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Abstract

Bone healing after a tumor removal can be promoted by biomaterials that enhance
the bone regeneration and prevent the tumor relapse. Herein, we obtained several
nanopatterns by self-assembly of polystyrene-block-poly 2-vinyl pyridine (PS-b-P2VP)
with different molecular weight and investigated the adhesion and morphology of
human bone marrow mesenchymal stem cells (BMMSC) and osteosarcoma cell line
(Sa0S-2) on these patterns aiming to identify topography and chemistry that promote
bone healing. We analyzed > 2000 cells per experimental condition using imaging
software and different morphometric descriptors, namely area, perimeter, aspect
ratio, circularity, surface/area, and fractal dimension of cellular contour (FDC). The
obtained data were used as inputs for principal component analysis, which showed
distinct response of BMMSC and Sa0S-2 to the surface topography and chemistry.
Among the studied substrates, micellar nanopatterns assembled from the copolymer
with high molecular weight promote the adhesion and spreading of BMMSC and have
an opposite effect on Sa0S-2. This nanopattern is thus beneficial for bone regeneration

after injury or pathology, e.g. bone fracture or tumor removal.
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1. Introduction

Most tissue-derived cells are anchorage-dependent, i.e. they need to adhere in
order to survive, proliferate, migrate, and differentiate.[1] Cells adhesion is mediated
by surface receptors such as integrins, cadherins, and selectins that act as signal
transducers between the cells and their environment. As an example, these receptors
are main players in the development of adhesion points that are connected with the
intracellular actin and thus, contribute to the assembly and reorganization of the
cytoskeleton.[2] The modulation of the adhesion process is therefore a way to control
cell morphology and consequently cell behavior.[3, 4]

In tissue engineering and regenerative medicine, a common strategy to achieve
such control is the use of substrate/implant with surface properties that promote cell
adhesion, tissue regeneration/formation and integration. Alternatively coating of the
device with a thin layer that has such pro-adhesive properties can be applied.
Nanotechnology has provided different tools for tuning surface topography[5-7] and
chemistry[8, 9] toward optimal interactions with cells surface receptors leading to a
targeted cells response.[10-12] There is a wide variety of methods that can be used to
obtain different nanotopography, e.g. etching, nanoparticle deposition, phase
separation, or molecular self-assembly can result in surfaces with isotropic
nanoroughness, nanogrooves, nanofibers, or nanopillars that evoke different cell

response.[13-21] Among these methods, block copolymer (BCP) self-assembly has



several advantages: it can be applied to large surface areas, it allows for high
(nanoscale) spatial resolution, the surface chemistry can be tuned by selecting the
monomers, while the topography can be tailored by changing the molecular weight of
the blocks and the processing conditions.[22]

We and others have demonstrated that BCP nanopatterns generated from
polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP) are stable at physiological
conditions and sustain human cells viability. [23, 24] Previous data have also shown
that such nanopatterns have bactericidal properties that depend on their topography
and chemistry.[24] These studies have indicated the potential of BCP nanopatterns for
tissue engineering, regeneration, and healing applications as well as the possibility to
tailor the cell adhesion and morphology via an adjustment of the pattern topography.
Herein, we investigated the behavior of two osteo related cells types, namely bone
marrow mesenchymal stem cells (BMMSC) and osteoblasts-like cells (Sa0S-2) cultured
in contact with PS-b-P2VP nanopatterns with different topography. Considering a
scenario of implantation that targets bone regeneration/healing and requires a prompt
adhesion, i.e. implies that the adhering cells will begin to perform their function
earlier[25, 26], we have performed a detailed multi-parametric analysis of cell
adhesion and morphology changes over 24 h. This analysis demonstrated a distinct

behavior of each cell type cultured on the nanostructures.

