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An elastin-like recombinamer (ELR) containing the RGD cell adhesion domain was used to fabricate
microparticles by an innovative and affordable process based on the use of superhydrophobic surfaces.
Two microparticles types with different crosslinking extents were prepared. The biological response
was tested using an osteoblast-like cell line (SaOs-2) performing proliferation and alkaline phosphatase
(ALP) quantification tests, as well as assessing cytotoxicity, morphology and cell distribution on the
particles. The main goal of the work was the assessment of the in vitro formation of cell-induced
microparticle aggregates that could provide indications for the possible formation of an in situ-forming
scaffold upon implantation. ELR microparticles have been successfully obtained by deposition of

a polymeric solution on bioinspired polystyrene superhydrophobic surfaces and two different
crosslinking extents were achieved by controlling the time of exposure to the crosslinker. The
crosslinking extent affected swelling behavior and the dynamic mechanical properties of the particles.
SaOs-2 morphology, ALP expression, spatial distribution and ability to bind the microparticles
together were dependent on the physicochemical properties of the microparticles: the more crosslinked
condition was the most favorable for cell proliferation and to form a cell-induced aggregation scaffold,
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making these particles suitable to be applied in bone tissue engineering.

Introduction

Tissue engineering (TE) is a field that applies the principles of
biology and engineering to the development of functional
substitutes for damaged tissues.! Many of the currently proposed
TE strategies are based on the use of hydrogels and porous
scaffolds as supports for cell attachment and proliferation.? The
use of microparticles in the field of TE has led to several appli-
cations such as cell expansion,? release of soluble factors** and
enhancement of controlled delivery systems properties.® Most
recently, microparticles have been proposed for cell induced
aggregation as injectable systems,®?® organ printing>2° and
mesoscale self-assembly,**3? which arose as alternatives to
traditional three-dimensional porous scaffolds and hydrogels.
Cell induced aggregation of microparticles is an interesting TE
approach since it combines solid structures for cell attachment
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with injectability, allowing for the implantation of cells and
biomaterials using minimally invasive procedures. Particles can
also be used for cell delivery, in the case of previous in vitro cell
seeding, and eventually allow for the incorporation and
controlled release of bioactive agents, such as growth factors.
Injectable microparticles have already been proposed for the
regeneration of cartilage,’”?® dermal,’® hepatic,'® adipose'® and
bone'®! tissues.

Depending on the processing methods used for the production
of the particles, several conditions such as size and its distribu-
tion range, shape, density, mechanical properties, porosity,
among others can be controlled. The most commonly used
processing technique for the production of particles is emulsifi-
cation,®® which allows for the fast obtaining of particles.
However, low control of the particles final shape (e.g. due to the
application of mechanical forces by stirring), wide size distribu-
tion and particle aggregation are usual problems of this tech-
nique. This method can also compromise the -effective
biomolecule encapsulation in the particles due to release of the
content in the matrix to the bath where the particles are prepared.

A new processing methodology will be used in this work to
process particles based on the use of superhydrophobic (SH)
surfaces. These surfaces are characterized by a water contact
angle higher than 150°, usually with low hysteresis (lower than
10°).3*3% They have already been proposed for biomedical
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applications such as selective cell adhesion control,*® open
microfluidic devices®” or substrates for high-throughput anal-
ysis.*® In this work, polystyrene (PS) surfaces®” are proposed as
part of an innovative method based on the deposition of liquid
precursors as spherical droplets in SH surfaces to prepare
hydrogel polymeric particles, inspired by water rolling on the
lotus leaf, involving basically liquid—air interfaces, as proposed
by Song et al.*®

