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The development of a functional in vitro model for microcirculation is an unresolved challenge, with major impact for the
creation and regeneration of organs in the tissue engineering. The absence of pre-vascularized engineered tissues limits enor-
mously their efficacy and integration. Therefore, in this study, the in vitro formation of tubular-like structures with human
umbilical vein endothelial cells (HUVECsS) is investigated thanks to three-dimensional polycarbonate (PC) micro-channel
(nCh) scaffolds), surface biofunctionalized with hyaluronic acid/chitosan (HA/CHI) layer-by-layer (LbL) films grafted with
adhesive (RGD) and angiogenic (SVV and QK) peptides, alone and in combination. The novelty of this work lies in the for-
mation of capillaries in the order of tens pm, developing spontaneous micro-vessels, without the complexity of micro-fluidic
approaches, and in a short time-scale. Ellipsometry, confocal laser scanning microscopy and fluorospectrometry are used to
characterize the biofunctionalized micro-channels. PC-uCh scaffolds functionalized with (HA/CHI);2s film (PC-LbL) and
further grafted with RGD and QK peptides (PC-RGD+QK) or with RGD and SVV peptides (PC-RGD+SVV) are then tested
for in vitro blood vessel formation. These assays evidence a rapid formation of tubular-like structures after 2h of incubation.
Moreover, co-culture system involving HUVECs and human pericytes derived from placenta (hPCs-PL) stabilizes the tubes

for longer time.

1. Introduction

The success of an engineered tissue often depends on the provi-
sion of an adequate blood supply to ensure efficient nutrition
and oxygen supply [1]. This is possible by engineering a micro-
circulation system into three-dimensional constructs using, for
example, an in vitro approach for this pre-vascularization step
[1]. However, recapitulating the blood microcirculation in
three-dimensional space is challenging for both engineered tis-
sue grafts and model systems (such as organ-on-a-chip used to
study angiogenesis in the presence of various drugs [2, 3]). The
efficiency of a three-dimensional tissue construct can only be
achieved when cells colonizing the graft can survive either in
vivo for grafts or in vitro for tissue models. For both cases, ox-
ygen delivery and perfusion, provision of nutrition, and waste
removal need to match the metabolic demand [1, 4]. This is only
possible when the degree of vascularization in the construct re-
flects the specific tissue requirement [1].

The vascularization of various grafts has already been tested in
vivo, but only thin constructs or those requiring low metabolic
demand such as skin, cartilage or bladder grafts have been suc-
cessfully achieved and led to clinical translations [5, 6]. How-
ever, the vascularization challenge remains open for tissues
highly sensitive to oxygen supply (e.g, myocardium and
liver).[2]. It is thus important to develop model systems which
might induce a rapid vascularization in a stable and reproduci-
ble way, that would be potentially transferable to the fabrication
of three-dimensional tissues.

Several approaches have been used both in vivo and in vitro [7-
9] to create a scaffold containing a vasculature network that can
be implanted in the patient and immediately integrated by the
patient’s body through anastomosis (i.e., the connection be-
tween the scaffold and the patients’ vascular network) [10, 11].
The successful development of a capillary network in a scaffold
depends on four key factors: the cell lineage that is used to cre-
ate the tubular structures, the template material which is both a
mechanical support and a mechano-signal transductor, the ex-
tracellular matrix (ECM) which provides the proper micro-en-
vironment for cell culture, and finally supplementary factors
such as peptides or growth factors which trigger specific signals
inducing cell adhesion or angiogenesis [7, 8]. In addition, pre-
serving the physiological size of a capillary vessel preserve their
functionality and the bulk flow mechanism [12]. Oxygen exit
from capillaries during the filtration step because the hydro-
static pressure is greater than the osmotic pressure thanks to the
very small diameter of the capillaries in physiological condi-
tions [13].

Compared to angiogenesis-inducing methods based on the de-
livery of growth factors or cell therapy, bioengineering ap-
proaches such as the use of sacrificial materials, 3D bioprinting
and micropatterning [14] are advantageous because they can
precisely control the geometry of the forming micro-vessels. In
particular, the potential of using micro-channels as templates to
guide in vitro the micro-vasculature by endothelial cells was al-
ready reported. [15-17]. However, the systems reported so far
rely on large channels 40 to 200 pum in size, which considerably



differ from in vivo capillaries whose size is ca. 10-15 um [18],
and are therefore classified as giant capillaries [19, 20]. Here,
we will focus on the development of tube-like structures by en-
dothelial cells in smaller micro-channels, thereby more closely
mimicking real capillaries.

Human umbilical vein endothelial cells (HUVECs) are widely
used as optimal cell lineage candidates for the in vitro formation
of capillary networks in engineered tissue grafts. Indeed, they
preserve nearly all the native-vascular endothelium features
found in vivo in physiological conditions [21]. In addition, HU-
VECs have been used in combination with other cell lines, pep-
tides and other biological factors to mimic the in vivo conditions
in which cells are surrounded by numerous soluble factors, ex-
tracellular matrix and supporting cells such as pericytes [11, 22,
23]. A detailed description of the cellular and molecular mech-
anisms of vascular lumen (tubular structure) formation was re-
ported by Iruela-Arispe et al. [24]. Briefly, cord hollowing and
cell hollowing are the two main mechanisms of lumen for-
mation for endothelial cells. The first one involves at least two
endothelial cells arranged in a paired fashion, which assemble
into a cylindrical form, and coalescence vesicles creating the
lumen [24, 25]. The second mechanism, cell hollowing, in-
volves a single endothelial cell in which vacuoles are formed
and coalesce inside the cell, creating an intracellular lumen [24,
25]. Both mechanisms require signaling from the ECM through
cell-receptor binding involving vascular growth factor (VEGF)
and osteopontin receptors, triggering intracellular signals to ac-
tivate cdc42/Racl [24, 25].
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combination of those ones) through EDC/sulfo-NHS activation. (E)
Selective removal of the bioactive coating on the top regions of the
micropatterned PC sample by manual scratching.

This points to the need to properly biofunctionalize the surface
of templating channels in order to allow cell adhesion and sim-
ultaneously trigger angiogenic pathways in endothelial cells.
However, even though mimicking the geometrical and the
chemical signals for endothelial cells might be sufficient to
drive the formation of tube-like structures, it is unlikely to result
in the formation of stable capillaries. Indeed, endothelial cells
in vivo are constantly interacting with surrounding cells named
pericytes, which contribute to stabilize the tubular structures
[26]. A combination of two cell lines embedded in collagen was
actually already shown to increase the lifetime of tube-like
structures [27]. Therefore, the objective of the present study is
to develop a simple model system for the rapid in vitro for-
mation of stable capillary vessels by HUVECs, using a combi-
nation of geometrical and chemical cues, in the possible pres-
ence of pericytes. Nowadays in the literature most of the works
lies in the formation of micro-vessels in the order of hundreds
um, or from pre-existing vascular network, or using complex
microfluidic approach. Therefore the novelty of this work lies
on the formation of micro-vessels in the physiological order of
tens um, guiding HUVEC: to a spontaneous formation in a sim-
ple-and-reproducible manner with a rapidity never achieved be-
fore in the literature.

