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ABSTRACT: Full-scale cell penetration within porous scaffolds is
required to obtain functional connective tissue components in tissue
engineering applications. For this aim, we produced porous polyurethane
structures with well-controlled pore and interconnection sizes. Although
the influence of the pore size on cellular behavior is widely studied, we
focused on the impact of the size of the interconnections on the
colonization by NIH 3T3 fibroblasts and Wharton’s jelly-derived
mesenchymal stem cells (WJMSCs). To render the material hydrophilic
and allow good material wettability, we treated the material either by
plasma or by polydopamine (PDA) coating. We show that cells weakly
adhere on these surfaces. Keeping the average pore diameter constant at
133 pm, we compare two structures, one with LARGE (52 pm) and one
with SMALL (27 pm) interconnection diameters. DNA quantification
and extracellular matrix (ECM) production reveal that larger interconnections is more suitable for cells to move across the
scaffold and form a three-dimensional cellular network. We argue that LARGE interconnections favor cell communication
between different pores, which then favors the production of the ECM. Moreover, PDA treatment shows a truly beneficial effect
on fibroblast viability and on matrix production, whereas plasma treatment shows the same effect for WIMSCs. We, therefore,
claim that both pore interconnection size and surface treatment play a significant role to improve the quality of integration of
tissue engineering scaffolds.

LARGE interconnections

SMALL interconnections

KEYWORDS: polyurethane scaffold, Wharton jelly mesenchymal stem cells, interconnected pores, surface modification, dopamine

1. INTRODUCTION

As they are used for withstanding the mechanical constraints of
a tissue or an organ to be replaced, a tissue engineering scaffold
should allow cell migration and proliferation into its empty

drying,10 or 3D printing.11 The influence of the pore size on
cell behavior in porous structures has been widely studied.'*™"
However, the great diversity of manufacturing techniques, the
cell type, material, and culture conditions differ from one study

volumes, favor intercellular exchanges, and production of
extracellular matrix (ECM)." 3D porous scaffolds, which fulfill
these requirements,” are manufactured using different types
of material, such as metals, ceramics, and natural or synthetic
polymers.”” They need to be well interconnected to allow cell
migration through the whole structure and to guarantee good
oxygen and nutrient supply as well as removal of metabolic
wastes.”” Many techniques were employed to generate such
structures, for example, particle leaching,8 gas foaming,9 freeze
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to another rendering difficult to draw conclusions on what can
be the optimal scaffold. Pamula et al.'® generated poly(lactic-
co-glycolic acid) (PLGA) scaffolds, having three different pore
sizes 40, 200, and 600 ym. They demonstrated that osteoblast-
like MG63 migration was improved in scaffolds with pore size
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of 600 yum compared to 40 and 200 um. Stenhamre et al.'’

showed that for human chondrocytes seeded on polyurethane
(PU) scaffolds, chondrogenesis markers (i.e., glycoaminogly-
cans, GAGs, and type II collagen) were upregulated in
scaffolds having the smallest pore size (ie. <150 um)
compared to larger ones (300—500 pm). Conversely, rat
mesenchymal stem cells seeded on collagen-hyaluronic
scaffolds secreted more sulfated GAGs, type II collagen, and
showed a higher SOX9 expression in structures with pore
diameter of 300 um compared to 94 or 130 yum."® Although
information on the optimization of the pore size for a given cell
type is available, the influence of interconnection size between
two adjacent pores in porous structures on cell behavior has
been more rarely investigated, which is the focus of the current
study.

For example, supercritical foamed scaffolds were generated
using different molecular weight PLGA, giving structures with
different distributions of pore and interconnection diameters.'”
However, the change in pore size was accompanied by a
systematic change in the interconnection size, making it
impossible to draw solid conclusions about the specific
influence of either of the parameters. In another study, bone
marrow stromal cells (MSCs) were seeded on two
hydroxyapatite scaffolds, with interconnection sizes of more
than 200 pm for a first group and below 100 ym for a second
group, and subsequently implanted subcutaneously in mice.*’
The authors reported that interconnection size has a significant
effect on the diameter of blood vessels formed within the
scaffold. Yet, the fabrication processes of the different scaffolds
used were not the same, and the resulting structures were
different. Results may, thus, have been influenced by other
factors than the interconnections only.

Separation and fine control of both interconnection and
pore sizes cannot be achieved in all fabrication processes.
“Sphere templating” gives an explicit control over the size of
the pore interconnections while keeping the chemical nature of
the material constant. The principle of this method is based on
a sacrificial porogen agent packed in a container on which an
initial liquid material is poured in order to fill the space
between the porogen particles. Once the liquid phase is
solidified, the porogen is dissolved and removed, leaving a
porous structure whose architecture can be precisely controlled
via the geometrical properties of the porogen (Figure 1A).
Spherical particles of poly(methylmethacrylate)*' or paraffin™
are commonly used as porogens.

PU is known for its biocompatibility and is widely used for
tissue engineering applications.m’24 However, many authors
reported the use of coatings or modifications in the
formulation during the PU synthesis in order to increase the
affinity of cells for the surface. e.g, Li et al.”® seeded MSCs
onto a fibrin—PU hybrid scaffold to improve cell retention
after seeding and to obtain a homogenous distribution
throughout the scaffold.

Li and Huang™® grafted type I collagen onto PU surfaces to
increase the hydrophilicity of the substrate as well as cell
attachment. In another study, Lin et al.”” grafted RGD peptide
sequences onto a PU backbone in order to improve endothelial
cell adhesion.

