RESEARCH ARTICLE

W) Check for updates

HEALTHCARE

www.advhealthmat.de

Light-Regulated Angiogenesis via a Phototriggerable VEGF

Peptidomimetic

Roshna V. Nair, Aleeza Farrukh, and Ardnzazu del Camp

The application of growth factor based therapies in regenerative medicine is
limited by the high cost, fast degradation kinetics, and the multiple functions
of these molecules in the cell, which requires regulated delivery to minimize
side effects. Here a photoactivatable peptidomimetic of the vascular
endothelial growth factor (VEGF) that allows the light-controlled presentation
of angiogenic signals to endothelial cells embedded in hydrogel matrices is
presented. A photoresponsive analog of the 15-mer peptidomimetic
Ac-KLTWQELYQLKYKGI-NH, (abbreviated PQK) is prepared by introducing a
3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl (DMNPB) photoremovable protecting
group at the Trp4 residue. This modification inhibits the angiogenic potential
of the peptide temporally. Light exposure of PQK modified hydrogels provide
instructive cues to embedded endothelial cells and promote angiogenesis at
the illuminated sites of the 3D culture, with the possibility of spatial control.
PQK modified photoresponsive biomaterials offer an attractive approach for

in 2005 seems to be the most effective
candidate.[*¥) This sequence mimics the 17—
25 a-helical region of VEGF that binds to
VEGF receptors (VEGFRs) (Figure 1A,B)
and activates VEGFR-2 gene upregulation
upon binding.* In terms of stability, QK
has been found to retain its bioactivity for
at least 24 h in 50% human serum, much
longer than the 90 min half-life of the full-
length VEGF in vivo.[¥] Added at a nanomo-
lar concentration to the culture medium,
QK promoted proliferation and angiogenic
differentiation of endothelial cells (ECs).[%!
QK-mediated microvascularization ex vivo
and in vivol*’l has been demonstrated.[®7]
Recent reports also support the application
of QK to central nervous system (CNS) ther-

the dosed delivery and spatial control of pro-angiogenic factors to support
regulated vascular growth by just using light as an external trigger.

1. Introduction

Angiogenesis or vascularization during tissue repair is typi-
cally promoted by providing vascular endothelial growth fac-
tor (VEGF) as a soluble factor or bounded to the biomaterial
scaffold.l") VEGF is a large protein and has a short lifetime (7, ,
of VEGF is 40 min in vitrol?]). This makes VEGF treatments cost-
intensive. As a potential solution to the limited stability and high
costs of therapeutic VEGF, proangiogenic peptidomimetics have
been proposed.’) Among different variants, the sequence Ac-
KITWQELYQLKYKGI-amide (QK) developed by D’Andrea group
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apies, as it is shown to permeate the blood-
brain barrier.*?!

For controlled and prolonged delivery,
QK has been encapsulated and delivered
from different hydrogels,I’! poly(ethylene
glycol)-b-poly(L-lactide-co-e-caprolactone) emulsions,® and from
porous poly-(sulfobetaine methacrylate).l’) Alternatively, con-
trolled presentation of QK has been achieved by attaching the
peptide to instructive matrices, and tubulogenesis and endothe-
lial sprouting have been demonstrated.**! For this purpose, QK
was covalently bound to a collagenase-degradable poly(ethylene
glycol) diacrylate matrix,*! to elastin-like polypeptide hydrogels
(10 nM—100 pm QK grafting density),"!) or fused to a collagen-
binding peptide and attached to collagen scaffolds!'?! and to de-
cellularized extracellular matrix.[']

The therapeutic window for VEGF treatment is narrow, con-
sequently, low doses are safe but not sufficient to yield a ther-
apeutic benefit, and slightly higher doses lead to the growth
of angioma-like vascular structures.'*! Moreover, angiogenesis
in vivo requires sustained angiogenic stimulus over a month
to achieve stable vessels, and the outcome of the process is
highly dependent on the spatial distribution (concentration gra-
dient) of the proangiogenic signal.['>] In recent years photoacti-
vatable peptidomimetics!!'®! have allowed the regulated presen-
tation of bioactive molecules to cells in engineered hydrogels
using light.'’”] By attaching photoremovable protecting groups
to the side chain of a relevant residue for receptor binding, the
affinity of the peptide for binding to the receptor is temporally
decreased. Upon light exposure at appropriate wavelength and
dose, the photoremovable group is cleaved, the peptidomimetic
is activated and cellular processes are triggered.'8] With this
approach, spatiotemporal controlled integrin binding and cell