Briefly (Figure 1), we create micro-channels as small as 26 um
in a polycarbonate (PC) film by hot micro-embossing, then
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Figure 1: Description of the process used to fabricate the surface-
modified PC microchannels (PC-uCh). (A) Scheme of the silicon
mold (SiM) used to fabricate the PC-uCh. (B) Description of the
hot-embossing process used to fabricate the PC-pCh. (C) Modifi-
cation of the PC-uCh surface by LbL deposition of a
PEI/(HA/CHI)12/HA coating. (D) Crosslinking of the LbL coating
and grafting of different peptides (RGD, SVV, QK or a

functionalize the channel surfaces by a crosslinked hyaluronic
acid/chitosan layer via layer-by-layer (LbL) assembly [28].
This carboxylic acid-rich layer then serves to install peptides
[28], either to improve adhesion (GRGDS a.k.a. RGD) [29]
and/or to trigger angiogenesis a GDSVVYGLR (ak.a. SVV)
mimic of an osteopontin sequence [25, 30, 31], and/or a Ac-
KLTWQELYQLK(Ac)YK(Ac)Gl-amide (a.k.a. QK) mimic of



a VEGEF sequence [32-34]. These functionalized channels stim-
ulate HUVECs into forming tube-like structures, which we fi-
nally attempt to stabilize by co-culturing pericytes.

2. Materials and Methods

2.1.  Materials

Polycarbonate films (PC) of 50 pm thickness were kindly pro-
vided by it4ip, Belgium. Polycarbonate pellets were purchased
from General Electric (Lexan). Poly(ethyleneimine) (PEI) of 25
kg/mol molar mass was from Aldrich. Chitosan (CHI) of 50-
150 kg/mol molar mass and a deacetylation degree higher than
90% (Protasan™ UP CL 114) was from NovaMatrix. Hyalu-
ronic acid (HA) of 151-300 kg/mol molar mass was purchased
from Lifecore Biomedical. N-(3-dimethylaminopropyl)-N'-
ethyl-carbodiimide hydrochloride (EDC), N-hydroxysulfosuc-
cinimide sodium salt (Sulfo-NHS), 4-(2-hydroxyethyl)pipera-
zine-1-ethanesulfonic acid (HEPES), Fluorshield™ mounting
medium with DAPI (DAPI), Cell Proliferation Kit II (XTT),
poly(2-hydroxyethyl methacrylate) (poly-HEMA), rhodamine
red, and toluidine blue were from Sigma-Aldrich. Sodium chlo-
ride (NaCl) were from Fisher Scientific. Fetal bovine serum
(FBS), trypsin-EDTA, Quant-iT™ PicoGreen™ dsDNA Assay
Kit, CellTracker™ Red CMTPX dye, CellTracker™ Green
CMFDA dye, Alexa Fluor™ Phalloidin-546, Dulbecco’s phos-
phate buffered saline (DPBS), and paraformaldehyde 16%
(PFA) were purchased from Thermo Fisher Scientific. B-(N-
morpholino)ethanesufonic acid (MES) was from ACROS. Eth-
anol (96 %), isopropanol (99.7%) and acetone (99.8%) were
from VWR. Peptides with customized sequences were pur-
chased from Genecust: GRGDS (RGD), GDSVVYGLR
(SVV), Ac-KLTWQELYQLK(Ac)YK(Ac)GI-amide (QK),
GRGDSK-fluorescein S-isothiocyanate (RGD-FITC),
GDSVVYGLRK-fluorescein 5-isothiocyanate (SVV-FITC),
and Ac-KLTWQELYQLK(Ac)YK(Ac)GIK-fluorescein 5-
isothiocyanate (QK-FITC). Human umbilical vein endothelial
cells (HUVECs), human pericytes derived from placenta
(hPCs-PL), endothelial basal medium 2 (EBM-2) with endothe-
lial medium supplements, and pericytes growth medium (PGM)
were purchased from Promocell. EGM-2 medium was prepared
by adding the endothelial medium supplements to EBM-2. A
silicon mold (SiM of 4 inches diameter) with a linear pattern
was fabricated by combining photolithography and etching
(WINFAB, UCLouvain), and later cut in 6 squares of 1 cm
length. This mold was surface functionalized with
1H,1H,2H,2H-perfluorooctyl trichlorosilane [35]. MilliQ water
was generated with a Millipore Sigma Simplicity Water Purifi-
cation System.

2.2.  Methods
Quick summary of the four methods involved can be found in
the Supplementary file (Fig. S1 A,B,C,D).

2.2.1. Micro channel fabrication (Figure 1)

PC films were washed for 10 min with isopropanol then dried
and shaped by a hot embossing procedure using a silicon master
mold (SiM) composed of linear protrusions with a width of
25 pm, a height of 28 um and an inter-distance between the pro-
trusion edges of 25 um (Fig. 1A). These obtained patterned PC
films are named PC-pCh in the sequel. Molding was performed
using a Fontijne hydraulic press (TP400, Fontijne Holland) as

follows: the stacked PC film and SiM mold were sandwiched
between two Kapton® sheets (260 um thick), two silicone rub-
ber sheets (about 1 mm thick) and two thick glass slides, then
placed for 2 min between the plates of the press heated at 200°C
to pre-heat the stack (Fig. 1B). Then, a force of 3 kN was ap-
plied for 2 min, and the system was cooled down to 30°C before
releasing the pressure (Fig. 1B). PC-uCh were characterized by
scanning electron microscope (SEM) and profilometry.

2.2.2. Bio-functionalization of PC substrates

PC substrates, i.e., either flat PC films or PC-uCh, were first
modified with a LbL coating. For this purpose, HA, CHI and
PEI polyelectrolytes were freshly dissolved at 1 mg/ml in 0.15
M NaCl, buffered at pH 6.0-6.5 and kept under stirring over-
night at room temperature for a complete dissolution. Each dep-
osition and rinsing steps were performed using a custom-made
automatic dipping machine, holding the samples in a vertical
orientation. Briefly, a PC substrate freshly cleaned with isopro-
panol was first dipped in the PEI solution for 10 min then rinsed
three times in NaCl 0.15 M (pH 6.0) to create a positively
charged surface. Afterwards, the PC sample was dipped alter-
natively in CHI and HA solutions for 5 min, each followed by
three rinsing steps in NaCl 0.15 M (pH 6.0) solution (Fig. 1C).
For further grafting of peptides, polysaccharides (HA/CHI), ar-
chitecture corresponding to the deposition of 12 (HA/CHI) bi-
layers plus one top HA layer were prepared. The multilayered
films were then crosslinked by immersing the LbL-modified PC
substrates into a freshly prepared EDC/sulfo-NHS solution (30
mM/50 mM in NaCl 0.15M, pH 5.0-5.5) overnight at 4°C. After
16 h, the crosslinking reaction was stopped by performing eight
washing steps of 20 min each in HEPES solution (20 mM in
NaCl0.15 M, pH 7.3-7.6).

Different peptides were covalently grafted on crosslinked
PEI(HA/CHI)12.5 coatings deposited on PC substrates, denoted
as PC-LbL. RGD, SVV, QK, RGD-FITC, SVV-FITC, and QK-
FITC sequences were grafted alone or in combination through
EDC/sulfo-NHS activation. The nomenclature of the peptide-
modified samples will be PC-X in the sequel, with X being the
name of the grafted peptide (or peptide combination). Briefly, a
quick activation of the LbL multilayers with EDC/sulfo-NHS
was performed for 15 min at RT, as described herein above, fol-
lowed by one rinsing step in 0.1 M MES (pH 6.5). Then, the
activated PC-LbL substrates were immersed into a peptide so-
Iution (10-4 M in 0.1 M MES buffer at pH 5.0-5.5) or peptide
mixture (10-4 M RGD and 10-4 M SVV or QK in 0.1 M MES
buffer at pH 5.0-5.5) overnight at 4°C (Fig. 1 D, E). For the PC-
puCh-XL samples, a further step of scratching with a metal blade
was performed to remove the bioactive coating on the mesas
between the channel grooves (Fig. 1 E). Finally, both flat PC-X
and PC-pCh-X were washed eight times for 20 min each with
20 mM HEPES (pH 7.4 buffer followed by three rinsing steps
of 5 min each in ethanol 50% then 30 min of sonication (30 Hz,
100W, Elmasonic P120H) in 50% ethanol to remove adsorbed
peptide molecules.

