magnetic field applied, to be able to detect the fluid motion and, once the magnetic
field was applied, to determine the particle velocity with respect to the surrounding
fluid. Results of the terminal velocity are shown in Table 2. In all cases terminal
velocity is reached very quickly, as could be deduced from the linearity of the position
respect to the time. A linear dependence of the terminal velocity on the viscosity was
observed. When the PLLA/MNPs where placed in the most viscous fluid, PVA-4%,
the motion was very slow and higher intensity (hence higher magnetic force) was
required.
An estimation of the applied force acting on the microparticles was obtained from the
results of the terminal velocity by applying Eq. 6. Results are shown in Table 2.

[Table 2]

12

An oscillating motion of the PLLA/MNPs was produced by applying an alternating
current to the electromagnets. This generated a gradient of the magnetic field in the
gap that changed direction periodically and, therefore, according to equation 5 an
oscillating force was acting on the particles producing an oscillating motion. Again,
the oscillating motion was recorded and, following the same procedure, the maximum
displacement was obtained (twice the amplitude of the oscillating motion). The
dependence of the amplitude on viscosity is what one could expect from the theory
when both PVA hydrogels were compared. PLLA/MNPs in water form aggregates
and no single particle could be selected; the diameter indicated in Table 2 is the
approximate size. One of the recorded videos, which corresponds to PVA 2%, can be
seen in the following link: http://politube.upv.es/play.php?vid=66942.

VIDEO

3.3. Scaffold /hydrogel construct

In Figure 6a the PLLA microparticles embedded in the PVA hydrogel after 6 cycles of
freezing and thawing, and both inside the pores of the PLLA scaffold can be seen.
Microparticles are well dispersed in the gel. Figure 6b corresponds to the same
sample observed at higher magnification. As seen in the picture, the gel completely
fills the scaffold pores and the microparticles effectively entered the scaffold and are
distributed in the PVA hydrogel. Effectiveness of the PVA filling of the pores of the
PCL scaffold was quantified based on mass, density and volume of the samples, as
explained in the experimental section (Equations 1, 2 and 3).
Porosity calculations give a value close to 0, confirming complete filling of the pores
of the scaffold, in accordance with SEM observation.

[Figure 6]

Unconfined compression tests of the PCL scaffolds filled with PVA hydrogel with and
without PLLA microspheres, and after 6 cycles of freezing and thawing, were
performed to evaluate the mechanical influence of the microspheres. Figure 7a
shows the stress-strain representation from the compression test of the 15% and
20% PCL scaffolds with PVA hydrogel with and without microparticles. Figure 7b
13

shows the elastic modulus calculated from the linear zone of the stress-strain
representation for the different samples. The elastic modulus increases with
increasing PCL content in the PCL/dioxane solution prepared for scaffold
manufacturing, which is in accordance with previous studies.37 When introducing the
PLLA microspheres in the PVA hydrogel, it can be seen that the modulus does not
increase, compared to the samples without polymer microspheres. This indicates that
the microparticles do not impede water passage through the PVA hydrogel which
could be a cause of mechanical modulus increase, as observed in other studies by
the group.35,37
[Figure 7]

4. Conclusions
PLLA microspheres containing magnetic nanoparticles with diameters between 10
and 30 nm have been produced. The emulsion process starting with a good
dispersion of nanoparticles in the PLLA solution in chloroform maintained
homogeneity of MNP distribution without clustering. MNPs acted as a nucleating
agent for PLLA during crystallization from the chloroform solution during
microspheres formation but the same effect was not observed when PLLA containing
MNPs crystallized from the melt. PLLA crystallization made the surface of the
microspheres to become rough due to the presence of PLLA spherulites. The
application of a magnetic field to PLLA/MNP microspheres produced their
displacement in a more or less viscous solution, thus inducing a deformation field in
the dispersion media. The size of the PLLA/MNP microspheres enabled introducing
them into the pores of a macroporous scaffold aimed at tissue engineering. This
study shows that the microspheres could eventually be introduced into scaffolds
together with a cell suspension in order to mechanically stimulate the cells during
regeneration.
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Tables
Table 1
Table 1. The Tg and crystallinity (%) for PLLA microspheres, according to type of
plasma treatment and microparticles load. All values for the second scans equaled
zero or negative crystallinity values.