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. A) Structure of the binding region of the a-helical region of VEGF-A (from which structure of QK was derived) with Flt-1D, receptor (PDB:
FLT1), taken as the basis for the design of "QK. The interactive region of Phe17 with different residues on the VEGF receptor in domain 2 of Flt-1is labeled
and represented in spheres. Position for the photoremovable protecting group (PRPG) insertion to perturb the binding interactions is represented by the
red dotted circle. (NB: For simplification, only a trimmed section of VEGF-A is shown. In PDB: FLT1, two monomers of VEGFg_;oq are shown sandwiched

between two Flt-1D, domains).

B) Peptide sequences of VEGF;s, QK, and PQK. C) Scheme showing the spatially localized photoactivation of PQK/RGD

functionalized PEG hydrogels with encapsulated HUVECs and the subsequently activated angiogenesis in the desired space.

adhesion, migration, and differentiation processes have been re-
alized in vitro and in vivo."! Recently also light-regulated angio-
genesis in a 3D culture was demonstrated via photoactivation of
cell adhesive ligands within a hydrogel in the presence of soluble
VEGF.I"®] In this work, we present an advanced approach to reg-
ulate angiogenesis by functionalizing hydrogels with a photoacti-
vatable derivative of the proangiogenic factor QK (°QK) and regu-
lating its presentation with light (Figure 1C). This strategy avoids
the systemic exposure to VEGF doses and facilitates the delivery
of the angiogenic signal at localized sites and controlled concen-
tration capable of inducing physiological microvascular networks
to support vascular growth.

2. Results and Discussion

2.1. Chemical Design and Synthesis of "QK
The sequence of the QK peptide Ac-KLTWQELYQLKYKGI-

NH, is based on the modified N-terminal helical region of
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VEGF-A,,,; (VEGF 5 /Ac-VVKF,,M,,D,,VYQRS,,Y,; CHP-NH,,
synthetic peptide equivalent to the a-helical region of VEGF) (Fig-
ure 1B). QK includes a few mutated positions and it conserves
the a-helical secondary structure of the native sequence, which
has been demonstrated crucial for binding to VEGFRs.[*) In par-
ticular, Phel7 (F17) was replaced by Trp to increase hydropho-
bic interactions, Met18 by Gln to increase hydrogen bonding in-
teractions at the receptor site, and Asp19 by Glu and Ser24 by
Lys to enhance helical propensity. The N- and C-capping acetyl
and amide groups were introduced to improve stability.33] He-
licity of QK allows Trp4 (W4), Tyr8 (Y8), and Tyr12 (Y12) to inter-
act with VEGFR-1D, predominantly via hydrophobic interactions
(Figure 1A). These amino acids are located at a distance <4.5 A
from the surface of the receptor.?’] With this structural infor-
mation, we hypothesized that the residues Trp4 (W4), Tyr8 (Y8),
or Tyr12 (Y12) could be suitable positions to introduce photola-
bile groups and inhibit the binding interaction of QK with VEG-
FRs (molecular structure in Figure S1, Supporting Information).
Previous structure-activity profile studies of QK had revealed

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Scheme 1. Synthetic steps involved in the preparation of Fmoc-Trp(DMNPB)-OH and PQK.

a 90-fold decrease in the affinity of VEGF-15 towards VEGFR2
when Phel7 of VEGF was mutated with Ala.[?] Based on these
reported data in QK, Trp4 (W4) seemed to be the most appropri-
ate position for introducing the photoresponsive moiety.