Several materials, ranging from natural (e.g. gelatin,* chito-
san?! and collagen??) to synthetic origin (e.g. PLGA?), as well as
hybrids®® and composites,'® have been used for the production of
microparticles to be used as injectable systems. Elastin-like
recombinamers (ELRs) are genetically engineered polymers*
firstly designed and analyzed by Urry.**** They contain natural
elastin aminoacidic domains and are well known for their
responsive behavior to several stimuli, namely temperature, in
aqueous solution. This temperature-responsive nature has been
used in the methodologies employed for the bioproduction and
purification of these materials using cycles of dissolution and
precipitation by changing the temperature.** The possibility of
tailoring their sequence and incorporating bioactive domains has
been of major interest.***” The recombinant nature of such
polymers enables the introduction of peptide sequences through
genetic engineering to extend their properties, such as RGD
(Arg-Gly-Asp) to improve cell adhesion behavior.*® These
materials have also shown remarkable biocompatibility and
mechanical properties similar to natural elastin.* Three-dimen-
sional porous matrices of REVD-containing polymers have been
developed for general TE applications,* as well as hydrogels for
the encapsulation of chondrocytes®' and adipose-derived stem
cells.*> The crosslinking of ELR matrices has been achieved by v-
irradiation, enzymatic crosslinking®' and chemical crosslinking
with, e.g. hexamethylene diisocyanate (HDI).*® For bone TE
strategies, Barbosa et al>* have proposed the use of an osteo-
conductive ELR combined with a chitosan-based injectable
formulation. To our knowledge, ELR microparticles combined
with cells were never proposed as injectable systems for TE. Cell
behavior has proven to be dependent on characteristics of the
substrate. For example, pre-commitment for differentiation of
stem cells to specific lineages is dependent on the matrix elas-
ticity.>®> More specifically, Chatterjee et al®® proved that the
production of mineralized extracellular matrix (ECM) of an pre-
osteoblast cell line is dependent on the substrate stiffness using
a poly(ethylene glycol) (PEG) hydrogel with an array of
mechanical properties. In this work, RGD-containing ELR
injectable microparticles with distinct stiffness were prepared by
varying the crosslinking extent. The aggregation capability and
the biological performance of such particles were tested using an
osteoblast-like cell line.

Results and discussion

The ELR used herein, H-RGD6, was designed in order to obtain
enhanced cell adhesion by the incorporation of the widely used
RGD bioactive domain in its structure (Fig. 1). In two-dimen-
sional conditions, H-RGD6 promotes higher SaOs-2 adhesion
and proliferative behavior compared to an analogous ELR
without the RGD domain.*®* Moreover, this polymer has 24
lysines in its structure which allow for crosslinking through the
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Fig. 1 Schematic representation of an H-RGD6 chain, highlighting the
aminoacidic primary structure.

amine groups. The polymer used herein has been previously
characterized by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), matrix-assisted laser desorption/
ionization-time of flight mass spectroscopy (MALDI-TOF) and
peptide sequencing tests.*® H-RGD®6 particles were obtained by
an innovative method based on the SH properties of modified
polystyrene (PS) by dropping polymeric solution onto these
surfaces (see Experimental section). PS was cut from commercial
plastic Petri dishes, which increased the affordability and easi-
ness of the method. The modified PS surfaces showed a water
contact angle of 153.2 + 4.1°, against the 83.6 + 3.2° of the
unmodified PS.

In order to obtain different crosslinking conditions, micro-
particles were crosslinked with the homobifunctional crosslinker
hexamethylene diisocyanate (HDI), which forms covalent links
with g-amines of the polymer lysines.®® HDI is of particular
interest for this application since it avoids undesirable specific
reactions with possible reactive amino acids such as arginine (R)
or aspartic acid (D) involved in cell-adhesion.*” Distinct particles
were prepared by different times of exposure to the crosslinker.
Free amines quantification using trypan blue’s ability to bind to
free amines was performed in order to assess the number of
amines covalently linked to HDI during each crosslinking time.
The absorbance of dissolved (non-crosslinked) known amounts
of polymer was used to build a calibration curve in order to
iterate the number of free e-amine groups corresponding to the
measured absorbance of samples using crosslinked polymer.
Particles of the condition R1 showed a crosslinking degree of
approximately 22% which is, as expected, lower than the R2
condition particles, with a crosslinking extent of 60%, as
observed in Table 1.