2. Materials and Methods

2.1. Materials and reagents

Polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP) was purchased from Polymer
Source, Inc (Quebec, Canada). Polymers with different weight-average molecular
weights (Mw) of the paired blocks were used, namely PS;,7-b-P2VPg, and PSz;9-b-
P2VP39s, Where the subscripts correspond to the Mw of each block in kDa. The
polydispersity index Mw/Mn (where Mn is number-averaged molecular weights) for
these polymers were 1.10 and 1.25, respectively. Squared glass coverslips (20x20 mm)
were purchased from Carl Roth. Chloroform and toluene were purchased from Fisher-
Chemical. ALNOCHORMIX™, Histopaque density gradient, a-MEM, DMEM and

phalloidin-TRITC were ordered from Sigma-Aldrich. Antibiotic/antimycotic



(streptomycin and penicillin), fetal bovine serum (FBS, South American) and TrypLE

express were purchased from Gibco, and DAPI was acquired from Invitrogen.

2.2. Methods

2.2.1. Preparation of the nanopatterns

The block copolymers (1 or 2 wt%) were stirred in toluene overnight at room
temperature, filtered (0.22 um PTFE filter), and used to spin-coat glass coverslips (3000
rom during 40 s). Glass coverslips were previously washed by immersing them in a
sulfuric acid solution of ALNOCHORMIX™ following the manufacturer indications
overnight, rinsed with water and dried with a nitrogen stream. The coated substrates
were submitted to a solvent vapor annealing (SVA) for 3 h at 50 % of humidity and a
temperature between 20 and 25 °C. Toluene or chloroform were used as solvents for
the SVA process.[24] After SVA, the substrates were dried under a N, stream to
evaporate any residual solvent. The generated nanopatterns were characterized by
atomic force microscopy (AFM, DIMENSION icon, Bruker) using the PeakForce™ Taping
mode (cantilevers with a spring constant of 0.4 N/m and frequency of 70 Hz).
Topography and roughness were measured using the NanoScope Analysis 1.5
software. The surface wettability was determined by the sessile drop method using an
OCA 15+ equipment (DataPhysics) and water (3 ulL) as a testing liquid. To identify the
surface-exposed polymer blocks, the substrates were immersed in an acidic solution of
gold salts (10 mM HAuCl, in 0.9 % HCI (aq.), the gold has an affinity to the P2VP) and
analyzed by AFM.[24]

2.2.2. Cell culture and analysis

Human bone marrow aspirates were obtained from healthy patients under the
agreement with the Hospital da Prelada (Porto, Portugal). Human bone marrow
mesenchymal stem cells (BMMSC) were separated using a Histopaque density gradient
(1.077 g/mL) and washed with phosphate buffered saline (PBS). BMMSC (passages 2-5)
were expanded in a-MEM supplemented with 1 % antibiotic/antimycotic and 10 %
FBS. Osteosarcoma cells (ATCC, USA, Sa0S-2, passages 15-20) were cultured in DMEM
supplemented with 1 % antibiotic/antimycotic and 10 % FBS. Cells were detached from

the tissue culture polystyrene with TrypLE express after achieving 70 % of confluence



and seeded on the nanopatterns at a density of 5000 cells/cm? using the respective
medium (a-MEM for BMMSC culture and DMEM for Sa0S-2). We used serum free
media to avoid the concealment of the nanopatterns by the serum proteins.[27, 28].
The cultures were incubated (37 °C, 5 % CO,) and cells (2000-5000 cells/sample) were
analyzed at three timepoints (1, 7 and 24 h). Prior the analysis, the media was
aspirated, the substrates with the adhered cells were washed twice with PBS to
remove the non-adherent cells and fixed with 10 % formalin. The cells were incubated
with phalloidin-TRITC (1:100) for morphology analysis, while staining with DAPI (1:500)
was used to determine the attached cells. Images were taken with a fluorescence
microscope (Inverted Microscope Axio Observer) with a 10x objective, acquiring tiles
of the whole sample to represent the heterogeneity in the cell population.[29] Cells
count and morphology analysis were performed with Fiji (Image J 2.3.0). A threshold
was applied to each channel to discard background pixels. With the tool "analyze
particles,” the size range was defined to avoid quantifying small debris from cells that
did not adhere and groups of cells, including only the size of individual cells on the final
range. To assess any morphological changes, we have analyzed each cell projected
area, perimeter, aspect ratio (AR=major axis/minor axis, i.e. higher values indicate
more elongated cells) and the circularity ((4m x area)/perimeter?, where a value of 1
indicates a perfect circle). All experiments were repeated three times with four

replicates. TCPS was used as a control substrate.