The photoremovable protecting group (PRPG) 3-(4,5-
dimethoxy-2-nitrophenyl)butan-2-ol (DMNPB) was selected
for attachment to the indole ring of Trp4 in QK. DMNPB (4,
= 346 nm, A, = 4100 m~lcm™!) has been used to regulate
bioactivity in cell cultures using 405 nm light with no detected
photodamage.l'”*!] DMNPB was attached to the aromatic amine
of the indole ring via a carbamate link by following the protocol
of J. A. Grzyb et al.[?!] using carbamoylimidazolium salts to form
carbamates from amines and alcohols (Scheme 1). The basic con-
ditions (i.e., using K, CO; combined with heating) needed for this
reaction are not compatible with Fmoc-protection on Trp. There-
fore, Boc-Trp-OH was first derivatized into Boc-Trp-O'Bul?!
before reaction with the DMNPB-carbamoylimidazolium salt,
to render Boc-Trp(DMNPB)-O'Bu at 44% yield after column
chromatography. Simultaneous Boc- and tert-butyl ester depro-
tection with TFA:-DCM (1:1 v/v) followed by Fmoc-protection
under standard conditions afforded Fmoc-Trp(DMNPB)-OH in
milligrams scale and 18% yield. Synthesis protocols, charac-
terization, and UV irradiation profile (Figure S2, Supporting
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Information) of Fmoc-Trp(DMNPB)-OH are detailed in the
Supporting Information.

The peptide Ac-K(N,)LTW(DMNPB)QELYQLKYKGI (*QK)
containing the DMNPB protected Trp4 was synthesized
by standard Fmoc-based SPPS on Fmoc-Ile-Rink Amide
MBHA resin (synthetic details in Scheme S1, Supporting
Information). Coupling steps were carried out with repeat-
ing cycles of the Fmoc-protected amino acid (2 equiv.)), O-
(benzotriazol-1-yl)tetramethyluronium hexafluorophosphate/1-
hydroxybenzotriazole (HBTU/HOBt, 2 equiv.), and diisopropy-
lethylamine (DIPEA, 5 equiv.) at 2 h reaction time, followed
by Fmoc-deprotection using 20% piperidine in DMF. The side
chain of the N-terminal Lys was 'Boc-protected, Glu and Thr
were protected with tert-butyl group, and Gln with trityl-groups,
respectively.

The Lys1 at the N-terminal position was substituted by the
non-natural azidolysine residue (containing —N; group instead
of —NH, at the e-position of Lys) in order to facilitate bioorthogo-
nal coupling of the peptide to biomaterials through a copper-free
azide—alkyne cycloaddition bioorthogonal reaction with dibenzo-
cyclooctyne (DBCO) functionalized hydrogel precursors. We an-
ticipate, however, that other coupling strategies could also be pos-
sible and have been tested in reported work, like the introduction

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. A) Schematic representation of photochemical activation of PQK and the expected photolysis products. B) UV-Vis spectra of a 0.25 mm
solution of PQK in ACN:H,O (1:1) after exposure at increasing time (360 nm, 1.2 mWcm~2). C) Conversion (%) of PQK to QK from solution in (A), as
a function of irradiation time determined by quantitative HPLC (detector 210 nm).

of a Cys residue at N-terminus,®! additional Lysines,'!! or
Acryloyl-PEG-succinimidyl ester.[1%!

The peptide Ac-Lys(N,)LTW(DMNPB)QELYQLKYKGI-amide
("QK) was obtained at high purity (>98%) in 5 mg scale starting
from 50 mg of Fmoc-Ile-MBHA resin (loading = 0.34 mmol g7!).
MALDI/TOF mass spectrometry confirmed the chemical struc-
ture of the peptide. Synthesis details and corresponding spectra
documenting structural characterization of the compounds are
described in the Supporting Information.

2.2. Photochemical Properties of PQK

The photochemical properties of ?QK were evaluated by UV spec-
troscopy and HPLC studies (Figure 2). A 0.25 mwM solution of PQK
in ACN:H,O (1:1) was irradiated at 360 nm (1.2 mWcm™?) at in-
creasing exposure times (Figure 2B). Changes in the UV spec-
trum confirmed that photoreactions were taking place (Figure
S3A, Supporting Information). HPLC elugrams (recorded in the
detection channels at 210 nm) of irradiated aliquots showed a
decrease in the intensity of the PQK signal (t; = 26.2 min) and
a parallel increase in the intensity of a signal at t; = 19.9 min,
which corresponded to free QK (Figure S3B, Supporting In-
formation) according to MALDI TOF/TOF mass analysis (*QK:
2259.1907 [M*]; QK: 1979.1259 [M™]) (Figure S3C, Supporting
Information). With increasing exposure times additional signals
appeared in the HPLC elugram, suggesting photochemical side
reactions occurring in parallel, which couldn’t be characterized.
At 4 h of exposure time, 74% of PQK had been photolyzed and
24% of QK was recovered (Figure 2C). This value of the photo-
chemical yield is modest compared to the yield of previously re-
ported photoactivatable peptide cyclo(RGD(DMNPB){C) used to
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guide angiogenesis with light.['?] Ester groups, as in DMNPB-
Asp, are better leaving groups than carbamates, as in DMNPB-
Tryp, for this photolytic reaction(!*?*] In spite of the lower yield,
preliminary experiments showed that irradiation of the P QK pep-
tide at cell compatible doses was able to trigger angiogenesis (see
next sections).