Another promising coating is dopamine, a chemical close to
the adhesive molecules found in mussels.”® It can self-
polymerize to form thin polydopamine (PDA) films, which
adhere on almost any type of surface. PDA films are easy to
process because the coating is done by simply dipping the

Figure 1. (A) (1) Paraffin sphere generation by an emulsion
dispersion method, (2) paraffin sphere packing in a Petri dish
followed by (3) sintering in a mold at various temperatures, (4)
polymer solution is poured on the top to infiltrate between beads and
(5) paraffin dissolution in solvent. (B) SEM images of the resulting
scaffold with SMALL and LARGE interconnections.

sample in a solution. PDA coating was already employed to
improve cell adhesion and proliferation.””*°

In this paper, we study the influence of interconnection size
of a porous PU material supplemented with different surface
functionalizations on cell colonization. For this purpose, we
first produced by sphere templating two types of structures
with identical pore size but with different interconnection
diameters. Bare PU scaffolds appeared extremely hydrophobic,
preventing the penetration of aqueous solutions and then
cell suspension. Hence, PU scaffolds were functionalized to
render them more hydrophilic by both PDA and plasma
treatments. The functionalized structures were seeded with
two cell types: NIH 3T3 fibroblasts to study cell migration and
distribution and Wharton’s jelly-derived mesenchymal stem
cells (WJMSCs) as a potential cell source for chondrogenesis
for cartilage tissue engineering. Therefore, we investigated the
combination of surface chemistry with the architecture of the
scaffold on cell colonization. Although surface chemistry could
promote or prevent cell survival and colonization with regard
to the cell type, the diameter of the interconnections appeared
to be a key feature for supporting the organization of cells in a
three-dimensional way and to improve their viability.

2. MATERIALS AND METHODS

2.1. Generation of PU Scaffolds of Well-Controlled
Structures. We generated porous PU scaffolds by a sphere
templating method whose basis was already described elsewhere®>*’
and which we fine-tuned in order to obtain the desired structural
features in a highly reproducible manner. As sketched in Figure 1A, 10
g of pure paraffin wax (Fisher Scientific, mp 58—62 °C) is put in a
solution of 40 mL of water and 3 g of polyvinyl alcohol (PVA, Sigma)
at 70 °C. Being liquid at this temperature, the paraffin is emulsified
into small droplets under stirring with a magnetic stirrer at 950 rpm.
After 10 min of stirring, 400 mL of ice-cold water is poured in the
mixture to quench the paraffin drops in order to obtain spherical
particles. The paraffin beads are then rinsed with distilled water and
sieved to select the desired size range (125—200 pm) from the
polydisperse sphere distribution. The paraffin beads are then left to
dry under a fume hood for 24 h. The dried paraffin beads are packed
in a Petri dish (35 mm diameter, VWR) with holes that are initially
covered with parafilm to prevent the loss of particles. The ensemble is
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then placed in an oven (Memmert) at 43 °C in order to sinter the
beads. They are left in the oven for 20 min in the case of the structure
with SMALL interconnections, and for 1 h for LARGE interconnec-
tions. The size of the interconnections is related to the heating time as
shown in Figure 2. Therefore, by keeping the paraffin beads longer in
the oven, one can obtain larger interconnections for a given bead
diameter.

60

40

20

0 T T T T
60 80

heating time [min]

mean interconnections diameter <¢& [um]

T
100 120

Figure 2. Evolution of the interconnection diameter against heating
time for paraffin beads having an average diameter of 133 + 28 um
heated up to 43 °C.

Once sintering is finished, the molds are taken out of the oven and
left to cool at room temperature. The PU premix is made by mixing a
polyol (polyether triol Voranol 6150, Dow) with an isocyanate [poly
methylene diphenyl diisocyanate (MDI), Voranate M220, Dow] at a
weight ratio of 3.57—1. Both are mixed with an ULTRA-TURRAX
(IKA T2S) at 15000 rpm to obtain a homogenous mixture. This
mixture is then cast on top of the mold containing the sintered
paraffin beads so that it fills progressively the space between the
beads. For this purpose, the parafilm that plugged the holes in the
Petri dish is removed to make sure that the air entrapped in the
structure can escape. The polymer matrix is then left to solidify for 48
h. The paraffin beads are then dissolved using Soxhlet extraction with
n-hexane as the solvent for 4 h at 80 °C. Finally, the porous structure
is let in an oven for 12 h at 40 °C to let the remaining solvent to
evaporate.

2.2. Porosity Measurement. Porosity was assessed as described
elsewhere®” using the following formula

-

P (%) =[1 - —|x 100
Py (1)

where p,, and p, are the density of the porous and the bulk polymer,

respectively. The densities were obtained by preparing pure polymer

solid and the scaffolds of the same volume and weighting them in

order to obtain the density ratio.