2.2.3. Statistical analysis

Statistical analysis was performed with GraphPad Prism 9 software. Shapiro-Wilk
test (p < 0.05) was used to evaluate the normality of the data. When the data did not
follow the normal distribution, an initial Kruskal-Wallis test was followed by a Dunn's

multiple comparison test.

2.2.4. Principal component analysis (PCA)

The obtained morphometric data for the area, perimeter, AR and circularity of the
cells were used as inputs for PCA. We have included two extra morphometric
parameters that can be obtained from the original morphometric data, surface-area

(SA = Perimeter/Area) and Fractal dimension of cellular contour (FDC =



2*log(Perimeter)/log (Area)). Area and perimeter were considered as size descriptors,
while AR, circularity, SA and FDC as shape descriptors. PCA was performed in R
(RStudio 2021.09.1 Build 372). The results were plotted in the PCA biplot using
standardized PC1 and PC2 for each cell type. The adhesion parameters (variables) were

plotted as eigenvectors.

3. Results and discussion

3.1. Nanopattern preparation and characterization

Cell adhesion is a crucial process in the fixation and integration of prosthesis, e.g.,
for bone repair. Increased surface area of the nanotopographies facilitates this
process. Moreover, certain topographies such as nanogrooves and nanopillars can
promote osteogenic differentiation.[16-18] The topography alone or in combination
with chemical cues (e.g. bioactive peptides, chemokines or antibodies) can also induce
cell-type selectivity, i.e. can enhance the adhesion of a targeted cell type over
others.[19-21]

To develop different nanotopographies, we have used the block copolymer PS-b-
P2VP, known for its self-assembly ability and possibility for posterior reorganization of
the formed pattern by a solvent vapor annealing (SVA).[30] SVA is performed in a
saturated atmosphere of solvent that reduces the glass transition temperature of the
block polymers in function of their affinity to the used solvent, thus, enhancing
polymer chain mobility and allowing reorganization.[30] Previous study by Khor et al.
showed that micellar and worm-like nanopatterns generated from PS-b-P2VP and PS-
b-P4VP promote different cell adhesion: preferential adhesion of either fibroblast or
BMMSC was observed onto worm-like cylindrical nanopatterns when compared to
micellar patterns.[23] Although the comparison between the different patterns is
obscured because of the use of two different polymers for the pattern preparation and
the number of analyzed cells was limited, this study suggests that BCP nanopatterns
can be good substrates to control cell adhesion without bio-functionalization.

Herein, we generated four different nanopatterns by using the same block
copolymer, PS-b-P2VP, but varying the molecular weight of the blocks and the solvent
used for SVA (Fig. 1). PS and P2VP blocks have different solubility in the used SVA

solvents: toluene is a good solvent for PS and SVA in toluene results in an assembly of



micellar structures with surface-exposed PS and a P2VP inner core (Fig. 1A). On the
other hand, chloroform is a good solvent for both blocks and the generated
nanopatterns have PS and PV2P exposed at the surface.[24, 31] Previously, we have
shown that the patterns generated by SVA in chloroform are composed by lamellae
and cylinders arranged vertically to the surface in the case of PS;,7-b-P2VPg,. For this
pattern, the P2VP is located in the ridges. In the case of PSs3;0-b-P2VP3gg the patterns
generated at the same conditions are most likely perforated lamellas, and the P2VP is
found in the valleys (demonstrated by PV2P staining with gold).[31] As expected, the
micelles or polymer domains (in the cylinders and lamellae) are bigger for the PS3yq-b-

P2VP395 than for PS;,7-b-P2VPy; (Fig. 1B vs 1C, Table S1). The water contact angle for all

generated patterns was similar, i.e. about 85 degrees.
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Figure 1. (A) Schematic presentation of the used methodology for assembly of
nanopatterns from polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP). (B, C) Atomic
Force Microscopy (AFM) images of the nanopatterns obtained by (B) solvent vapor
annealing (SVA) in toluene from PSy,7-b-P2VPg; and PS3y9-b-P2VP39g and (C) after SVA in

chloroform from the same copolymers. Scale bars correspond to 500 nm.