It is important to note that the irradiation conditions used in
these experiments are not comparable to conditions used in the
biological experiments in next sections. This is related to the fact
that HPLC quantification required much low concentrations of
QK (0.25 mwm) and light doses for full deprotection.

2.3. Light-Triggered Angiogenesis by Photoactivation of QK in
Hydrogels

The bioactivity of PQK before and after light exposure was tested
in an angiogenesis assay in a 3D cell culture. For this purpose,
the star-PEG-maleimide (20 kDa) crosslinked with the di-cysteine
GCRDVPMSMRGGDRCG (VPM) metalloprotease degradable
peptide was used for cell encapsulation.?®! This system has been
previously used in angiogenesis studies.!?’] The heterobifunc-
tional linker DBCO-PEG-SH was reacted with PEG-maleimide
in a preincubation step to mediate covalent coupling of QK to
PEG-maleimide by azide-alkyne cycloaddition reaction. The cell
adhesive motif cyclo(RGDfC)2% was also coupled to the hydrogel
by the thiol group of the Cys. Hydrogel precursor solutions with
4 wt% concentration of the star-PEG-maleimide, 1 mm concen-
trations of the peptides (QK, QK, cyclo(RGDfC) or 1:1 mixtures
of them) and 3.2 mwm concentration of VPM in 10 mm HEPES
buffer were used.[?”] Hydrogels with initial Young’s Modulus of
2.6+0.17 kPa were obtained (Table S1, Supporting Information).

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Confocal fluorescence microscopy images of HUVECs after 3 days of encapsulation in 3D PEG hydrogels functionalized only with the cell
adhesive peptide cyclo(RGDfC) or in combination with the angiogenic molecules VEGF, QK, or PQK. The hydrogels modified with cyclo(RGDfC)/PQK
were irradiated at 405 nm with scanning rate of 125 ps ym~" and scanned volume of 700 x 700 X 20 pm?. Prior to imaging, cells were fixed and labeled
with PECAM-1 antibody (green), with DAPI (blue) to stain the nucleus, and with phalloidin (red) to mark actin fibers. The graphs show the quantification
of vasculogenic features and the data is represented as means + SD from n = 3 independent experiments, each with at least 5 independent z-stack
images. The samples were analyzed by ANOVA with a Tukey post hoc test, where statistical significance was determined between groups from p < 0.05
(*p < 0.1, **p < 0.01, ***p < 0.001) and compared to control cyclo(RGDfC)/VEGF hydrogels.

Control gels modified with cyclo(RGDfC)/VEGF were also pre-
pared in a similar way.

Human umbilical vein endothelial cells (HUVECs) were en-
capsulated in the hydrogels modified with different ligand com-
binations. Hydrogels modified with cyclo(RGDfC) promoted cell
spreading and attachment, and supported viable cultures dur-
ing 3 days (Figure 3). Hydrogels modified only with QK, "QK,
or VEGF did not support cell attachment, and cells retained
rounded morphology and were non-viable after 3 days of encap-
sulation (Figure S4, Supporting Information). Hydrogels modi-
fied with cyclo(RGD{C) in combination with QK or VEGF sup-
ported cell attachment and showed elongated tube-like mor-
phologies with interconnected microvasculature and an ellip-
soidal nuclei, as well as strong PECAM expression within 3 days
of culture (Figure 3).[?8] These features are indicative of the an-
giogenesis process and confirm the angiogenic phenotype of
the RGD/QK modified PEG hydrogel, in agreement with results
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from other groups.[*3*192] Vasculogenic features such as vessel
length and diameter, sprouting points, and vascular coverage area
were quantified. Similar angiogenesis levels were found in the
gels covalently modified with QK or with VEGF, indicating com-
parable bioactivity of the 15-mer QK or with the full protein VEGF
at the concentrations used in our assay (Figure 3). RGD/QK mod-
ified hydrogels supported threefold higher cell proliferation lev-
els than RGD modified hydrogels, which is a key indicator for en-
hanced vascular growth (Figure S5, Supporting Information).l*%!
Control experiments were performed with hydrogels covalently
modified with cyclo(RGDIC) to which QK or VEGF were added
in a soluble form (i.e., after gelation, not covalently bound to
the hydrogel). HUVECs showed spreading, migration, and elon-
gation also in this case, but with lower branching (twofold),
sprout length (twofold), vessel diameter (twofold), and signifi-
cantly lower vascular coverage area (fivefold) in comparison to
gels where QK or VEGF were covalently linked to the PEG