2.3. Hydraulic Permeability Measurement. The hydraulic
permeability of the samples to water was measured using a gravimetric
method described elsewhere.* In brief, the porous sample cut into a
disc shape of thickness H was placed to fill the entire passage of a U-
shaped apparatus (Scheme 1). A valve allows to generate a water
height difference Ah (i.e., a pressure gradient AP = pgAh, where p is
the density of water and g the gravitational acceleration), which, when
opened, gives the driving force for the water to flow across the sample.
Because the PU was hydrophobic, we added 1% wt of silicone
surfactant (TEGOSTAB 8002, Evonik) to the water to ensure that the
scaffold is completely wet. The surfactant does not influence the flow
properties. We measured the velocity, Vp, (“Darcy velocity”), at which
the water passes throu§h the sample over a range of AP. Both are
related by Darcy’s law®

19821

Scheme 1. Principle of the U-Shaped Apparatus Used for
Water Hydraulic Permeability Measurement

sample

valve

pg A
n H

Vp = —k

)
where 7 is the dynamic viscosity of water (taken as 107 Pa-s) and k is
the hydraulic permeability (in cm?). We, thus, obtain k by taking the
slope of the Vp, (Ah) curve and multiplying it by the nH/pg.

2.4. Mechanical Characterization. Typical stress—strain curves
were obtained with a standard rheometer (Kinexus Ultra+, Malvern).
Samples were cut into discs (26 mm in diameter, S mm height) and
preloaded with 0.5 N, which was considered as the force when the
plate was in contact with the surface of samples. The samples were
compressed until 20% strain. Young’s modulus was calculated from
the slope of the obtained stress—strain curves.

2.5. Functionalization of the PU Surface. PDA coating was
performed by dipping the porous sample into a solution of 2 mg/mL
of dopamine hydroxychloride (Sigma) dissolved in 10 mM Trizma
base hydroxychloride at pH 8.5 under gentle stirring for 24 h. Samples
were then rinsed several times with distilled water and left to dry for
12 h at room temperature under a fume hood. Plasma treatments of
PU samples were carried out by placing the sample in the chamber of
a plasma cleaner using ambient air (Harrick Plasma PD-32G-2) at 200
mTorr for 3 min for each face. Samples were then directly seeded with
the cell suspension in order to prevent hydrophobic recovery.

2.6. Quantification of Secreted ECM. Collagen and non-
collagenous proteins secreted by cells were quantified using the Sirius
Red/Fast Green Collagen Staining Kit (Chondrex, Inc.). Scaffolds
seeded with cells were first rinsed in phosphate-buffered saline (PBS)
two times, then the samples were immersed in dye solution for 30
min. Afterwards, the samples were rinsed with distilled water several
times until the water became clear. Porous scaffolds were then
immersed in 1 mL of dye extraction buffer for 15 min. The solution
(100 pL) was collected in a 96-well plate, and absorbance values at
540 and 605 nm were recorded with a spectrophotometer. The
collagenous and noncollagenous parts were calculated with the
equation given in the kit protocol

Collagenous part (ug of protein/mg of material)
— (OD540nm - (OD605nm X 0291)
0.0378 X scaffold weight

©)

Non-collagenous part (ug of protein/mg of material)
— OD 605Snm
0.00204 X scaffold weight

(4)

ODs40nm and ODgpsyy, are the optical density at 540 and 605 nm,
respectively. Scaffolds were weighted before seeding to quantify the
amount of proteins relative to the amount of material.

2.7. Cell Culture and Seeding. PU scaffolds were cut into
cylinders of 1 mm height and 13 mm diameter. Samples were
sterilized in 70% ethanol overnight and placed under UV radiation, 15
min for each face for sterilization. The constructs were then placed in
a 24-well plate. For the flat surface experiments, the PU was cast on
the bottom of a 6-well plate and left to polymerize. Once solidified,
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PDA-coating was performed as previously described. The PU treated
with plasma was taken out of the well plates to be placed under the
plasma cleaner for 3 min and put back in the wells. Murine fibroblasts
NIH 3T3 (ATCC) were first cultured in T175 flasks in Dulbecco’s
modified Eagle’s media supplemented with 10% (v/v) of decom-
plemented fetal bovine serum (FBS) and 1% penicillin/streptomycin
(v/v) in a humidified incubator (5% CO,, 37 °C). WJMSCs were
harvested from four consenting patients with a procedure described
elsewhere®® [authorization body: Inserm, ITMO Santé Publique Pdle
Recherche Clinique (PRC), authorization number: DC-2015-2364]
and cultured in T175 flasks, in @-MEM Eagle (Gibco) supplemented
with 20% of decomplemented FBS, 1% penicillin/streptomycin/
amphotericin, and 1% of L-glutamine. Once cells reach about 70—80%
confluence, cells were washed with PBS, and passaged with trypsin—
ethylendiaminetetraacetic acid (EDTA) solution. WJMSCs were
seeded at passage 4, whereas fibroblasts were seeded at passage 8.
Cell seeding was achieved by deposing a 150 yL drop on the top of
each scaffold at a density of 1 X 10° cells per scaffold. The media (2
mL) was finally added in each well, and media was changed each 2
days during the experiment. All experiments were conducted in
hydrophobic coated well plate.

Hydrophobic 12-well plates were prepared as follows: 350 uL of
poly(2-hydroxyethyl methacrylate) (Sigma-Aldrich, P3932) solution
at 0.5% (w/v) in ethanol was incubated in each well plate and put in
incubator at 39 °C for 24 h until complete evaporation of ethanol.
Then, culture plates were sterilized for 15 min under UV before use.