Spherical particles obtained with a controlled volume of 2 pL,
showed a diameter of 1.3 £ 0.1 mm and 1.1 £ 0.1 mm for R1 and
R2 crosslinking conditions, respectively. This method for the
preparation of the particles allowed to obtain a controlled size
distribution of the particles and avoided the exposure of the
particles to stirring forces during processing, which usually
happens in emulsion and gelation techniques.** The production
of smaller particles was achieved by repeated contact of a pipette
tip with the SH surface, while the polymer was manually
extruded. This envisaged the formation of smaller particles,
which resulted, as expected, in a wider size distribution,
compared to the controlled volume particles. R1 particles

Table 1 Crosslinking degree of the polymer for each crosslinking
condition

RO
Crosslinking condition (soluble polymer) RI1 R2
Free lysine amines/H-RGD6 chain 24 ~19 ~10
Crosslinking degree (%) — 22 60
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showed an average diameter of 904 + 140 um, while R2 condi-
tion showed an average diameter of 810 £+ 123 um. The distri-
bution of sizes of R1 particles was wider comparing to R2, which
values were concentrated in a 500 pm to 900 pm range. Smaller
particles could be produced by dispensing smaller liquid droplets
onto the SH substrate using, for example, a jet sprayer. Elec-
trospraying and electrojetting would particularly be interesting
techniques to apply for the production of particles using SH
surfaces, since the correct optimization of parameters of these
techniques allows for narrow size distributions and for the scale-
up of the production of particles.>®

The variation in time of the swelling of the particles obtained
with the two crosslinking conditions was evaluated. Due to the
longer crosslinking time, which represents a higher number of
covalently bonded amine groups and a decrease in chain length
between crosslinking points, R2 particles were expected to have
a lower swelling rate than R1 particles. In Fig. 2 it can be seen
that R1 shows an equilibrium swelling of approximately 2000%,
and R2 particles of approximately 400%. Besides the swelling
rate difference, the time required for the obtaining of equilibrium
values for R1 conditions—about 90 minutes—is lower than the
almost 180 minutes necessary for R2 condition.

Dynamic mechanical analysis (DMA) is an adequate tool to
characterize the mechanical/viscoelastic properties of polymeric
materials. It has been reported that polymeric materials present
different behaviors depending on the kind of environment where
they are tested.®*' DMA experiments were performed in
a hydrated environment and at 37 °C in order to assess how
samples behave in conditions closer to physiological environ-
ment. Fig. 3 presents the viscoelastic behavior of ELR cylinders
with different crosslinking degrees. The storage modulus (E') of
all samples tends to increase with increasing frequency: for R1 E’
increases from 75 to 215 kPa and for R2 E' increases from 215 to
650 kPa. The increase of the modulus with frequency has been
previously observed in hydrogels®®®* and reflects the more diffi-
cult reaction of the conformational mobility of the chains for
shorter variations of the periodical load. Two possible explana-
tions were considered for this fact: the first one is related to the
incompressibility of water. At low frequencies, the water prob-
ably has the time to be expelled from the porous polymeric
structure. However, at higher frequencies, the water keeps
entrapped in the pores, and the modulus increases due to the
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Fig.2 Swelling values of the particles as a function of immersion time in
PBS at 37 °C.
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Fig.3 The storage modulus (£') and loss factor (tan 6) of ELR cylinders
crosslinked with two different extents (R1 and R2), according to the
applied frequency, measured at 37 °C, immersed in PBS.

higher incompressibility of the construct in such conditions.
Fig. 3 shows that in all the frequency range, the storage modulus
is higher for the more crosslinked hydrogel, which corresponds
to the typical stiffness effect found in more crosslinked
systems. %45

The influence of the crosslinking degree on the loss factor (tan
0) is also presented in Fig. 3. The loss factor is the ratio of the
amount of energy dissipated by viscous mechanisms relative to
energy stored in the elastic component providing information
about the damping properties of the material. For all formula-
tions, tan ¢ increases with the increase of frequency. The values
of tan ¢ reveal a clear viscoelastic behavior of the hydrogels. The
higher values of tan ¢ for R1 may be explained by the higher
dragging effect of water present in the structure of the more
hydrated hydrogel.®*¢” Similarly to the obtained results, an
increase in the values of the loss factor (tan ¢) with frequency was
reported in rheological measurements performed on a penta-
peptide hydrogel-—20 Mrad crosslinked (GVGVP),50—by Urry
et al.%® In the applied range of frequencies (1 Hz-25 Hz), the
authors observed an exponential increase of the values of this
parameter for temperatures higher than the transition tempera-
ture of the polymer. In addition, simultaneous increase of the
elastic modulus and loss factor with the increase of frequency has
been observed in biological samples such as liver and uterus
tissue.®* 7

The different crosslinking extent of the particles was expected
to affect cell response. Cell culture was performed using SaOs-2,
an osteoblast-like cell line widely used for bone TE preliminary
studies. Static conditions were used during cell culture, although
the particles were re-suspended in the first hour after seeding
every 15 minutes to guarantee that the cells could reach all the
particles in the tube and enhance a uniform cell attachment.