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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network (Figure S6, Supporting Information). The higher activ-
ity of matrix-immobilized growth factors versus soluble growth
factors has also been observed in other studies.?!] These results
demonstrate that the tested gel compositions are appropriate for
testing the angiogenic activity of the PQK peptide.

In hydrogels modified with cyclo(RGDfC)/*QK, endothe-
lial cells spread but showed lower vasculogenic features than
in RGD/QK hydrogels during 3 days of cell culture (Fig-
ure 3). The observed morphological and vasculogenic features
in cyclo(RGDfC)/PQK hydrogels were similar to the control cy-
clo(RGDAC) hydrogels, suggesting that that PQK has no angio-
genic potential due to the mutation at the Trp(4) position. Cells
remained viable, indicating no inherent toxicity is associated with
the photoactivatable peptide. This result confirms our hypothesis
and molecular design. Introduction of the DMNPB group to the
Trp(4) residue inhibits the angiogenic activity of the QK peptide.

The possibility to trigger angiogenesis in situ, that is, in the
presence of cells and at selected parts of the culture, by light ex-
posure of cyclo(RGDfC)/PQK hydrogels was tested by scanning
a volume of 350 X 700 x2 0 pm? inside the hydrogel (200 pm
below the gel surface) using a 405 nm scanning laser at increas-
ing exposure doses between 30 and 240 ps pm~!. The viability
and the angiogenic activity of endothelial cells within the exposed
volume were investigated after 2 days of culture and compared
with the non-exposed neighboring regions. The different mor-
phology and fate of cells inside and outside of the scanned area
was clearly visible after staining (Figure S7, Supporting Informa-
tion) and was confirmed by quantitative analysis. Cell viability in
the exposed areas decreased from 90% to 80%, 60% and 50% af-
ter exposure from 30 to 60, 90, and 130 ps pm~!, and to 80%
in the non-exposed regions of the same culture. Longer expo-
sure doses further decreased viability. These results reflect the
exposure dose limits the biological experiments due to photo-
toxicity. Similar experiments in control hydrogels modified with
cyclo(RGDIC) (i.e., no "QK) showed comparable viability values
(Figure S8, Supporting Information), confirming that the drop in
viability is linked to phototoxicity and not to the release of pho-
tolytic byproducts. Cells exposed at >60 ps pm~! developed clear
angiogenic morphological features (Figure S7, Supporting Infor-
mation). The vascular area coverage after 2 days of culture con-
tinuously increased from 8% to 30%, 40%, and 63% after expo-
sure from 30 to 60, 90, and 130 ps pm~! (Figure S7, Supporting
Information). Higher exposure doses (180-240 ps pm™') lead to
lower values of vascular coverage area. For comparison, cells in
RGD/QK hydrogels showed a vascular area coverage of 60% af-
ter 3 days (Figure 3). Cells in cyclo(RGDfC) hydrogels did not
show angiogenic features irrespective of photoactivation and dis-
played a vascular coverage area of 6% (Figure S8, Supporting In-
formation). These results demonstrate the possibility to trigger
angiogenesis in cyclo(RGDfC)/PQK hydrogels by light exposure
in a site- and dose-dependent manner and are comparable to QK
peptide. They also reflect that irradiation step affects cell viabil-
ity and, therefore, the best possible exposure dose has to be se-
lected attending to the two effects. Scanning conditions between
90 and 130 ps pm~! were tested in our angiogenesis experiments
to balance low phototoxicity and enough activated QK to trigger
angiogenic response.