2.2.3. Characterization of PC substrates before and after
surface functionalization

2.2.3.1. Characterization of the silicon mold and micropat-
terned PC




Both SiM and PC-pCh samples were observed with a Field
Emission Scanning Electron Microscope (FE-SEM) (JSM-
7600F, Jeol Ltd.) operated at 15 keV to determine the protru-
sion or micro-channel width and inter-distance, respectively.
Prior to their characterization by FE-SEM, all the PC-uCh sam-
ples were coated with a 10 nm-thick layer of Pt/Pd using a sput-
ter coater (Cressington 208 HR). The height of the linear pro-
trusions of the silicon mold and the depth of the microchannels
of PC-uCh samples were measured by profilometry (Veeco
Dektak 150) using the following settings: ‘Hills and Valleys’
profile mode, a scan duration of 100 s, a scan length of 100 um,
a stylus force of 4 mg, a stylus scan range of 524 pm and a sty-
lus radius of 0.7 pm. At least three measurements were aver-
aged per sample.

2.2.3.2. Measurement of the LbL coating thickness

The deposition of (HA/CHI) films on various surfaces has been
extensively studied in the literature by various techniques such
as atomic force microscopy, quartz crystal microbalance, zeta
potential and FTIR [36-39].In our case, the growth of the films
was investigated by ellipsometry. For that purpose, a PC solu-
tion (1g/L in dichloromethane) was spin-coated (Laurell WS-
650MZ, speed 4500 rpm, acceleration 2250 rpm and time 60 s)
on 1 cm2 silicon wafers to create a flat and homogeneous PC
film with a thickness of about 6.1 £ 0.1 nm, followed by a sin-
gle dipping step in a PEI solution to create an anchoring layer.
Then, polysaccharide (HA/CHI)n films with different number
(n) of deposited bilayers (n =4, 8, 12, 16, 20, 24) were built and
crosslinked on top of the PC-PEI film, using the procedure de-
scribed hereinabove. The thickness of dried films was measured
using a spectroscopic ellipsometer (Horiba-Jobin Yvon,
France). The ellipsometry thickness was an average of four
measurements, carried out at different spots on the surface of
each sample.

2.2.3.3. Quantification of free carboxvlic groups available in
the crosslinked LbL films

Free carboxylic groups available in crosslinked PC-LbL sam-
ples for peptide grafting were quantified using toluidine blue-O
(TBO) test, as previously reported [40, 41]. Briefly, 1 cm2
crosslinked PC-LbL samples were immersed in 5 mM TBO so-
lution freshly prepared in NaOH 10 mM (pH 10). The reaction
was carried out overnight then two quick rinsing steps in NaOH
(pH 10) solution and Milli-Q water were performed. The sam-
ples were subsequently immersed in 5 mL acetic acid solution
(50%) for 10 min to elute the TBO and the absorbance of the
resulting solution was measured at 633 nm. The TBO concen-
tration was evaluated using a calibration curve established from
reference TBO solutions (with concentration varying from 10-
4 to 10-8 M) (Fig. S2). We assumed that 1 mole of TBO was
complexed with 1 mole of carboxylic acid groups to estimate
the concentration of free carboxylic groups into the LbL films
[42].

2.2.3.4. Quantification of peptide grafting density

In order to quantify the density of the different peptides grafted
on/in the LbL films, samples grafted with fluorescent peptides
(i.e., RGD-FITC, SVV-FITC and QK-FITC) were measured by
fluorescence spectroscopy. Briefly, after biofunctionalization,

disks of 6 mm in diameter were placed at the bottom of a black-
96-well plate and 100 pL of DPBS 1X was added. PC films and
PC-LbL samples not activated by EDC/sulfo-NHS were used as
controls. The quantification of the grafted peptide was per-
formed using a spectrofluorometer (CLARIOstar, Aexcitation
488 nm, Aemission 535 nm, gain 600, 30 x 30 matrix scan
method). The amount of peptide grafted on each sample was
evaluated from calibration curves plotted using reference FITC-
peptide solutions with concentrations varying from 10-4 to 10-
8 M (Fig. S3). Knowing the surface area of the analyzed sample,
it was possible to determine the amount of peptide grafted on
the LbL films (Table 1).

2.2.3.5. Diffusion of peptides within the LbL multilayer

To obtain more information about the ability of peptide mole-
cules to diffuse within the crosslinked (CHI/HA) films, PC-X
samples grafted with a FITC-peptide were imaged using an in-
verted confocal laser scanning microscopy (CLSM, ZEISS
LSM 710). Briefly, flat PC-RGD-FITC samples were dipped in
a rhodamine red solution (1 mM) for 5 min then quickly rinsed
once with DPBS and placed upside-down onto a glass slide for
CLSM analysis. Images of the sample were recorded at differ-
ent Z positions in the green (RGD-FITC) and red (Rhodamine)
channels, reaching the entire thickness of the sample. After-
wards, a Z-reconstruction of the film was performed (imagel)
to visualize the distribution of the two fluorophores within the
film thickness.

2.2.3.6. Characterization of the scratching of LbL film by fluo-
rescence microscopy

The bioactive coating present on the top mesas of the PC- pCh-
LbL-RGD-FITC samples was removed by scratching the sam-
ple surface with a metal scalpel in the direction parallel to the
channels. To visualize the efficiency of this approach, the
scratching was performed only on half the surface of the sam-
ple. The different regions of the partially scratched sample were
then imaged by fluorescence microscopy (LEICA). The images
were acquired using a 10X objective and further analyzed with
ImageJ (NIH, http://rsb.info.nih.gov/ij/) to measure the differ-
ence of fluorescence intensity between the scratched and un-
scratched regions, for both micro-channels and top mesas of the
sample.

2.2.4. Characterization of PC substrates before and after
surface functionalization

HUVECSs were grown in a culture flask using EGM-2 supple-
mented with 20% FBS and supplement kit. Cells were sub-cul-
tured using trypsin/EDTA and maintained at 37 °C in a humid-
ified atmosphere containing 5% CO2. Cells at passages 4—6
were used for experiments.

hPCs-PL were grown in a culture flask using PGM supple-
mented with 20% FBS and supplement kit. Cells were sub-cul-
tured using trypsin/EDTA and maintained at 37 °C in a humid-
ified atmosphere containing 5% CO2. Cells at passages 4—6
were used for experiments.

2.2.4.1. Metabolic activity test and DNA quantification




An anti-cell-adhesive coating was deposited on 48-well plates
(Costar, Corning) the day before the cellular experiments using
a 3% poly-HEMA solution prepared in 96% ethanol according
to the manufacturer’s instructions (Sigma). Material steriliza-
tion was performed by immersion in 70 % ethanol for 15 min
followed by a drying step for 45 min and three rinsing steps in
DPBS 1X.