Substrate mechanical properties have been proved to influence
cell behavior by mechanisms of mechanotransduction which may
affect cells focal adhesion strength and morphology.>*"* Surfaces
with lower stiffness and capability of adsorbing proteins from
culture medium are generally believed to be less supportive for
cell attachment and proliferation.*® Particles swelling influences
the surface tension. It is widely accepted that polymer surfaces
with an intermediate surface energy can better support cell
attachment and proliferation than those with higher or lower
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surface energies, since low protein binding will occur on more
hydrophilic surfaces while more hydrophobic surfaces will
induce adsorption of non-adhesive proteins and denaturing of
adhesive proteins. In addition, it should be noted that different
cell types might respond to a substrate differently.”

The influence of the two different crosslinking degrees of the
particles was tested in the adhesion, viability, proliferation and
alkaline phosphatase (ALP) expression of SaOs-2. In order to
mimic closer physiological-like conditions, proliferation studies
were performed in complete medium, i.e. in the presence of serum
proteins. In this case, the possibility of implanting the particles
directly in the defect was considered, excluding the pre-seeding of
cells, such as primary or stem cells. This would ideally require the
optimization of the in vitro cell culture conditions in order to
obtain the most efficient cell adhesion. Cell response was tested
for 3, 7 and 14 days of cell culture.

DNA quantification gives a measure of the amount of DNA in
the samples, which directly correlates to the cell number. A
significant increase in proliferation in R2 condition was observed
from day 3 to day 7. From day 7 to day 14 a stabilization of
proliferation could be seen in both conditions (Fig. 4). This could
be explained by the confluence of the cells on the microparticles
surface after 7 days of cell culture—see SEM images in Fig. SA
and B. The micrographs in Fig. 5 illustrate the morphology and
distribution of the cells cultured in the two materials for different
time points. In both conditions, after 7 days of cell culture, cells
showed spread morphology and fully occupied the surface of the
particles. MTS test (cell viability test) showed a significant
increase of cell viability from day 3 to day 7, which means that
residues of crosslinker were not present in the cell medium
impairing cell viability. After 14 days of cell culture both
conditions R1 and R2 presented the cells grouped in clusters and
layers, respectively, with a rounder shape compared to the
morphology in day 7. These cell clusters in some cases detached
from the particles, which could be both seen by SEM and
confocal microscopy (data not shown). Due to the fast cell
proliferation observed at day 7 and to the lack of space for
further proliferation, cells were forced to grow in layer-like
structures, preventing the access of cells to oxygen and medium
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Fig. 4 DNA concentration per mL of cell lysate after different cell
culture time points. Differences were considered statistically significant
for p <0.05. The nomenclature # is applied when the value correspondent
to a condition in a time point is significantly different from the value of
the same condition in the previous time point.

Fig.5 (A)and (B) Images obtained by SEM of the surface of the R1 and
R2 particles, respectively, after 7 days of culture with SaOs-2 cells. (C)
and (D) Images obtained by SEM of the surface of the R1 and R2
particles, respectively, after 14 days of culture with SaOs-2 cells. (E) and
(F) correspond to confocal microscope images of entire particles after 14
cell culture days of R1 and R2 conditions, respectively. (A) Scale bar is
valid for all SEM images. (F) scale bar is valid for (E). All scale bars
correspond to 100 pm.

nutrients. However, after the detachment of these cell agglom-
erates, it is expected that the surface would be refilled with cells
with spread morphology. Although the particles did not show
any weight loss in phosphate buffer saline (PBS) up to 14 days,
an analysis of the polymeric sequence in Expasy PeptideCutter
Software (Swiss Institute of Bioinformatics) allowed for the
search of the enzymes that could cut the sequence, leading to
enzymatic degradation in vivo. Thrombin, an enzyme present in
the blood plasma cuts the sequence in the RGD domain. Since
the polymer has a molecular weight around 60 kDa, fragments of
an average molecular weight of 10 kDa are expected to be formed
in in vivo conditions after the cleavage of the chain by this
enzyme, since each polymeric chain has 6 RGD domains. These
peptidic fragments (<30 kDa) would probably be excreted by
urine. Moreover, enzymes such as neutrophil elastases (which
cleave peptide sequences in Valine-Xaa and Alanine-Xaa sites,
present in this polymer) would probably also cleave the polymer
during the immune recognition of the biomaterial after
implantation.