2.8. DNA Quantification. Scaffolds with cells were crushed and
immersed in a lysis extraction buffer [10 mM tris-HCl, 1 mM of
EDTA (Sigma), and 0.1% v/v of Triton X-100 (Euromedex, France)
in sterilized water pH 8]. The solution was placed in a 10 mL falcon
tube in a freezer at —80 °C overnight. DNA purification was
performed by the phenol/chloroform method. The lysed cells
solution (200 uL) was poured in a 2 mL tube, and an equal volume
of phenol/chloroform/isoamyl alcohol 25:24:1 (Sigma-Aldrich)
solution was added to the solution. The mixture was vortexed for
20 s 10 times, and centrifuged at 13 000 rpm at 4 °C for 5 min. The
aqueous phase was extracted by careful pipetting and placed in a new
2 mL tube. Again, an equal volume of phenol/chloroform/isoamyl
alcohol 25:24:1 solution was added, and the operation was repeated.
After centrifugation, the supernatant was pipetted and poured in a
new tube, in which an equal volume of pure chloroform (Sigma) was
added, the mixture was vortexed again for 20 s 10 times and
centrifuged at 13 000 rpm for S min. DNA was precipitated by adding
150 uL of 5.5 M sodium acetate and two times volume of 100%
ethanol was added. The tubes were placed at —20 °C overnight.
Samples were vortexed for 20 min at 4 °C at 13 000 rpm, and the
supernatant was removed, leaving the pellets at the bottom of the
tubes. Samples were washed in 80% ethanol, vortexed three times, and
centrifuged at 13 000 rpm. Ethanol was removed, and tubes were let
under a fume hood for the complete evaporation of ethanol for 20
min. Buffer solution (200 uL, 10 mM tris-HCl and 1 mM of EDTA
(Sigma) pH 8) was added to solubilized DNA pellets and DNA
concentration (pg/mL) was read on a NanoDrop device. The value
was divided by the scaffold weight to get a DNA concentration
relative to the material amount to account for the difference from one
sample to another.

2.9. Contact Angle Measurement. Surface wetting properties of
the raw PU, plasma-treated, and PDA-coated samples were obtained
by static contact angle measurements with purified water (Milli-Q)
using the sessile drop technique (Attension Theta, Biolin Scientific).
The contact angles were obtained by image treatment using the
software OneAttension.

2.10. Scanning Electron Microscopy. Samples were observed
with scanning electron microscopy (SEM, Hitachi SU8010) under 1
keV voltage acceleration to investigate the structural properties of the
samples in general, and the dimensions of the pores and
interconnections in particular. Images were treated and analyzed
with Image] software.*® The pore dimensions were obtained
by measuring at least 100 pores by hand and taking the average.
The size of the black interconnections (see Figure 1B) was obtained

by employing the “particle analysis” tool after thresholding the image
with a selected circularity of 0.5. Because the interconnections are
viewed at different angles, the circular holes appear as ellipses. Their
true diameter was approximated by the Feret’s diameter, which is the
longest axis of the ellipse and which corresponds to the diameter of
the circle.

2.11. Optical Microscopy. Images of cells on flat surface were
taken with an optical inverted microscope (Eclipse, TS100, Nikon)
mounted with a digital camera (DS-Fi2-L3, Nikon).

2.12. Confocal Microscopy. Both cell types within scaffolds were
observed with a confocal microscope (Zeiss LSM 710). For staining
the cells, cells in the scaffolds were fixed in a 4% paraformaldehyde
solution in PBS, for 30 min at ambient temperature. Thereafter, the
samples were washed with PBS, and the cell membrane was
permeabilized with a solution of 0.1% Triton X-100 in PBS for 10
min, followed by two washing steps with PBS, and incubated with a
solution of 1% v/v of bovine serum albumin for 20 min. The actin
filaments of cells in scaffolds were then stained with a solution of
fluorescent molecule-conjugated phalloidin (Alexa Fluor 568) at 1/40
v/v in PBS for 1 h. Afterwards, samples were washed two times with
PBS for S min, and subsequently incubated in a 4',6-diamidino-2-
phenylindole (DAPI, PromoKine) solution in a concentration of 1/
100 in PBS for 5 min. At the end, samples were washed two times in
PBS for S min and kept in PBS at 4 °C before the microscopic
observation.

2.13. Statistical Analysis. For data of the DNA and ECM,
quantification are expressed as the average value and the bars indicate
the standard deviation (SD). Two ways (ANOVA) was performed
followed by the Holm—Sidak method to account for all pairwise
multiple comparisons. p values < 0.05 were considered significant.

3. RESULTS AND DISCUSSION

3.1. Morphology and Permeability of PU Scaffolds.
Porous PU scaffolds were generated by a sphere templating
method using spherical paraffin beads at the desired
dimensions. After synthesis and sieving of 133 ym diameter
paraffin beads, they were packed in a Petri dish and were
sintered at 43 °C for two different times to create a neck of
tunable cross-section between adjacent particles (Figure 2).
After cooling, a mixture of polyol and isocyanate was casted on
the Petri-dish. After 48 h, the paraffin beads were dissolved
with hexane.

PU porous scaffolds were produced with an average pore
size of 133 + 28 um and with two pore interconnec-
tion sizes depending on the sintering time of paraffin beads
(Figure 1B).