Metabolic activity tests were performed according to the man-
ufacturer’s (Roche) protocol on at least three replicates. Briefly,
HUVECs were seeded (100 000 cells/cm2) on peptide-grafted
samples placed in a non-adhesive 48-well plate, using EBM-2
medium. After 4 h incubation, the medium was replaced by
EGM-2 supplemented with the XTT-Kit components (Roche).
After an additional incubation of 4 h, the absorbance of the me-
dium was measured with a microplate reader (ELx808 reader,
BioTek) at two wavelengths 650 and 450 nm (Fig. S4 A). Sim-
ilar control experiments were performed with cells on the tissue
control plate (without material), with PC films, and with cross-
linked PC-LbL samples incubated for 18 h (Fig. S4 A). DNA
extraction was also performed on the same samples. For this,
the samples were ultrasonicated for 10 s (Micro-tip, Misomx
ultrasonic processor XL, Power 5) then PicoGreen Kit (Thermo
Fisher Scientific) was used according to the manufacturer’s in-
structions. Briefly, 10 pl of cellular lysate was collected and di-
luted 40 times with Component B of the XTT-Kit. Then 100 pl
of this solution was transferred to a black-bottom 96-well plate
(Eppendorf, France) and 100 ul of PicoGreen solution was
added. The fluorescence signal of the resulting solution was
measured at 520 nm with a microplate reader (CLARIOstar,
France). Cell number was computed considering 6.6 pg of DNA
per cell [43] (Fig. S4 B). The ratio between the measured ab-
sorbance from XTT test (Fig. S4 A) and the cell number ob-
tained with PicoGreen method (Fig. S4 B) allowed us to com-
pute what we define as corrected metabolic activity (Fig. 4).

2.2.4.2. HUVEC tube formation assays

48-well plates were coated with a poly-HEMA solution (0.1%
in ethanol 98%) overnight. Then the well-plates were rinsed
with sterile DPBS 1X and filled with PC-pCh-X samples that
were disinfected for 15 min with ethanol (70%). 100 000 HU-
VECs/cm2 were resuspended in EBM-2 and seeded on the sam-
ple surface and the microplates were centrifuged at 900 rpm for
2 min to allow cells to align into the micro-channels. Then cells
were cultured for various times (from 1 to Sh) and observed by
CLSM after fixation. For this, a PFA solution (4% in DPBS 1X)
was deposited on the sample surface. After an incubation time
of 15 min, the surfaces were rinsed with DPBS, stained with
Phalloidin-546 and mounted on a glass slide with Flu-
orshieldTM DAPI for CLSM analysis (Leica DMi6000 Y oko-
gawa). A total of 1062 images were acquired over 30 samples
by using an oil objective 40X and by scanning the entire depth
of the micro-channels. Afterwards, z-reconstructions were com-
puted with Image] and the obtained images were analyzed with
IMARIS 9.0 (Oxford Instruments, http://www.bitplane.com)
for three-dimensional (3D) reconstruction of the confocal im-
ages and for analysis of the tubular structures of HUVECsS into
microchannels (n=3).

2.2.4.3. Co-culture assays for tube-stabilization

Co-culture experiments were performed using a protocol simi-
lar to the one described hereinabove for the tube formation.
Briefly, 50 000 HUVECs/cm?2 were firstly labeled with red cell
tracker CMTPX and seeded on the material’s surface. Two
hours later, 50 000 hPCs-PL/cm2 were labeled with green cell
tracker CMFDA and seeded on top of the HUVECs. Culture
with only HUVECs was performed as negative control on tube-
like structure stabilization. Samples and control were fixed after
2, 3, and 4 hours after HUVECsS seeding, using the same proce-
dure previously described. The experiments were performed
twice, with 2 biological replicates per each condition for a total
of 1188 images acquired with CLSM using an oil objective 40X
and scanning the entire depth of the micro-channels. Z-recon-
structions were computed with ImageJ to analyze the presence
of tubular-like structures.

2.2.4.4, Statistics

Statistical analyses were performed using PRISM software
(GraphPad Software, USA). Two way analysis of variance
(ANOVA) was performed to compare sample means. When F
values for a given variable were found to be significant, the Tur-
key correction test for multiple comparisons was used. Un-
paired two-tailed student’s t-test was performed to compare the
mean of two samples which were considered following a Gauss-
ian distribution. When F values for a given variable were found
to be significant, the Welch's correction was used assuming dif-
ferent standard deviations. In both tests (two way ANOVA, and
two-tailed student’s t-test), results were considered to be signif-
icantly different starting from p < 0.05. The different p values
are represented with different symbols in the graphs: p < 0.05
(*), p <0.01 (**), p<0.001 (***) and p < 0.0001 (¥***).

3. Results

3.1.  Bio-functionalization of polycarbonate substrates
LbL films composed of chitosan (CHI) and hyaluronic acid
(HA) (Fig. 2) were deposited onto PC substrates and cross-
linked. Film build-up measured by ellipsometry after crosslink-
ing reveals an exponential growth as expected for such a system
[44] (Fig. 2). A dry thickness of about 110 nm was measured
for a crosslinked PC-PEI/(HA/CHI)12.5 sample (i.e., PC-LbL)
used in the sequel.

LbL film growth
3 250 1
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Number of (HA/CHI) bilayers

Figure 2: Growth of (HA/CHI) crosslinked LbL films deposited
onto a PEI-modified PC surface and measured by ellipsometry in
the dry state.




Prior to the immobilization of adhesive and angiogenic peptides
on crosslinked PC-LbL samples, the amount of remaining avail-
able carboxylic groups on these samples was determined using
toluidine blue (TBO) test. A high COOH group density of
73 £4 pmol/mm2, corresponding to 43 COOH groups/nm2,
was obtained. These COOH groups are located over the whole
thickness of the LbL which explains the high value of measured
COOH group density. In order to optimize the peptide grafting
process onto the LbL coating, preliminary grafting tests using a
fluorescently tagged peptide, RGD-FITC (Fig. 3 B) were per-
formed. RGD-FITC was immobilized on different PC-based
substrates and under different grafting conditions: bare PC film
exposed to the peptide without EDC/sulfo-NHS, PC coated
with a crosslinked PEI/(HA/CHI)12.5 LbL film then exposed to
the peptide without EDC/sulfo-NHS activation (samples named
PC-LbL) and PC coated with a crosslinked PEI/(HA/CHI)12.5
LbL film then exposed to the peptide with EDC/sulfo-NHS ac-
tivation (samples named PC-RGD). To remove the unreacted
peptide at the end of the grafting procedure, the different sam-
ples were submitted to a sonication step of varying duration.
The amounts of peptide detected on the surface without any
sonication step and after 30 or 60 min of sonication were quan-
tified by fluorescence spectroscopy and are reported in Fig. 3A.

channel images (middle) and overlay images (right). The CLSM
images were recorded in liquid. The scale bar is the same in all
directions.