Confocal laser scanning microscopy was performed in order to
assess cell distribution in the surface of the particles. After 14
days of cell culture, condition R2 showed a uniform cell distri-
bution on the surface of the particles (Fig. SF), while in condition
R1 some parts of the particle had lower cell density (Fig. 5E).
Moreover, in condition R2 the presence of cells around the
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particles, linking several particles could be observed, while in R1
condition this could not be seen.

The osteogenic expression of SaOs-2 for the two crosslinking
conditions was evaluated quantifying ALP production, which is
an earlier marker of osteogenic behavior. SaOs-2 are character-
ized by the expression of high levels of ALP, dependent on the
cell density.” Both conditions showed an increase in production
of ALP until day 7, but in the case of R1, the production of the
enzyme decreased significantly, while in R2 the value stabilized,
comparing to day 7. The decrease in R1 condition may be
a consequence of loss of cell viability due to the referred lack of
space for proliferation, leading cells to a rounder morphology
that may impair the production of the enzyme. Another possi-
bility corresponds to the typical cyclic behavior of ALP in
osteogenic cells, in which the drop of ALP concentration corre-
sponds to the synthesis of pre-mineralization osteogenic
markers.” ALP values were more elevated in condition R2,
which might be explained by the substrate properties of these
particles (Fig. 6): bone-related cells would prefer less hydrated
and stiffer substrates.

To prove that an in situ scaffold could be formed by agglom-
eration of the particles by cells, environmental SEM (ESEM) was
used to observe the structure after 7 and 14 days of cell culture in
hydrated conditions, guaranteeing that the particles would not
shrink in the dehydration process (mandatory in conventional
SEM analysis) and that the cell bonds between the particles
would not be damaged.

After 7 days, using the R2 condition, it was possible to detect
cells that link particles together (see Fig. 7A and B). Such
“cellular crosslinkings” led to three-dimensional structures of
agglomerated particles possessing mechanical integrity. The
confocal image in Fig. 7C shows that the connection between the
particles is maintained after 14 days of culture. The micrograph
in Fig. 7D shows a representative image of agglomerated parti-
cles by cell bonds and extracellular matrix.

In conclusion, two types of RGD-containing ELR particles
could be prepared by the variation of the crosslinking extent,
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Fig.6 ALP concentration per mL of cell lysate after different cell culture
time points. Differences were considered statistically significant for p <
0.05. The nomenclature * is applied when both crosslinking conditions
(R1 and R2) have significantly different values in the same time point.
The nomenclature # is applied when the value correspondent to
a condition in a time point is significantly different from the value of the
same condition in the previous time point.

Fig. 7 (A) Image obtained by ESEM of two particles (R2 condition)
agglomerated by SaOs-2 cells after 7 days of cell culture. The arrows
highlight some regions where cells are connecting two particles. (B)
Amplification of (A) in the particles interface. (C) Confocal microscopy
image of 3 particles interface after 14 days of cell culture. (D) Photograph
of particles agglomerated by cells after 14 days of cell culture.

which affected the particles’ swelling, viscoelastic behavior and
surface chemistry properties. The response of an osteoblast-like
cell line was improved in the more crosslinked particles (condi-
tion R2), and structures composed by cell-aggregated particles
were observed in this condition after 7 days of cell culture.

Experimental
Synthesis of the elastin-like recombinamer (H-RGD6)

The expressed and purified polymer—H-RGD6—contained 6
monomers of RGD and a histidine tag (His-tag). With a theo-
retical molecular weight of 60 661 Da, this polymer contains the
following charged groups: 6 aspartic acids (D), 24 lysines (K) and
7 histidines (H). The structure of the polymer is represented in
Fig. 1.