3.2. Number of adhered cells: BMMSCs vs Sa0S-2

The number of adherent cells during the first hours of contact with an implantable
device, e.g. prothesis, is crucial for the device integration and fixation. When BMMSC
were used, we observed similar number of adherent cells on all patterns and the
control substrate (TCPS, red dotted line in Fig. 2) for the studied period (up to 24 h). In
the case of Sa0S-2, the number of adherent cells was also similar between the
different patterns but the general trend was lower when compared to BMMSC (Fig. 2).
Moreover, we observed an accentuated tendency of decreased number of adherent
Sa0S-2 after 24 h of culture. Of note, this decrease is not associated with pattern
vanishing and/or eventual polymer degradation: we and others have confirmed the
topography integrity at physiological conditions [24, 31, 32]. Lack of serum can be one
of the reasons for this decrease because we observed a similar tendency for the
control substrates (Fig. S1), although less accentuated. However, the serum absence is
not the only cause because the data indicated different response of the studied cells to
the nanopatterns: the preferential adhesion of BMMSC over Sa0S-2 on an implant is
advantageous when considering a scenario of bone regeneration after osteosarcoma,
in which BMMSC are crucial for bone formation around implants and play an
important role in promoting osseointegration.[32] To confirm the difference between
BMMSC and Sa0S-2, we performed a morphometric analysis of the adherent cells
during the first 24 h of culture. This short culture time was chosen to reveal the initial

response to an implanted device that is crucial for the following regeneration process.
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Figure 2. Percentage of BMMSCs and Sa0S-2 adherent on the developed nanopatterns
at different timepoints. The data was normalized by the TCPS (100%, red dotted line).

No statistically significant differences between the studied conditions were observed.

3.3. Morphometric analysis

The morphology of the BMMSC and Sa0S-2 cultured on the nanopatterns was
visualized by staining of cells cytoskeleton and fluorescence microscopy imaging. At
the first hour of culture, BMMSC on control and nanopatterned substrates had similar
star-like shape with few short cellular protrusions (lamellipodia and filopodia) (Fig. 3).
Longer culture times, i.e. 7 and 24 h, led to cells spreading and BMMSC with elongated
spindle like shape and numerous filopodia and lamellipodia were observed. Of note,
after 7 h of culture BMMSC on the nanotopographies had clearly defined stress fibers
with parallel orientation, while BMMSC on the control TCPS substrates had
disorganized and shorter stress fibers even after 24 h of culture (Fig. 3). Stress fibers
are tension-generating, load-bearing mechanosensitive structures, whose formation
reflects BMMSC response to the external environment: the presence of stress fibers is
often correlated with strong cell adhesion to the substrate. This response can be
associated with expression of soluble factors that drive actin assembly and disassembly

and also with substrate surface properties such as rigidity and topography.[33]
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Figure 3. Representative confocal microscopy images of BMMSC cultured on the

developed nanopatterns and control (CTRL) substrate (tissue culture polystyrene,
TCPS). Cytoskeleton is stained with phalloidin-TRITC (red) and nucleus with DAPI (blue).

Scale bars =50 um.

Sa0S-2 had different morphology: after 1 h of culture, these cells were rounder
than BMMSC and had less filopodia (Fig. 4). In the following hours these cells acquired
a polygonal shape and some filopodia were visible. Short and disoriented actin stress
fibers were observed for Sa0S-2 on TCPS substrates, while some cells on
nanopatterned substrates had stress fibers but mostly at the cells periphery. The lack
of stress fibers is usually associated with migratory phenotypes[34-36], which can be
the case of Sa0S-2 on the studied substrates. Of note, for the studied period, we did
not observe vinculin expression and focal adhesions (data not shown), which agrees
with previous studies that report absence of these structures in FBS deprived medium

for short culture times, i.e. at culture conditions similar to the used herein.[37]
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CTRL (TCPS)

Figure 4. Representative confocal microscopy images of Sa0S-2 cultured on the BCP

nanopatterns and control substrate (TCPS). Cytoskeleton was stained with phalloidin

(red) and nucleus with DAPI (blue). Scale bars = 50 um.