For a sintering time of paraffin beads of 20 min, average
interconnection diameter (d) of the resulted scaffold was 27 +
10 pm, named SMALL scaffold (Figure 1B, left). With a
sintering time of 1 h, the average diameter (d) was 52 + 12
um, named LARGE scaffold (Figure 1B, right). The spherical
footprint of the paraffin template allows to keep a homogenous
geometry across the entirety of both samples. The backbone of
the polymer was polyether-based to reduce hydrolysis and,
therefore, to maintain the integrity of the scaffold for the whole
experiment. PU scaffold porosity increases with the inter-
connection sizes from 60% for SMALL to 81% for LARGE
scaffolds. Young’s modulus was shown to be higher for the
scaffold having SMALL interconnections; we found E = 284.4
kPa for SMALL interconnections, and E = 239 kPa for LARGE
interconnections (Figure S4). However, mechanical tests were
performed by compressing the whole scaffold, thus, mechanical
response is a macroscopic response of the scaffold; at the cell
level, cells may only sense the local modulus of the PU, which
was the same for all samples. Because the sintering of the
paraffin beads leads to larger neck formation (ie., larger
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interconnections), there is less space available for PU
penetration in the interstitial space and then more void
space after paraffin beads dissolution, leading to more porous
structures. Aqueous permeability of PU scaffolds was also
investigated by measuring the hydraulic permeability (Section
2.3 in Materials and Methods section). The values obtained for
LARGE scaffolds are an order of magnitude larger than those
for SMALL ones (Table 1). Similar values in term of hydraulic

Table 1. Summary of the Properties of Scaffolds Used for
Cellular Studies

mean pore mean
structure diameter interconnection porosity  permeability
name (D) [um] diameter (d) [um] P [%] k [cm?
LARGE 133 + 28 2+ 12 81 +13 5% 107¢
SMALL 133 + 28 27 + 10 60 +11  45x 1077

permeability were found by Chor and Li®” for PVA scaffolds
with nearly the same pore diameter (150 gm) as we found in
the case of LARGE interconnections. The dependence of the
hydraulic permeability (k) on the interconnection diameters
was reported by Marshall and Ratner’® who provided a model
where the hydraulic permeability increases with the square of
the interconnection radius. Moreover, Kemppainen and
Hollister™® designed 3D printed poly(e-caprolactone) (PCL)
scaffolds with tailored interconnection diameter with different
hydraulic permeability, where they demonstrate that inter-
connection size is a key parameter for transport properties
throughout the scaffold.

3.2. Functionalization of PU Scaffolds. Aqueous
solutions deposited on top of a bare PU material present a
high contact angle and do not penetrate into the scaffold due
to its hydrophobicity. We thus functionalized the material
either by exposition to plasma or by bringing it in contact with
a dopamine solution in order to create a thin PDA coating on
the porous scaffold. The hydrophobic character of flat PU
surfaces was confirmed by contact angle measurement (Figure
3A) with a contact angle of 95°. It decreased continuously for
7 min upon exposure to plasma before reaching an equilibrium
value around 35°. It is known that plasma treatment induces
cleavage of polymer chains, which promotes the formation of
free radicals and highly reactive species that mostly react with
oxygen or water vapor to form hydroxyl groups.’”*’ These
polar groups increase the wettability of the PU as shown by a
decrease of the contact angle values. Yet, a rapid hydrophobic

recovery of the surface was observed after plasma treatment
due to re-arrangement of polymer chains that expose the
hydrophobic part toward air.*" As seen on Figure 3B, after only
S min, contact angle rises from 35° to 48° and stabilizes
around 60° for longer times.

In order to achieve a permanent improvement of the scaffold
wettability, PDA coatings were deposited on PU. Dopamine is
known for its ability to stick on many types of surfaces and to
self-polymerize to give thin film depositions. The surface
modification is versatile and easy to process because the
sample coverage is obtained by a simple dipping step, as
explained in the Materials and Methods section (see Section
2.4). After PDA deposition, aggregates were observed on PU
scaffolds, as reported in other studies (Figure 4A).* Surface
hydrophilicity of PDA-treated PU surfaces greatly increases
after 3 h of dipping and continues to increase slightly for
longer dipping durations (Figure 4B). A change of color is
observed proving PDA deposition on the whole surface
(Figure 4B insets). Unlike plasma treatment, PDA coating
shows a much better stability with time with regard to the
wetting properties remaining stable for 48 h (Figure 4C),
instead of only S min for plasma treatment (Figure 3B).

3.3. Cell-Growth in Porous Samples. Cells were brought
in contact with PU scaffolds functionalized by plasma
treatment and with PDA. In the case where we functionalized
the PU scaffold by plasma treatment, as the hydrophilicity
decreases with time, we seeded the cells immediately after
plasma exposure for studying the effect of the interconnection
diameter. We quantified the DNA, the collagen, and the
noncollagenous contents such as GAG after 14 and 21 days of
culture. As matrix production is a slow process, collagenous
and noncollagenous secretions were not quantified before day
14; furthermore, it guarantees to be above the detection limit
of the quantification kit. DNA content reflects the number of
cells present in the scaffold. In order to avoid as much as
possible, the presence of dead cells that will contribute to DNA
content, we thoroughly rinsed the scaffold before each
measurement. Collagen and noncollagen contents reflect the
ECM produced by the cells. The results are summarized on
Figure 5 for NIH 3T3 cells and in Figure 6 for WJMSCs. One
first observes that the two cell types respond differently to the
functionalization method.