On bare PC films, the measured amount of peptide was
0.9+0.3, 0.1 £0.05 and 0.4 +0.1 pmol/mm2, after a soni-
cation step of 0, 30 or 60 min, respectively. The statistical anal-
ysis revealed no significant differences between these three
samples (Fig. 3A). On PC-LbL samples, the evaluated adsorbed
peptide amount was 7 + 2 pmol/mm?2 (without any sonication
step), while after 30 and 60 min sonication time, this value fell
downto 0.7+ 0.1 and 0.9 + 0.1 pmol/mm?2, respectively. In this
case, the statistical analysis identified a significant difference
between the value obtained at 0 min of sonication and both other
values measured after 30 and 60 min of sonication (Fig. 3A).
Finally, on PC-RGD samples, the measured amount of immo-
bilized peptide, without any sonication, was equal to
18 £+ 3 pmol/mm2 and remained stable at values around 18 + 2
and 21 + 2 pmol/mm?2, after a sonication step of 30 and 60 min,
respectively. The statistical analysis revealed no significant dif-
ferences between these three values for the PC-RGD samples
(Fig. 3A). Therefore, 30 min of sonication was used as standard
protocol for all further peptide grafting experiments.
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Figure 3: Characterization of PC substrates modified with various
peptides. (A) Quantification of the amount of RGD-FITC peptide
immobilized onto bare PC, PC coated with a crosslinked
PEI/(HA/CHI)12.5 LbL film then exposed to the peptide without
EDC/sulfo-NHS activation (PC-LbL) and PC coated with a cross-
linked PEI/(HA/CHI)12.5 LbL film then exposed to the peptide
with EDC/sulfo-NHS activation (PC-RGD). The amount of immo-
bilized peptide is measured by fluorescence spectroscopy after a
sonication period of 0, 30 or 60 min to remove the unreacted pep-
tide. (B) Chemical structure of the different peptides grafted on PC
substrates. Black arrows indicate the amine group used to immobi-
lize the peptide onto the surface through the EDC/sulfo-NHS acti-
vation; arrow tails indicate the functional group grafted with a flu-
orescent dye. (C) Z-reconstructions computed from CLSM images
recorded for a PC substrate coated with a PEI/(HA/CHI)12.5 film
then grafted with RGD-FITC peptide (PC-RGD) and labeled with
rhodamine red: reconstruction computed from green (left) and red
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The density of immobilized peptide was quantified for the three
different peptides using the corresponding calibration curve
(Fig. S3). The density values are reported in Table 1 in different
units to further facilitate the comparison with the literature in
the discussion section. The lowest grafted peptide density,
18 pmol/mm2, was obtained for RGD peptide (PC-RGD), fol-
lowed by SVV (PC-SVV) which results in an intermediate den-
sity of ca. 34 pmol/mm?2. The highest peptide grafting density,
55 pmol/mm2, was observed for QK immobilization.

Table 1: Peptide densities (mean + standard error ) determined by
fluorescence spectroscopy for PC-RGD, PC-SVV and PC-QK.



Density of the grafted peptide

Mean = standard Mean = standard
error error
Sample pmol/cme molecules/nm:
PC-RGD 1800 £ 310 11+£2
PC-SVV 3400 + 370 202
PC-QK 5500 + 150 33+1

Two tests were performed in order to determine if the peptides
are only grafted on the top surface of the LbL films, present a
gradient of concentration in the film thickness or are homoge-
nously distributed within the film. First, the penetration depth
of RGD-FITC after immobilization on PC-LbL was measured
(Fig. 3C, left) in 0.15 M NaCl at pH 6.0 using CLSM. Then, the
overall LbL layer thickness was determined by labeling the LbL
film with rhodamine (Fig. 3C, middle) in the same conditions.
It was found that the penetration depth of the RGD peptide was
overlapping with the signal of the LbL layer thickness (Fig. 3C,
right), resulting in a penetration depth equal to the hydrated film
thickness (6 £ 1 pum).

3.2, Measurement of HUVECs metabolic activity

Prior to tubulogenesis experiments within bio-functionalized
PC-pCh, the impact of the material’s surface biochemistry on
HUVECs adhesion and metabolic activity was investigated on
various flat PC films. For that purpose, HUVECs were seeded
on PC-LbL, PC-LbL grafted with a single peptide (RGD, SVV
or QK) and on PC-LbL grafted with a combination of two pep-
tides, either RGD + SVV or RGD + QQ. Metabolic activity
(XTT) and cell number (PicoGreen) tests were then performed
after 18 h culture on all these samples. Results obtained from
XTT (Fig. S4 A) and PicoGreen (Fig. S4 B) tests allowed to
compute the corrected metabolic activity, which is expressed as
the ratio between the measured absorbance and the cell number
(Fig. 4). As shown on Figure 4, the corrected metabolic activity
measured on PC-RGD samples is significantly higher than the
metabolic activity measured on PC-SVV and PC-QK samples,
confirming a higher activity of cells grown on PC-LbL films
grafted with RGD peptide. But, an even higher metabolic activ-
ity is observed when a combination of two peptides, either RGD
+ SVV or RGD + QK, are grafted onto the surface of PC-LbL
samples.
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Figure 4: The metabolic activity corrected by the cell number meas-
ured for HUVECs cultured for 18 h on different flat surfaces. p
value < 0.001 (***) when comparing PC-SVV and PC-QK sam-
ples, p value <0.01 (**) when comparing PC-RGD+SVV and PC-
RGD+QK, p value <0.0001 (****) when comparing PC-SVV and
PC-QK with PC-RGD+SVV and PC-RGD-QK samples.

3.3, Micro-channel characterization

Three-dimensional micro-channels were fabricated from PC
films by hot embossing. A line grating silicon master mold
(SiM) with linear protrusions of defined width (w), spacing (s)
and height (d) (Fig. 5A) was characterized by SEM and pro-
filometry (Fig. 5C and 5E). The values measured for the linear
protrusion width and spacing was 25.13 = 0.03 um (white ar-
row) and 24.47 + 0.04 pm (black arrow), respectively. The av-
erage height of the linear protrusions was 26.19 £ 0.01 um
(n=25). The same characterizations were performed on the
molded PC films (Fig. 5B) which present microchannels with a
width (W”) 0f 26.09 £ 0.07 um (white arrows), a spacing (s’) of
2240 £0.07 um (black arrow) and a depth (d’) of
25.74 £0.05 um (n= 25) (Fig. 5D and 5E). Therefore, the di-
mensions of the microchannels are in a good agreement with
the geometrical characteristics of the mold. The dimensional
differences are likely being due to differences of electron emis-
sion between the conduction Si master and the insulating poly-
mer film, resulting in different definitions for the location of
edges.
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puCh (D). Small letters are described in (A) and (B). (E) Geomet-
rical characteristics of SiM and PC-uCh measured by SEM and
profilometry.

PC-puCh samples were then functionalized with cross-linked
PEI/(HA/CHI)12.5 LbL films and grafted with peptides accord-
ing to the protocol used to functionalize flat PC films. To obtain
micropatterned PC samples showing bioactive surface only in-
side the micro-channels, the top surface of the biofunctionalized
PC-puCh samples was mechanically scratched with a metal
blade after functionalization. In order to check the efficiency of
this procedure, a scratch test was performed on half the surface
of a PC-uCh sample modified with a LbL-RGD-FITC coating,
as schematized in Fig. 6A. Fluorescence images were then rec-
orded from three different regions of the sample (Fig. 6B, 6C,
6D and 6E). The comparison of the fluorescence intensity val-
ues extracted from these images reveals a statistically-signifi-
cant decrease between the mesas located in the unscratched (s)
and scratched (s”) regions (Fig. 6E). By contrast, no significant