To assess quantitatively the morphology of the cells on the developed patterns
and differences among them, we performed morphometric analysis using the
following parameters: area, perimeter, aspect ratio (AR) and circularity. Because of the
BMMSC heterogeneity, we have analyzed a large number of cells (>2000 cells per
sample) to guarantee the data representativity — an issue that has not been considered
in previous studies with BMMSC on block copolymers nanopatterns.[23] The
morphometric data for BMMSC (Fig. 5) showed significant differences between cells
cultured on control substrates and nanopatterned surfaces: the parameters indicated
faster BMMSC spreading on the nanopatterns in comparison with TCPS for the shorter

culture times (1 and 7 h).
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Figure 5. Morphometric data for BMMSC cultured on the developed nanopatterns and
on a control substrate (TCPS). Continuous bold line represents the median and the
dotted line the higher and the lower quartile. Symbols represent the statistically
significant differences in relation to TCPS: *p <0.1, **p<0.01, ***p<0.001,
***%*p<0.0001.

Although the observed differences are generally small, they were more

pronounced at the first hour and for the nanopatterns obtained with the high
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molecular weight BCP (PSsy0-b-P2VP395) with either SVA solvent (chloroform and
toluene). Because of the large number of cells and the high heterogeneity, we have
analyzed the obtained data by principal component analysis (PCA) in order to assess
the influence of the block copolymer molecular weight and the topography of the
patterns on the cells morphology. For the PCA analysis, we included two extra
morphometric parameters that can be obtained from the original data, surface-area
(SA) and fractal dimension of cellular contour (FDC). The principal component 1 and 2
(PC1 and PC2) account for more than 95% of the variation of the BMMSC population
(Table S2) with perimeter, AR, FDC, SA and circularity contributing to PC1, and PC2
being mainly affected by the area (Table S2). Using a two-dimensional (2D) PCA biplot,
three clusters were distinguished based on timeframe analysis of the cells’ morphology
(Fig. 6). At the first hour of culture, BMMSC on the nanopatterned surfaces are clearly
distinguished from the cells on TCPS controls by their higher area and lower circularity,
evidencing faster adhesion on the developed nanopatterns. At this initial timepoint
and during the whole studied period, BMMSC on the micellar nanopattern (SVA in
toluene) obtained from the higher molecular weight copolymer PSs;o-b-P2VP3gg stand
from the cells on the other nanopatterned surfaces (Fig. 6). After 7 h of culture, the
area (and to less extent SA and FDC) distinguishes BMMSC on TCPS and micellar PS3yo-
b-P2VP395 nanopattern from the cells on the other nanopatterns that have smaller
area. At the end of the studied period, smaller differences between BMMSC on
different substrates were observed. Of note, at this time point the patterns generated
from PS3,0-b-P2VP39g induced opposite behavior with micellar nanopatterns promoting
cells spreading (compared to the control TCPS) contrary to the nanopatterns
generated by SVA in chloroform. These results agree with previous data showing that
BMMSC respond to nanofeatures as small as 10 nm[38, 39] and that nanostructured
surfaces can promote cell adhesion.[40-43] The generally accepted mechanism
explaining these results is the higher surface area and the dimensional match between
the substrate nanofeatures on one side and the adhesion proteins and the cell
membrane receptors on the other side. Our results agree with this mechanism: at the
first hour of culture, the nanopatterns generated from PS3,0-b-P2VP39g with higher
molecular weight that assembles in larger micelles (Table 1) have a closer dimensional

match and therefore promote a better adhesion.
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(blue) hours. Loadings are represented as vectors (black) and correspond to the
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timepoint based on its factorial scores.