DNA quantification of fibroblasts, illustrated in Figure SA,
did not show significant variation of measured values over the
studied time for PDA-treated scaffold but showed a significant
decrease for plasma. Furthermore, collagen and noncollage-
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Figure 3. (A) Water contact angle measurement on PU flat surface after various treatment durations. (B) Water contact angle measurement as a

function of time after plasma treatment.
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Figure 4. (A) SEM images of PU scaffold with and without PDA coating for 24 h, (B) contact angle measurement of PDA-coated PU flat surfaces
with various dipping times, and (C), contact angle evolution with time after PDA treatment on PU dipped in PDA solution for 24 h.
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Figure 5. (A) DNA quantification of NIH 3T3 in PU scaffolds, either coated with PDA or just treated with plasma (B) collagen secreted
quantification in PU scaffold and (C) noncollagenous content secretion, values expressed as mean = SD n = 3 *p < 0.05, **p < 0.01.

nous contents are significantly higher on PDA-coated samples
after 14 and 21 days of culture, respectively, compared to
plasma-treated samples for a given interconnection size Figure
5B,C.

In contrast to fibroblasts, WIMSC behavior is better on
plasma-treated PU scaffold compared to PDA. For fibroblasts,
the ECM production is favored on PDA-coated samples in

19824

comparison to plasma-treated ones. As far as DNA content is
concerned, it remains fairly constant overtime for PDA-treated
samples (compare D7 to D21) and it decreases for plasma-
treated samples. This indicates that on PDA-treated samples,
the number of cells remains fairly constant over time. For
WJMSCs, DNA content decreases over time.

DOI: 10.1021/acsami.9b04625
ACS Appl. Mater. Interfaces 2019, 11, 19819—19829


http://dx.doi.org/10.1021/acsami.9b04625

ACS Applied Materials & Interfaces

Research Article

z2

o
S

@ LARGE PDA COATED
SMALL PDA COATED
@ LARGE PLASMA TREATED
[ SMALL PLASMA TREATED

.

Al

o
w

DNA concentration [ug/mg]
(=] =}
- ()

0,0
7 14 21
Time [day]
B) o7
— BN LARGE PDA COATED e~
o 06 SMALL PDA COATED *
E ’ N LARGE PLASMA TREATED
B} [ SMALL PLASMA TREATED
205
‘E * %
S 04
c
o
© 03
®
S 02
S
©°
g o1
0,0
14 21
Time [day]

40

R LARGE PDA COATED
SMALL PDA COATED
[ LARGE PLASMA TREATED
30 [ SMALL PLASMA TREATED

Non collagenous content [ng/mg]

20
kK
10
Axk
0 = W[
14
Time [day]
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Collagen and noncollagenous content are always signifi-
cantly higher on plasma-treated samples compared to PDA-
coated samples for a given interconnection size. For WJMSCs,
ECM production is significantly higher on plasma-treated
samples compared to PDA-coated ones. In the case of PDA-
coated samples, almost no ECM production was observed. As
far as DNA content is concerned, it is significantly higher over
time on plasma-treated samples compared to PDA-coated
ones, even if it is decreasing a bit over time. One does observe
opposite behavior between fibroblasts and WJMSCs with
respect to the surface treatment.

Hence, as demonstrated in Figures 3 and 4, surface
functionalization improves the wettability of the PU scaffolds.
As a result, cell suspension could clearly penetrate within the
pores. Therefore, surface treatments allowed cells to colonize
the scaffold in a preliminary way. Further interaction between
the cells and the surface dictated the long-term response of the
cells toward the PU surface. This was demonstrated to be
rather cell specific.

In their respective favorable conditions, matrix synthesis by
NIH 3T3 and WJMSCs is significantly higher for LARGE
interconnections compared to SMALL ones, indicating the
strong influence of the interconnection size on cell behavior.

We also performed confocal imaging of the scaffolds after 21
days of cell culture, where cells were stained with DAPI (blue)
and phalloidin (red) to visualize the nuclei and the F-actin
filaments, respectively. Typical images are shown in Figure 7
for NIH 3T3 cells and in Figure 8 for WJMSCs.

For both cells seeded on the favorable coated PU, scaffolds
with LARGE interconnections are always more colonized than
scaffold with SMALL ones. As far as NIH 3T3 cells are
concerned, one observes that for LARGE interconnections,
whole pores are colonized in the case of PDA treatment,

19825

SMALL
PDA-coated

LARGE
PDA- coated

100 pm

SMALL
PLASMA TREATED

LARGE
PLASMA TREATED

Figure 7. Confocal images of scaffolds seeded with NIH 3T3
Fibroblasts for 21 days of culture; cells were stained with DAPI (blue)
for nucleus and phalloidin (red) for F-actin filament, images were
taken in the center of the scaffold approximately.

whereas cells essentially colonize the surface of the pores for
plasma-treated PU (Figure 7). After 24 h of culture, more
fibroblasts were observed in structures with SMALL
interconnections compared to day 21; for LARGE inter-
connections, no significant differences were seen between day
1 and day 21 (Figure S3). In the case of WJMSCs, cells fully
colonize the plasma-treated PU with LARGE interconnections,
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Figure 8. Confocal images of scaffolds seeded with WJMSCs for 21
days of culture; cells were stained with DAPI (blue) for nucleus and
phalloidin (red) for F-actin filaments; images were taken in the center
of the scaffold approximately.

whereas for SMALL interconnections, the material appears
sparsely colonized. No colonization is observed when the PU
was functionalized with PDA. These results are in agreement
with those found by the DNA and ECM content analysis.

In order to obtain a better understanding of the colonization
process, we also performed cell adhesion experiments on flat
raw or functionalized PU surfaces (Figure S1 of the Supporting
Information). Different behaviors occur with regard to the cell
type. On plasma-treated PU, WJMSCs spread on the substrate
after 1 day, but cells become round shaped after 2 days of
culture (Figure S2 in the Supporting Information). On the
other hand, fibroblasts poorly adhere on this substrate and
present a tendency to form cell aggregates on the surface. One
can, thus, conclude that WJMSCs and NIH 3T3 cells interact
differently on the two substrates, but in any case, their
adhesion appeared rather weak.