E PC-uCh characteristics difference was observed between the intensity signal measured
27 into the microchannels located in the scratched (w”) and un-
o~ scratched (w) regions (Fig. 6 E).
=2 é = = = (w) regions (Fig. 6 E)
= =
sald ] * N o
3 igure 6: Characterization of the mechanical scratching performed
% 24 — % on surface-modified PC-puCh to remove the coating from the top
- mesas of the sample. (A) Schematic representation of the scratch-
e 23 ing process. Fluorescence images recorded in the unscratched (B),
22 partially scratched (C) and scratched regions (D) of a PC-uCh sam-
X ple which is surface-modified with a crosslinked LbL film grafted
21 with RGD-FITC. (E) Measurements of the fluorescence intensity
w W IS) s' ¢l j in the different regions of the scratched sample (see (A) for the de-
<> «— Gt scription of the different regions of the sample). p value < 0.0001

(*¥***) between s and s’.
Figure 5: Characteristics of PC-puCh. (A) Schematic representation
of'the silicon mold (SiM) used to prepare the PC-pCh: distance be-
tween two linear protrusions (s), width (w) and height (d) of the 3.4.  HUVEC tube formation in microchannels
linear protrusions. (B) Schematic representation of PC-uCh: dis- CLSM measurements were performed on HUVECs cultured for
tance between two channels, width (w’) and depth (d’) of the various times on different samples to observe the possible



formation of tubular structures. PC-uCh-RGD+QK and PC-
uCh-RGD+SVV were selected because of the presence of the
adhesive peptide (RGD) and one angiogenic peptide (either
SVV or QK), and PC-pCh-LbL without any grafted peptide was
selected as negative control (Fig. 7). After an incubation time
of 1 h, HUVECs cultured on PC-pCh-RGD+QK samples just
started the adhesion process inside the microchannels as can be
seen by the inspection of their morphology which is mostly
round-shape but with the presence of adhesion sites (Fig. 7A,
T-1h). In addition, cells are exclusively localized inside the
channels, preferentially on the bottom of the channels. After 2
h, HUVEC:s are able to migrate from the bottom of the channels
to their sides to form a tubular structure (Fig. 7A, T-2h white
arrow and dashed line). After 3 h, HUVECs maintain their typ-
ical tube-like structure (Fig. 7A, T-3h white arrow) but also start
to migrate to the top mesas of the sample located between the
channels (Fig. 7A, T-3h). After 4 h, the tube-like structure is
still maintained (Fig. 7A, T-4h) with more HUVECs migrating
on the top mesas (Fig. 7A, T4h). After 5 h, all the HUVECs
show the same morphology spreading both inside and outside
the micro-channels, without the presence of tubular structure
(Fig. 7A, T5h).

On the PC-uCh-RGD+SVV samples, after 1 h incubation, cells
just started the adhesion process, mostly inside the microchan-
nels, as seen for PC-uCh-RGD+QK samples (Fig. 7B, T-1h).
After 2 h, HUVECs show the same tubular structure as the one
observed on PC-uCH-RGD+QK sample (Fig. 7B, T-2h white
arrow). After 3 h, HUVECs lose their capability to maintain the
tubular structure and adhere on the entire surface of the micro-
channels (Fig. 7B, T-3h white arrow) with limited migration to
the top mesas of the sample. After 4 h, HUVECs spread outside
the channels, migrating from the channels to the top mesas of
the sample (Fig. 7B, T-4h). After 5 h, all the HUVECs show an
indiscriminate growth both inside and outside the channels,
without the presence of tubular structure (Fig. 7B, T-5h).

On the PC-pCh-LbL sample, the formation of the tubular struc-
ture is completely absent after all the incubation times tested
(Fig. 7C). In all the time points analyzed, HUVECs preserve
their round-shape morphology, showing their very poor capa-
bility of adhesion or migration on the microchannel surface
(Fig. 7C, T1h-T5h). Even at the last time point, HUVECs do
not migrate to the top mesas of the sample, as observed for the
two other samples.
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Figure 7: CLSM images of HUVECs cultured for various times into
microchannels of PC-pCh samples surface-modified with cross-
linked LbL (C, PC-pCh-LbL), crosslinked LbL grafted with
RGD+QK (A, PC-uCh-RGD+QK) and crosslinked LbL grafted
with RGD+SVV (B, PC-uCh-RGD+SVV). (A) Cells cultured on
the PC-uCh-RGD+QK sample lead to the formation of a tubular-
like structure with a lumen between 2 and to 4h incubation (white
arrows). (B) The PC-uCh-RGD+SVV sample leads to the for-
mation of a similar structure but only after 2h incubation (white
arrows). (C) No formation of tubular-like structure is observed

when HUVEC: are cultured on the no-functionalized PC-uCh-LbL
sample. Cell nuclei and cytoskeleton are stained with DAPI (blue)
and Phalloidin-546 (red). The yellow arrows shown in the top view
images indicate the locations of the microchannels, which run ver-
tically in the top-view images.




3.5, Tube-like structure stabilization

Co-culture of HUVECs and hPCs-PL was performed for vari-
ous times on the PC-uCh-RGD+SVV samples, for which HU-
VECs alone were not capable to sustain a tube-like structure for
more than 2 hours. CLSM observations were performed on PC-
pCh-RGD+SVV, after cell fixation, to evaluate the formation
and stabilization of tube-like structures after 2, 3, and 4 hours
(Fig. 8). In this experiment, we focused our attention on the ob-
servation of cells located inside the microchannels and we ana-
lyzed the cross-section of each image to study the variation of
the tube-like structure. After 2 h of mono-culture with HU-
VECs, the formation of a tube-like structure with a lumen com-
ponent was observed (Fig. 8A, dashed circle). However, when
this culture was continued for longer time, the lumen disap-
peared (Fig. 8 B, D). However, when hPCs-PL are introduced
in the culture, the lumen structure was preserved after 3 and 4 h
of incubation (Fig. 8 C, E, dashed closed curves).

A
Cell line:
HUVEC culture
2h
Material:
PC-uCh-RGD+SVV
20 um &
J
Mono-culture Co-culture
B only HUVECs c  Wwith hPCs-PL

@ Lumen
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Figure 8: CLSM images showing the stabilization of tube-like
structures by co-culturing HUVECs and hPCs-PL on PC-pCh-
RGD+SVV samples. Mono-culture of HUVECs performed for 2h
(A), 3h (B) and 4h (D) indicate the formation of the lumen (dashed
circle) after 2h and its disappearance after 3h. Co-culture of
HUVECS and hPCs-PL stabilizes the lumen developed by HU-
VEC:s after 2 h since the lumen is still observed after 3 h (C) and 4
h culture (E). Cell nuclei are stained with DAPI (blue), HUVECs
cytoplasm with CMTPX (red) and hPCs-PL cytoplasm with
CMFDA (green).

4. Discussion

In the present work, we successfully developed a model system
combining three-dimensional geometrical cues with material sur-
face functionalization to guide HUVECs in developing capillary-
like tubular structures. The followed strategy includes three main
steps. First, molding of PC films to generate microchannels of well-
controlled depth, spacing and width (PC-uCh). Second, bio-func-
tionalization of the PC surface with charged polysaccharides using
the versatile LbL deposition process [45], and further grafting of
different adhesive or angiogenic peptides. Third, culture of HU-
VECs and hPCs-PL on these bioactive micropatterned surfaces to
evaluate the impact of the surface chemistry of the micropatterned
substrates on the metabolic activity of cells and their capability to
form a stable tubular-like structure. Different types of samples were
tested: PC-pCh-RGD, PC-pCh-SVV, PC-pCh-QK, PC-pCh-
RGD+SVV and PC-uCh-RGD+QK

Hot embossing appears to be an easy and highly reproducible
procedure to generate topographical patterns in polymeric ma-
terials by a combination of temperature and pressure [46]. SEM
and profilometry characterizations of the microchannels fabri-
cated by hot-embossing of PC films show that the geometrical
characteristics of the microchannels are in good agreement with
the dimensions of the silicon mold used for their fabrication
(Fig. 5). This testifies for the robustness of this rapid and easy
approach to produce well-defined microchannels.