Expression, production and purification of H-RGD6

The expression, production and purification conditions of H-
RGD6 were adapted from McPherson et al.** and Girotti et al.”
An E. coli strain—BLR(DE3), from Novagen—genetically
modified for the expression of H-RGD6 was expanded in
modified terrific broth (TB) medium (from Pronadisa) with 0.8%
(v/v) of glucose and 0.05% (v/v) of ampicillin, in 500 mL Erlen-
meyers, at 37 °C, pH 7.

The optical density of the culture was measured at 600 nm
(OD600) until the value was constant for, at least, three
measurements. Afterwards, the culture was concentrated by
centrifugation and lysed by ultrasonic disruption. Cycles of cold/
warm (4 °C/40 °C) centrifugations were performed for polymer
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purification. The polymer was then frozen at —20 °C and freeze-

dried.

Production of H-RGD6 microparticles

Production and characterization of polystyrene super-
hydrophobic surfaces. Superhydrophobic surfaces were prepared
by a phase inversion method,? as described elsewhere.?” Briefly,
a 70 mg mL~' PS in tetrahydrofuran (THF) (from Riedel-de-
Haén) solution was prepared and then mixed with ethanol (from
Panreac)in a 2 : 1.3 proportion. Some drops of the final solution
were dropped in PS surfaces and after 10 seconds the surface was
immersed in ethanol for one minute. The final surface was dried
with a soft nitrogen flow. The surface water contact angle was
measured by the sessile drop method using 6 pL of ultrapure
water, in an OCA 15+ goniometer (DataPhysics) at room
temperature.

Preparation of the H-RGDG6 particles. A solution of 10% (w/w)
of H-RGD6 in ultrapure water was prepared. Two different
procedures for the production of particles were adopted, either
for the preparation of: (i) controlled size particles, by the depo-
sition of 2 puL of the polymer in the SH surface, using a digital
micropipette; (ii) lower sized particles, by the repeated contact
between the surface and the pipette tip until the total extruding of
the 5 puL of the polymeric solution per surface. In both cases, the
particles on the surfaces were frozen at —80 °C and freeze-dried.
The content of particles corresponding to 10 pL of solution was
placed in 1.5 mL tubes.

A volume of 1 mL of 10% (v/v) of HDI (Sigma) in 2-propanol
(Panreac) solution was poured in each tube containing the
particles for different periods of time, in order to obtain two
different crosslinking conditions: R1 (30 minutes of crosslinking)

- ©

Freeze-
drying

and R2 (2 hours of crosslinking). In order to avoid interparticle
crosslinking, during crosslinking reaction particles were shaken
every 15 minutes and the position of the tube was kept horizontal
so agglomeration of particles in the bottom of the tube was
avoided, and particles had less contact points between each
other. The crosslinking reaction was stopped with excess of 2-
propanol, removing the HDI/2-propanol solution and washing
with 1 mL of 2-propanol three times.

Distilled water was added to 2-propanol in increasing ratios
(30%, 50%, 70%, 90% (v/v) of water) for 15 minutes each,
maintaining the mixtures at 4 °C. Afterwards, the particles
remained in distilled water overnight at 4 °C.

Sterilization was performed in 70% ethanol (v/v) for at least 12
hours, followed by washing in PBS (Sigma) at 4 °C overnight.
The complete particle production process is represented in Fig. 8.

Physico-chemical characterization of microparticles

Swelling tests. The samples were weighed in freeze-dried state
(1 mg per sample) and after several time points of incubation in
PBS at 37 °C. The excess of water was removed using a filter
paper. The swelling was determined using the following equation
after 10 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours and 48
hours of immersion in PBS solution.

hydrated weight — dry weight

0 —
S) = dry weight

x 100

Diameter measurement. The microparticles were incubated at
37 °C in PBS. After several time points, the wet microparticles
were isolated and observed in a Stereo Microscope Stemi 1000
PG-Hitec Zeiss.

Diameters were measured using Image]

HDI in 2-
Propanol

Cell culture
medium

Cleaning
agents

Fig.8 Schematic representation of the several steps performed to obtain ELR microparticles and cell seeding. A representative photograph of particles

(R2 condition) produced by this method is also shown.