From our observations, one can conclude that despite weak
adhesion, cells can colonize porous materials, synthesize ECM,
and even totally fill the material. We find that interconnection
size between different pores is of great importance, LARGE
interconnections (larger than SO um) being needed for cell
colonization. Moreover, we find that surface treatment plays an
important role for cell colonization but must be adapted to the

cell type.
4. DISCUSSION

Let us now discuss our results in the light of the literature. It
has already been reported that when the cells have poor
interactions with a biomaterial, they do secrete their own ECM
on the surface of the material to create a more favorable
environment. For instance, Ferreira et al.*’ produced a
combination of sulfated modified-hyaluronic acid and poly-
ethyleneglycol diacrylate hydrogel that did not contain any
adhesion motifs, and they showed that human bone marrow
mesenchymal stem cells secreted their own local pericellular
ECM to which cells subsequently attached. One can assume

that cells are able to create a local environment when they do
not adhere directly on the material. Cells could, then, either
recruit proteins from the serum or synthesize their own ECM
to adhere on the material surface. This was shown on
trimethylpropane trimethacrylate, where poorly adherent
dental pulp stem cells showed an upregulation of collagen II,
collagen IV, and vitronectin genes in serum-free conditions,
which was attributed to a mechanism allowing the cells to
remain attached on the material by their own secreted
proteins."* For fibroblasts, collagen secretion was 0.2 +
0.003 ug/mg on PDA-coated samples versus 0.1 + 0.003
ug/mg on plasma-treated ones at day 14 in the case of LARGE
interconnections (Figure SB), and non-collagenous content
was 5.6 + 0.3 ug/mg on PDA-coated samples and 1.2 + 0.08
pug/mg on plasma-treated samples at day 14 (Figure SC). For
all samples coated with PDA, both collagenous and non-
collagenous secretion increased from day 14 to day 21,
indicating the production of ECM by fibroblasts, whereas on
plasma-treated PU, these contents remained constant.

For WJMSC:s, there was only small collagen secretion with
no noncollagenous secretions on PDA-treated PU, whereas
significant secretions were observed on plasma-treated PU. In
the latter case, an important increase in the secreted amounts
of collagen (026 + 0.09 to 0.56 + 0.03 ug/mg) and
noncollagen content (11.2 = 3.12 to 18 + 3.9 ug/mg) are
observed between day 14 and day 21 for structures with
LARGE interconnections (Figure 6B,C). This indicates strong
ECM production, consistent with the entire pore colonization
of NIH 3T3 cells on PDA-coated PU with LARGE
interconnections and WJMSCs on plasma-treated PU with
LARGE interconnections.

One can, thus, assume that in both cases, the interactions of
the cells with the surface favors ECM production onto which
cells can further attach, this process going on until the whole
pores are filled. These findings demonstrate that the surface
treatment can influence cell behavior and that this influence is
highly dependent on cell type.

Our results also show that the size of the interconnections of
the scaffolds has a significant influence on cell survival and on
matrix production regardless of the surface modification. For
both cell types, the DNA concentration is significantly higher
in scaffolds with LARGE compared to SMALL interconnec-
tions (Figures SA and 6A).

For instance, in PDA-coated PU structures, DNA concen-
tration of fibroblasts at day 21 was 0.17 + 0.002 ug/mg for
LARGE interconnections, whereas it was only 0.07 + 0.009
ug/mg for SMALL interconnections. Likewise, for WJMSCs,
on plasma-treated PU with LARGE interconnections at day 21,
DNA concentration was 0.15 + 0.006 ,ug/ mg, whereas it was
0.07 + 0.008 pg/mg for SMALL interconnections.

Cellular organization was also checked by confocal images.
In Figure 7, observations by confocal microscopy show that
fibroblasts do not colonize the samples with SMALL
interconnections either plasma-treated or PDA-coated. In the
case of SMALL PDA-coated samples, only few cells after 21
days of culture are spread on the scaffold, whereas for SMALL
plasma-treated samples, cells do not spread at all and have a
rounded shape consistent with necrotic behavior. As previously
explained, in samples with LARGE interconnections, fibro-
blasts react differently to surface treatments. In LARGE PDA-
coated samples, cells fully colonized the pores after 21 days of
culture with extensive spreading of their cytoplasm with
elongated F-actin filaments. One can even observe that cells
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have been able to spread throughout the structure and create
cell—cell contacts between adjacent pores. In LARGE plasma-
treated samples, cells colonized the pores and remained
generally on the outer part of the pores, thus favoring cell—
substrate contacts instead of cell—cell contacts.

The effects of surface treatment and interconnection size are
even more pronounced for WJMSCs (Figure 8). In PDA-
coated samples with SMALL or LARGE interconnections,
almost no cells were observed after 21 days of culture; they did
not colonize the scaffold. On plasma-treated samples, the effect
of interconnection size was more obvious because for LARGE
interconnections, cells colonize the pores completely and
spread throughout the entire structure also creating cell—cell
contacts. In contrast, with SMALL interconnections, we can
only observe few cells that spread across the scaffold, but most
of the scaffold remains acellular. These data corroborated our
quantitative findings which showed that LARGE PDA-coated
scaffolds appear as the best substrate for 3T3 cells and LARGE
plasma-treated scaffolds appear as the best substrate for
WJMSCs.