To functionalize the various PC substrates, we selected the PC-
PEI(HA/CHI)12.5s LbL architecture, corresponding to a homoge-
neous film of ca. 100 nm dry thickness. The PEI layer is added
to improve the anchoring of the LbL film on the PC surface, and
the ending HA layer provides an excess of carboxylic acid
groups for peptide grafting via carbodiimide chemistry. Cova-
lent crosslinking of the LbL film [47] was performed before
peptide grafting in order to modify its mechanical properties,
thereby presumably increasing its cell-adhesiveness and cell-
proliferative properties [48]. The comparison of dry and wet
thicknesses of a crosslinked PC-PEI(HA/CHI);,5 film (PC-
LbL) shows that such a LbL film swells by a factor of about 60
when immersed in aqueous solution. This high degree of swell-
ing indicates a very soft and open film, compatible with the ob-
served exponential growth of the films (Fig. 2) which was also
reported by others [49].

For the next bio-functionalization step, peptides were selected
to induce adhesion (RGD) and angiogenesis/tube-like for-
mation (SVV and QK). Our results demonstrate that a FITC-
tagged RGD peptide penetrates into the entire swollen LbL film
in wet conditions (Fig. 3C). It would therefore be appropriate to
report the peptide grafting density per unit volume of film in-
stead as per unit surface of sample. However, as we did not find
any reported peptide grafting density per unit volume in the lit-
erature, we elicited to also report the peptide grafting density
per unit of surface area.

RGD was used to improve cell adhesion, as reported before [50-
52]. Previous work demonstrated that a RGD grafting density
as low as 1 fmol/mm? is enough to improve cell adhesion and
spreading on glass surfaces [53]. In other works, using PET [41]
or titanium [54] substrates, the grafted RGD density was re-
ported to be 1.8 and 6 pmol/mm?, respectively. In the more re-
cent work of Gribova et al, the amount of RGD grafted
onto/into a LbL made of (polyglycolic acid/poly-L-lysine)s-
polyglycolic acid-RGD was evaluated to be 3 pmol/mm? [55].
Chua et al. successfully grafted RGD on Ti-(HA/CHI)s bilayers
using EDC/NHS chemistry, reporting a density of about



0.145 + 0.004 pmol/mm? [28]. Leslie-Barbick et al. success-
fully immobilized RGD on PEG hydrogels with a peptide den-
sity as high as 80 pmol/mm? [56]. In the present work, the RGD
(GRGDS sequence) grafting density was found to be
18 + 3 pmol/mm’ (11 molecules/nm?). This value lies in-be-
tween the one reported by Gribova et al
(CGPKGDRGDAGPKGA sequence) [55] and the one reported
by Leslie-Barbick et al. (RGDS sequence) [56], and is much
higher than the minimum RGD density required for cell adhe-
sion reported by Massia et al. [53].

Regarding angiogenesis, the SVV peptide was selected since it
is a potent angiogenic factor with a similar impact as VEGF in
solution, inducing the formation of capillaries [30]. When
grafted onto a material surface, SVV was reported to be able to
provide both cell adhesion and promote neovascularization in
an artificial bone marrow scaffold [25, 31, 57, 58]. SVV was
already successfully grafted onto modified gold substrates us-
ing EDC/sulfo-NHS chemistry resulting in 1.6 + 0.2 pmol/mm?
[59], and on PET surfaces resulting in 20 pmol/mm? using the
same chemistry [58]. The SVV peptide density measured on our
PC-SVV samples is 34 +4 pmol/mm? (21 molecules/nm?)
which is higher than previously reported values [58] and again
points to the probable grafting of SVV throughout the entire
film. Therefore we expect that cells will be capable of binding
to the immobilized SVV peptide, triggering intracellular signal-
ing for angiogenesis on HUVECs and the formation of tubular-
like structures.

QK is another VEGF-mimicking peptide which has already
been largely studied for the in vitro activation of VEGF recep-
tors (VEGFRSs) [34] and for the in vivo enhancement of the ne-
ovascularization of wounds in mice [60, 61]. After immobiliza-
tion on a surface, it was shown that QK preserves its bioactive
properties in terms of angiogenetic potential. Chan et al. have
demonstrated a local increase of HUVEC tubulogenesis and an
increase of endothelial sprouting on collagen substrates covered
with QK at a density of 55 pmol/mm? [33]. Leslie-Barbick et al.
demonstrated that covalently-immobilized QK increases in
vitro HUVEC migration and tubulogenesis and in vivo angio-
genesis. In their studies, 23 pmol/mm? of QK were immobilized
on PEG hydrogels [56]. A peptide density of 55 pmol/mm?
(33 molecules/nm?) was measured for PC-QK sample, which is
similar to the density achieved by Chan et al. [33] and compa-
rable to the one investigated on PEG hydrogels by Leslie-Bar-
bick et al. [56]. Therefore, as in the case of SVV, we expect to
observe a significant impact of immobilized QK on the devel-
opment of tubular structures, when grafted onto/into the LbL
cushion .

In our studies, cells were seeded in a serum-free me-
dium for 4 h whatever the cell experiments done (XTT test and
tubulogenesis assay) or the selected materials. This excludes
protein adsorption on the surface during this step [62], which
would have contributed to cell adhesion or tubulogenesis, and
thus allows us to focus on the specific interaction between the
cell receptors and the grafted peptides. HUVECs are largely
used for the study of angiogenesis and the formation of vessel-
like structures in vascular tissue engineering [63-65]. The stud-
ies on their metabolic activity showed a higher metabolism for
cells cultured on surfaces grafted with peptide combinations
such as RGD+QK and RGD+SV'V compared to surfaces grafted
with a single peptide. Likewise, it was shown that the co-immo-
bilization of RGD with VEGF [66] or bFGF [67] or insulin
leads to a synergistic effect on endothelial cell adhesion and

proliferation compared to RGD immobilization only. The cross-
talk between the receptor 2 for VEGF and RGD-binding integ-
rins has been investigated before [68-71], highlighting a possi-
ble synergistic effect in terms of cellular adhesion, focal adhe-
sion order, integrin activation and migration speed. Le Saux et
al. reported in a previous work an enhanced endothelial cell re-
sponse depending on the grafting density of RGD [69]. Noel et
al. reported a successful grafting of RGD peptide (1 nmol/cm?)
and VEGF protein (50 fmol/cm?) showing a clear evidence of
the additive effect of their combination in terms of HUVECs
proliferation, compared to the single RGD or single VEGF con-
dition [66].