This journal is © The Royal Society of Chemistry 2011
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software. All samples had at least 15 particles and measurements
were performed in triplicate (n = 45).

Mechanical properties. The viscoelastic measurements were
performed using a TRITEC8000B DMA from Triton Tech-
nology (UK), equipped with the compressive mode. The
measurements were carried out at 37 °C. For the preparation of
geometrically well-defined samples, the ELR solution was
pipetted into polyvinyl chloride tubes and all the samples were
processed with the same protocol as the particles. Cylinders were
cut in cylindrical shapes with about 3.5 mm diameter and 3 mm
thickness (measured accurately for each sample). ELR cylinders
were always analyzed immersed in a liquid bath placed in
a Teflon® reservoir. ELR cylinders were first immersed in a PBS
solution at 37 °C. The geometry of the samples was then
measured and the samples were clamped in the DMA apparatus
and immersed in the PBS solution. After equilibration at 37 °C,
the DMA spectra were obtained during a frequency scan between
0.1 and 30 Hz. The experiments were performed under constant
strain amplitude (50 pm). A small preload was applied to each
sample to ensure that the entire scaffold surface was in contact
with the compression plates before testing and the distance
between plates was equal for all scaffolds being tested. Three
samples were used for each condition.

Crosslinking degree analysis. The lysine quantification in the
samples was carried out by the trypan blue precipitate method.”®
This reagent has affinity to free amines, present in the lysines of
soluble polymer. The test was performed immersing the cross-
linked samples (correspondent to 0.2 mg of polymer prepared
from a 10% (w/w) solution), as well as soluble polymer in trypan
blue 0.4% (Invitrogen) diluted 50 x in distilled water overnight at
37 °C. The supernatant absorbance was measured at 580 nm in
a microplate reader (Synergy HT, Izasa). A standard curve was
prepared with different quantities of soluble polymer in 1 mg
mL~! solution in Milli-Q water, and the number of amines in 0.2
mg of crosslinked polymer was compared to the number of
amines in 200 uL of non-crosslinked polymer (1 mg mL~', which
corresponds to the same amount of polymer). The crosslinking
degree was calculated by:

CL(%) =

(NH3 noncrosslinked solution) — (NH; crosslinked solution)

NH;noncrosslinked solution

x 100

Biological performance of the developed particles

Cell culture and seeding. The human osteosarcoma osteoblast-
like cell line SaOs-2 (supplied by European Collection of Cell
Cultures, UK) was used. The cells were expanded in 75 cm? cell
culture T-flasks in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma, USA) with phenol red supplemented with 10%
of heat-inactivated fetal bovine serum (FBS, Biochrom AG).

The microparticles were preincubated in sterile PBS overnight
at room temperature in 1.5 mL tubes. A cell suspension of SaOs-

2 (3 x 10° cells per mL) was prepared by trypsinization (0.25%
trypsin in EDTA solution, Sigma). The cells were concentrated
by centrifugation and resuspended in culture medium. After the
removal of the PBS from the tubes, 1 mL of the cell suspension
was added to each tube. In the first hour of incubation, the
microparticles were resuspended in the medium every 15 minutes
to enhance the cell attachment uniformity in the particles. The
open tubes—to which the cap was previously cut in sterile
conditions—were placed inside 3 mL tubes, whose cap was left
half-open for gas exchange in the incubator. The system was kept
on a CO, incubator (at 37 °C, 5% CO,) for the time period
previously established: 3, 7 or 14 days. The culture medium was
changed every 2 days.

Cell viability assessment—(3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)
viability test. Cell viability for each culturing time was deter-
mined using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, USA). This assay is based on the
bioreduction of a tetrazolium compound, MTS, into a water-
soluble brown formazan product.

After cell seeding and washing with PBS, samples were incu-
bated in a MTS/phenol red-free DMEM solution for 3 hours.
The absorbance was read at 490 nm in a microplate reader
(Synergy HT, Izasa).

Cell proliferation assessment—DNA quantification. Quant-
iT™ Picogreen® (from Invitrogen) reagent is an ultrasensitive
fluorescent nucleic acid stain for the quantification of dsDNA
(double strand DNA). The excitation wavelength is 480 nm and
the emission is 545 nm.