We have also performed morphometric analysis of the osteosarcoma cell line
Sa0S-2 in contact with TCPS control and BCP nanopatterns (Fig. 7). At the initial period,
Sa0S-2 spreading is also faster for the nanopatterns (except for the ones assembled

from PS1,7-b-P2VPg;) when compared to the control substrates but the difference is

14



smaller than the determined for BMMSC. This tendency is inverted after 24 h of

culture, when a higher spreading of Sa0S-2 is observed on the control substrates.
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Figure 7. Morphometric data for Sa0S-2 cultured on the developed nanopatterns and
control (TCPS) substrates for 1, 7, and 24 h. Continuous bold line represents the
median and the doted line the higher and the lower quartile. Symbols represent the

statistically significant differences in relation to TCPS: *p <0.1, **p<0.01, ***p<0.001,
****p<0.0001.
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The PCA of Sa0S-2 with perimeter, AR, FDC and circularity contributing to PC1, and
area and SA to PC2 (Table 3) showed very similar morphometric parameters for Sa0S-2
on different substrates after 1 and 7 h (Fig. 8). After 24 h the scenario is completely
different, with Sa0S-2 spreading much more on TCPS than in the nanopatterned

surfaces.
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Figure 8. Biplot of the scores of the principal components (PC1, PC2) for morphometric
parameters of Sa0S-2 cultured on the studied substrates and TCPS controls for 1 (red),
7 (green), and 24 (blue) hours. Loadings vectors (black) correspond to the analyzed
variables. Grouping can be observed between the different surfaces for each timepoint

based on its factorial scores.

16



A comparison of the PCA biplots for BMMSC and Sa0S-2 shows different effect of
the developed nanopatterns on these cells. The nanopatterns promote the adhesion
and spreading of BMMSC when compared to TCPS but this effect is not observed for
Sa0S-2. Of note is the effect of the micellar nanopattern obtained by SVA in toluene of
PS3,0-b-P2VP39g that had greatest but opposite effect on the studied cells after 24 h:
this pattern arrested the spreading of the osteosarcoma cell line but promoted the
adhesion and spreading of BMMSC. The observed arrest of Sa0S-2 spreading can be
associated with a migratory phenotype in contrast with the strong BMMSC adhesion
concomitant with the formation of long stress fibers (Fig. 3). This different behavior
can be explained with the different integrin subunits involved in BMMSCs and Sa0S-2
adhesion and with the secretion of different adhesive matrix molecules (fibronectin,
vitronectin).[44, 45]

BMMSCs and Sa0S-2 differentiation strongly depends on the biomaterial's
surface properties, which is directly related to the amount and conformation of the
proteins deposited on the surfaces.[46] [47] Given the fact that we used serum
deprived medium, at 1h, the cells are interacting directly with the surface, being,
therefore, affected by its chemical and physical properties. However, after 24 h, cells
have already secreted proteins to the ECM and this ECM-coated nanopattern results in
a different cell/biomaterial response.

This nanopattern can be used in different clinical scenarios. Metal implants are
commonly used to support the bone after fracture during the healing process. A
coating of these implants by assembly of PSsyo-b-P2VP39g and SVA in toluene can
enhance bone remodeling and regeneration because BMMSC are crucial players in
these processes as the first intervenient.[49] Considering an osteosarcoma scenario,
the fast BMMSC adhesion and spreading together with the arrest of Sa0S-2 spreading
and its association with a migratory phenotype will be beneficial for bone regeneration

after removal of the damaged tissue and avoiding cancer recurrence.

4. Conclusions
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We demonstrated that the chemistry and the topography of PS-b-P2VP
nanopatterns influence cell adhesion and morphology. Importantly, these results were
obtained by an analysis of a high number of cells and nanopatterns with different sizes,
not considered previously.[23] The developed nanopatterns have a distinct effect on
the two studied cell types: in particular micellar nanopatterns assembled from PS3;q-b-
P2VP395 promote the adhesion and spreading of BMMSC and arrested these processes
for the osteosarcoma cell line Sa0S-2. These results together with the previous data
showing bactericidal properties of these patterns [24] demonstrate the potential of
BCP self-assembly for coating of bone implants that promote the regeneration process
and suppress the tumor growth/recurrence towards bone healing. The next step in the
validation of these coatings will be their assessment in complex and dynamic

bioenvironments.
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Highlights
e Six morphometric descriptors were investigated by principal component
analysis in more than > 2000 cells per condition.
e Nanopattern surface chemistry and topography influence cell adhesion and
morphology.
e Micellar nanopatterns promote the spreading of BMMSC but arrest these
processes for the osteosarcoma cells
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