Different sources of primary endothelial cells can be used for in
vitro experiments, such as human dermal microvascular endo-
thelial cells (HDMVECs) [72], human coronary artery endothe-
lial cells (HCAECs) [73], human aortic endothelial cells
(HAECs) [74], human pulmonary artery endothelial cells
(HPAECs) [75], and human umbilical vein endothelial cells
(HUVECS)[25, 57, 58]. Among those variety of primary cells,
HUVECSs are predominantly used for tissue engineering studies
for both large and small vasculature development, since they
preserve nearly all the native vascular endothelium features [21,
76]. They have been already investigated within microchannels
for transendothelial studies after reaching confluency [77]. In
addition, Mori et al. developed an interesting system of perfus-
able channels to supplement a skin-equivalent graft by seeding
HUVECs in channels made of collagen and with a width of
about 500 um [78]. Tocchio et al. developed a perfusable mi-
crochannel system using sacrificial templating and 2-hydroxy-
ethyl methacrylate (HEMA), agarose and gelatin methacrylate
(GeIMA) seeded with HUVECs [79]. Those studies investigate
the formation of microvasculature using large channel sizes of
ca. 300 pm width, whereas our work focuses on the smallest
limit of a capillary vessels, which in vivo presents diameters
from 10 to 15 pm [18], a size which was so far largely unex-
plored.

Thanks to the fabrication of microchannels with a proper diam-
eter and surface functionalization combining LbL coating and
peptide grafting, we were able to test the formation of capillary
tubes by HUVECs depending on surface biochemistry. PC-
pCh-RGD+QK and PC-uCh-RGD+SVV materials largely im-
prove the adhesion of HUVECs on the inner sides of micro-
channels, compared to PC-uCh-LbL samples without peptide.
Migration of HUVECs from the side of the channels to the top
mesas of the micropatterned surfaces occurs on these peptide-
modified samples after 5 h incubation, whereas the formation
of tube-like structures starts after 2 h incubation in both cases.
Notably, only the PC-RGD+QK material allows to maintain the
tube-like structures for longer incubation times, up to 4 h. In the
3D environment of our micro-channel systems, as the formation
of tube-like structures is only observed in the presence of at
least two HUVEC:sS, the cord hollowing mechanism appears to
be more probable than the cell-hollowing mechanism for the lu-
men formation [24, 25], while in a previously reported study
case of 2D patterned material, both mechanisms were involved

[25].

The very promising potential of achieving the formation of tub-
ular structures after only 2 h of culture was never reached be-
fore, especially in such small microchannels with a diameter of
about 25 pm. In the study performed by Mori et al, the for-
mation of giant capillaries (with a diameter of about 500 pm)
was achieved after 6 days of perfusion [78], while Tocchio et



al. proved the formation of smaller capillaries (with a diameter
of about 300 pm) after 7 days of perfusion [79]. Due to large
differences in size, it is impossible for us to conduct a straight-
forward comparison between our microchannels of 25 um and
the previously published results on channels 300-500 um in
size. This size difference surely influences the vessel develop-
ment, as demonstrated by the times at which tube-like structures
start to appear: 2 h in our study versus 6-7 days in previous
works. However, in our study, vessel regression occurred after
a few hours, which led us to investigate a supplementary ap-
proach to stabilize the tubular structure developed by HUVECs.
Regrettably, there is no published information on vessel regres-
sion that can be discussed for comparison.

Co-cultures combining HUVECs with various cell lines such as
pericytes or mesenchymal stromal stem cells have been already
investigated for the stabilization of capillary-like structures
formed by HUVECs [58, 80]. Pericytes are perivascular cells
which wrap around the endothelium of capillaries, arterioles,
venules and also larger vessels [26, 81]. In the field of micro-
vascular tissue engineering, pericytes are largely used because
they play an important role in the regulation of capillary diam-
eter, the formation of adherent junctions, the secretion of extra-
cellular matrix proteins, and vessel stabilization via release of
small molecule release [80]. There is a controversial discussion
about the differences and the similarities between mesenchymal
stromal stem cells and pericytes. It appears that both cell types
share several markers (e.g., CD37, CD90 and CD105). Moreo-
ver, they can differentiate in different lineages and play both a
role in the stabilization of the endothelium of micro-vascular
tissue [81]. However, some in vitro experiments showed a
stronger impact of pericytes, compared to mesenchymal stromal
stem cells, for the stabilization of 50 pm micro-vascular vessels

[58].

Therefore, to maintain the tube-like structure formed by HU-
VECs on the PC-SVV+QK materials after 2 h incubation, co-
cultures of HUVECs and hPCs-PL were tested. Analyzed sam-
ples show indeed that the presence of hPCs-PL in the micro-
channels allows to preserve the tube-like structure for longer
times, even after 4h incubation. Even though the mechanisms
of stabilization are not elucidated in our work, it has been re-
ported that pericytes are capable to stabilize tube-like structure
even without a direct cell-cell contact. It was indeed proven that
HUVECs and pericytes communicate via the release of several
factors such as angiopoietinl and 2, through the TIE2 receptor
[82]. Kim et al. developed a co-culture system based on HU-
VECs and pericytes, in 500 um microchannels coated with fi-
brin [27]. After 4 days of co-culture, they observed the for-
mation of vessel-like structures, with the presence of pericytes
covering the abluminal surface of the endothelium [27].
Westein et al. performed a co-culture microfluidic system in
microchannels of 120-500 pm coated with collagen [83]. After
12 h of perfusion, they observed the formation of a single tube-
like structure in the presence of the co-culture without TGF-B
pathway inhibitor, and no tube-like formation in the presence of
the TGF-B inhibitor [84]. This underlines the complexity of ca-
pillary stabilization, which does not necessarily works when a
supportive cell line, like pericytes, is present. Although these
studies used setups which differ strongly from ours, they under-
line the importance of co-culture systems based on HUVECs
and pericytes to form rapidly stable micro-vascular structures,
a fact which is also confirmed by our own study.

5. Conclusion

PC microchannels of small width (ca. 25 pm) were successfully
fabricated by embossing and further functionalized by deposit-
ing a polysaccharide (HA/CHI) multilayer film. After crosslink-
ing, this homogeneous coating provides a very efficient anchor-
ing layer for the covalent grafting of RGD, SVV and QK pep-
tides. HUVECSs adhesion and metabolic activity were investi-
gated on those samples resulting in improved conditions when
a combination of two grafted peptides, either RGD and SVV or
RGD and QK, was used. These newly developed bio-function-
alized microchannels substrates were further used for tubu-
logenesis experiments. Formation of tubular structures was ob-
served after just 2 h of incubation for both double-peptide com-
binations, albeit with a longer stability for the PC-RGD+QK
material which is thus the best candidate for mono-culture ap-
plication in the development of tubular-like structures. Finally,
the study in co-culture with hPCs-PL and HUVECs demon-
strates that some stabilization of tubular-like structures can be
achieved in the PC-PEI(HA/CHI);25-RGD+SVV material, with
a prolongation of their lifetime to up to 4 h after first culture
seeding. Altogether, these results prove that our micropatterned
platform is a powerful tool to initiate the tubulogenesis from
endothelial cells. In the future, this micropatterned platform
should be connected to a microfluidic system providing a con-
tinuous supply of nutrients and oxygen to achieve the long-time
stabilization of the vessels.

Owing to the versatility of LbL assembly, and to the very simple
molding technique used to create microchannels, our approach
might be easily transferred to other biomaterials while preserv-
ing the angiogenic properties. The potential applications of the
rapid development of small micro-vascular structures can be
wide, considering that the majority of organs and tissues require
a functional micro-vasculature to be efficiently perfused with
oxygen and nutrients. This innovative approach for real capil-
lary-size tube-like formation in an extremely short time repre-
sents a simple model for the production of capillaries made of
HUVECs and stabilized with hPCs-PL, which could be used for
studying inhibitors and activators of angiogenesis and thereby
present opportunities to progress further in the field of tissue
engineering. Moreover, to improve the efficacy of our model,
further studies investigating the influence of the microchannels
diameter on the tubular formation would be of interest.
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