The effect of interconnection size on cell behavior may be
multifactorial and complex. LARGE interconnections may
facilitate cell diffusion through the matrix. A typical cell size
being of the order of a few to 10 ym, an interconnection size of
27 um should allow for cell diffusion, but, when cells produce
their matrix, it may become more difficult for cells to cross the
interconnection. Moreover, larger interconnections should
favor cell—cell communication between cells of adjacent
pores. As discussed previously, the ECM produced by cells
seems to play an important role in cell attachment and further
cell behavior. But the significant difference in cell behavior with
regard to the interconnection sizes can also be correlated to the
transport properties as summarized in Table 1, where one
observes that the hydraulic permeability is changing by 1 order
of magnitude between scaffolds with 27 and 52 um
interconnections. As discussed previously, the interconnection
diameter is the key parameter with regard to the hydraulic
permeability that may affect the transport properties through
the center of the scaffold. This may affect oxygen and nutrient
supply in the center of the sample. This was reported by
Kemppainen and Hollister’® who generated PCL scaffolds in
which permeability was controlled. Scaffold with the lowest
permeability value showed higher cartilage matrix formation
when seeded with chondrocytes compared with scaffolds
having higher permeability values. These results were
attributed to the lower oxygen tension that may promote
cartilaginous matrix formation. Fan et al.” seeded MC-3T3-E1
cells on tricalcium phosphate scaffolds with varying perme-
ability. Under static culture conditions, they found that cell
survival was enhanced in the scaffold with the highest
permeability even if the effect was more pronounced under
flow perfusion. Again, the authors reported that permeability
affects the transport properties with regard to both the
nutrients and oxygen supply to the center of the scaffold, and
the waste removal, which may drastically lower the local pH
value. Moreover, cellular growth on porous scaffold is thought
to be faster for cells on the outer surface than for cells in the
deeper layers because on the outside, cells have a better access
to nutrients. For instance, Galban and Locke® gave a
mathematical approach to describe cell growth in a porous
polymer. They proposed that cells located on the outer surface
will grow more rapidly than the cells located deeper in the
scaffold due to a higher nutrient supply. They argued that cells

on the outer surface will merge and finally cover the whole
surface. At this point, nutrient supply inside the construct will
be limited by diffusion through the cell layer before reaching
the cells inside the scaffold.

Let us finish by discussing the effect of PDA on cell
adhesion. We observe that PDA-treatment of the PU scaffold is
favorable for NIH-3T3 proliferation inside the material,
whereas it does not allow WJMSCs to proliferate. PDA
structure on surfaces is still not well understood. Some authors
are considering it as an assembly of supramolecular aggregates
rather than a polymer.” This material derived from mussel
foot protein can virtually bind to any kind of surface through
its catecholamine groups such as dopamine. Over the last 10
years, functionalization with PDA layer has been used to
promote cell adhesion on different substrates such as
polydimethylsiloxane,** PCL,*” PLGA™ or PU.*" This PDA
layer has been shown to promote serum protein adsorption
and thus provide an adhesion motif for cells to attach and
grow."® However, the adsorption of serum proteins alone could
not explain cell proliferation and growth on such a substrate as
many studies have demonstrated that the adhesion on PDA
depends on cell type. It has been found that dopamine induces
human adipose derived stem cells proliferation on PLGA-
coated substrate, whereas it did not have any effect on
polystyrene. It was also shown that PDA-coated PLGA did not
promote proliferation of other cell types, such as human
umbilical vein endothelial cells or induced pluripotent stem
cells.”' These results are consistent with our study and
highlight the complexity of cell adhesion processes on solid
surfaces. WJMSCs were already seeded onto a PDA-modified
calcium  silicate/PCL composite scaffold.”> No significant
proliferation was found with respect to the control which
was WJMSCs seeded on a 2D plate for 7 days. This indicates
that PDA alone did not promote stem cells proliferation in
other porous substrates. However, in another study, dopamine-
coated calcium silicate surface was shown to increase WJMSCs
adhesion for 7 days and f-1 integrin expression was also higher
on the dopamine-coated surface.’”®> These results clearly
demonstrate that the mechanism through which a defined
cell type can or cannot adhere and proliferate on PDA layer is
yet to be understood.

5. CONCLUSIONS

The physicochemical properties of porous scaffolds signifi-
cantly affect their ability to integrate with the host tissue via in-
growth of the connective tissue cells. Here, we have introduced
a scaffold production protocol which can control the
interconnections of the pores while keeping the pore size
constant in PU scaffolds. The interconnections significantly
affect cell distribution and ECM secretion, when coupled with
either plasma or PDA surface treatments in a cell type
dependent manner. The extent and response to the surface
treatments were different for WJMSCs where plasma treatment
enhanced cell colonization, and fibroblasts where it was the
PDA treatment that favored cell colonization. The effect of
interconnection was equally important for both stem cells and
fibroblasts where colonization and cell growth were promoted
by LARGER interconnections most likely due to the
significantly improved permeability and ease of cellular
connections within 3D structures. Precise control of pore
interconnectivity at microscale and surface properties in
nanoscale could provide optimized 3D scaffolds for both cell
migration and differentiation. Dynamic culture conditions are
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considered for further work to better harness the improved
transport properties of scaffolds with LARGE interconnections.
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