The cells in the microparticles were lysed by freeze-thawing
cycles in distilled water. The DNA content of the cell lysates was
quantified using a DNA quantification kit—Quant-iT™ Pico-
green®. The frozen particles were sonicated for 15 minutes and
vortexed to allow cellular DNA into the solution. The fluores-
cence measurements were carried out using Quant-iT™ Pico-
green® established protocol in a microplate reader (Synergy HT,
Izasa).

Cell morphology—scanning electron microscopy (SEM). For
SEM analysis, samples were fixed in 2.5% of glutaraldehyde for
30 minutes at 4 °C and further dehydrated using gradients of
ethanol (50%, 70%, 90% and 100%), 15 minutes each, and let dry
overnight. The samples were coated with a thin film of gold and
further analyzed using SEM equipment (Fei Nova 200).

Cell distribution on the particles—confocal laser scanning
microscopy. The samples were fixed in 2.5% of glutaraldehyde for
30 minutes at 4 °C and then stained with rhodamine B (Sigma)
for intracellular actin staining for 30 minutes and, after washing
with PBS, with 4,6-diamidino-2-phenylindole (DAPI) (Invi-
trogen) for cell nucleus staining for 1 minute.

The samples were washed and kept in PBS until confocal laser
scanning microscopy analysis

Assessment of the formation of cell induced aggregates—envi-
ronmental scanning electron microscopy (ESEM). 3, 7 and 14 days
after cell seeding the samples were fixated in 2.5% glutaraldehyde
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in PBS for 30 minutes. The samples were kept in PBS at 37 °C
until the ESEM analysis (Philips-FEI/Quanta 400).

Alkaline-phosphatase quantification. Alkaline phosphatase
(ALP) is the most frequently used biochemical marker of oste-
oblastic bone formation. The activity of this marker is evaluated
using p-nitrophenol assay. p-Nitrophenylphosphate, which is
colourless, is hydrolysed by ALP at pH 10.5 at 37 °C to form free
p-nitrophenol, which is yellow in color. This reaction is stopped
using sodium hydroxide (NaOH).

ALP activity assays were performed on cell lysates. All
reagents were purchased from Sigma. All samples were prepared
in triplicate and compared against p-nitrophenol standards. The
absorbance was read at 405 nm on a plate reader (Synergy HT,
Izasa) to determine the enzyme concentration per mL of cell
lysate.

Statistical analysis. All data are presented as mean + standard
deviation (s.d.) for n = 3. Assessment of normality distribution of
the population was performed by Shapiro-Wilk test. Compar-
ison of conditions R1 and R2 was performed by non-parametric
test Mann—Whitney (comparison of two unpaired samples). To
compare the different time points of the same condition non-
parametric Kruskal-Wallis test was performed (comparison of
three or more unpaired samples).

Conclusions

Microparticles of a RGD-containing ELR (H-RGD6) were
prepared depositing polymeric solution on superhydrophobic PS
surfaces.

Two different microparticle crosslinking extents—22% and
60% —were achieved controlling the time of exposure of the H-
RGD6 to the hexamethylene diisocyanate, which influenced the
average diameter, swelling behavior and the mechanical prop-
erties of the microparticles. With higher crosslinking extents,
lower diameters and swelling rate were obtained, in contrast with
the elastic modulus (£'), which was higher than the one obtained
in 20% crosslinking extent condition.

The response of a human osteosarcoma cell line with osteo-
genic properties was tested for particles in both crosslinking
conditions, assessing cell proliferation and ALP expression in
distinct time points. The cell viability and osteogenic expression
were significantly higher in the particles with a higher cross-
linking extent. Furthermore, the morphology and the spatial
distribution of the cells after 14 days of culture in the particles
with a higher crosslinking showed that this condition was clearly
favorable for SaOs-2 growth. The main goal of this work was to
prove the cell induced aggregation of the microparticles in order
to assess the possible formation of an in situ scaffold after
implantation in a defect. The formation of cell induced aggre-
gation of microparticles was successfully achieved in the R2
condition.

In conclusion, osteoblast-like cell lines show enhanced osteo-
genic expression and spatial distribution in the presence of stiffer
ELR substrates, allowing the formation of microparticle aggre-
gates by cell “crosslinking”, which might represent an interesting
solution for bone TE strategy.
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