Load

5%
MNP

No
MNP

Plasma
cycles

Tg (ºC)

Tg (ºC)

fist scan

second
scan

∆cp (J/(g· ºC)
at Tg

∆cp (J/(g·
ºC) at Tg

Initial crystallinity
(%)

(first scan)

(second
scan)

(first scan)

0

57.4±0.5

0.14±0.05

33.8±4.2

1

56.4±0.1 55.1±1.8

0.16±0.02

2

58.1±1.3

0.15±0.06

34.2±7.0

0

60.1±1.3

0.54±0.03

-

1

60.9±0.4 55.1±0.5

0.53±0.09

2

60.1±0.4

0.48±0.00

0.41±0.02

0.44±0.03

35.7±3.3

-
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Table 2
Table 2: Experimental parameters and results of terminal velocity and maximum
displacement when magnetic forces are applied on PLLA/MNPs immersed in a fluid.
*Particles tend to form agglomerates when they are dispersed in a low viscosity fluid,
even with plasma treatment.

Terminal velocity

Fluid

Viscosity
(Pa·s)

Current
(A)

10-3
14·10-3

Electro
magnet
configuration
N-S
N-S

Water
PVA 2%
PVA 4%

Terminal
velocity
(µm/s)
188±1
6.4 ±0.02

Force
(pN)

1
1

Particle
size
(µm)
38±3
32±3

56·10-3

N-S

2.8

15±3

0.38 ±0.002

3.1±0.6

67±6
27±3

Oscillating motion

Fluid

Viscosity
(Pa·s)
10-3

Water
PVA 2%

14·10-3

PVA_4%

56·10-3

Electro
Current
Particle size
Maximum
magnet
(A)
(µm)
displacement
configuration Frequency
(Hz)
N-N
4A
particles
455±5
*
1 Hz
agglomerates
N-N
4A
15±3
0.32 ±0.05
1 Hz
N-N
4A
14±3
0.08±0.01
1 Hz
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Figures

Figure 1

Figure 1. The morphology of PLLA microparticles filled with MNP (PLLA/MNP)
observed in FESEM. Scale bar 10 μm. The inset shows PLLA microparticles without
MNP. Dimension bar in the inset picture is 20 μm. The particles were observed after
plasma treatment.
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Figure 2
a)

b)

Figure 2. (a) A PLLA/MNP microparticle observed in the FESEM microscope after
FIB cutting to observe the internal structure. A very small particle in comparison to
24

the mean was chosen for easy cutting. Scale bar 1 μm. (b) The MNPs are seen
inside the matrix of the PLLA sphere. Scale bar 100 nm. The particle was observed
without plasma treatment.

Figure 3

Figure 3. First DSC heating scan for the PLLA microspheres with 5% MNP (blue line)
and without MNP (green line), both samples without plasma treatment. The inset
shows the GPC results of the PLLA microspheres. A single curve was portrayed as
there was a total overlap between the different curves with and without plasma
treatment.
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Figure 4

Figure 4. Viscosity of PVA solutions according to the viscosity (cP) measured by
falling time, plotted against PVA concentration. The figure also shows the logarithmic
relation between viscosity and polymer concentration.

Figure 5

Figure 5. Experimental setup. Water or PVA solution was placed in a Petri dish
between two electromagnets. The magnetic flux density in the gap depends on the
current intensity.
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Figure 6

Figure 6. (a) SEM pictures of the PLLA microparticles embedded in the PCL scaffold
filled with PVA hydrogel after 6 cycles of freezing and thawing. Scale bar 100 μm. (b)
Magnification of the previous image 6a). Scale bar 30 μm.
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Figure 7
a)
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b)

Figure 7. (a) The stress-strain graph from the unconfined compression tests of the 15
and 20% PCL scaffolds filled with PVA hydrogel with and without PLLA
microparticles. (b) The apparent elastic modulus calculated in the linear zone of the
stress-strain curve for the scaffolds.
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