The photo-regulation of the angiogenic activity was further
evaluated by quantifying the vascular coverage area and the
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branching points in hydrogels at increasing exposure doses af-
ter 3 days culture (Figure 4). A linear increase of the vascular
area coverage (from 30% to 60%) and of the number of branch-
ing points (from 45 to 115 branched points mm~2) was observed
when the exposure dose increased from 50 to 125 ps pm~'. The
corresponding increase in PECAM expression is visible in Figure
S9, Supporting Information. Higher doses did not lead to more
extended angiogenesis and cells formed clumps (observable at ex-
posure rate of 150 pus pm™), which we interpret as an indication
of phototoxicity.

After optimizing the exposure conditions (i.e., 405 nm,
125 ps pm™!), we induced spatially defined angiogenesis in
cyclo(RGDfC)/QK hydrogels in situ by scanning a volume of
350 X 700 X 20 pm? inside the hydrogel (200 um below the gel
surface). Cells in the activated areas developed angiogenic fea-
tures and strong PECAM expression (Figure S10, Supporting In-
formation). Cells formed a visible microvasculature and reached
a >55% vasculogenic coverage and ~#90 mm~2 branching points.
No defined microvasculature was observed in unexposed areas
after 3 days of culture (Figure 5).

Cells in photoactivated cyclo(RGDfC)/P QK hydrogels reached
angiogenic maturation within 3 days, and longer cultures (5
days) did not lead to higher levels of vascular area coverage or
branching points (Figure S11, Supporting Information). HU-
VECs on exposed areas formed interconnected structures with
vessel length, diameter, sprouting points, and vascular coverage
area similar to controls with VEGF and QK (Figure 3). It should
be pointed out that, according to the chemical yield of the pho-
tochemical reaction, the effective concentration of active QK in
cyclo(RGDfC)/?QK hydrogels after exposure should be at most
25% of the QK concentration in cyclo(RGDfC)/QK hydrogels.
The comparable outcome in the angiogenesis experiment indi-
cates that the used QK concentration is well above the saturation
threshold. Reported literature reports that incorporate QK into
hydrogels use a range of 0.1-0.75 mm concentration. Altogether,
these results confirm that photoactivatable "QK immobilized on
adhesive hydrogels allows light-driven activation of angiogenesis
in gel constructs.

3. Discussion

Vascularization is a major need in biomaterials-supported tissue
regeneration, and a challenge for biomaterials design.®l VEGF is
a fundamental regulator of angiogenesis and is commonly added
as therapeutic molecule to promote vascularization in engineered
scaffolds for tissue engineering.?3] As cost-efficient alternative
to recombinant VEGF, the peptidomimetic QK was developed
and has been successfully used to modify 3D scaffolds to promote
microvascularization in 3D scaffolds in vitro and in vivo.[*3>?°]
Barbick et al. showed endothelial tubule networks on day 5 in 3D
collagenase-degradable poly(ethylene glycol) diacrylate (PEGDA)
modified with RGD and QK.[**] Cai et al. observed HUVECs out-
growth from spheroids on day 5 in RGD and QK modified elastin-
like polypeptide hydrogels.'!l In vivo, prominent functional cap-
illaries were observed at 21 days post-injection in QK and RGD-
tethered elastin-like hydrogels.[?*?! The hydrogels engineered in
this article show comparable development of vessel-like struc-
tures in vitro, indicating that they contain the minimal microen-
vironmental requirements in terms of cell adhesive molecules

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Confocal fluorescence microscopy images of HUVECs after 3 days of encapsulation in 3D PEG hydrogels functionalized with
cyclo(RGDfC) /PQK. Samples were irradiated at 405 nm with different doses by varying laser scanning rate between 25 and 150 ps ym~' and with
scanned volumes of 700 X 700 x 20 pm?. Cells were labeled with PECAM-1 antibody (green), with DAPI (blue) to stain nucleus, and with phalloidin (red)
to mark actin fibers. The graphs show the vascular area coverage and the number of branching points per millimeter square for the different exposure
conditions and the data is represented as means + SD from n = 3 independent experiments, each with at least 5 independent z-stack images. The
samples were analyzed by ANOVA with a Tukey post hoc test, where statistical significance was determined between groups from p < 0.05 (*p < 0.1,
*%p < 0.07, **%p < 0.001) and compared to sample scanned with rate of 125 pm~".

(RGD), degradation sites (VPM), and angiogenic factors (*QK)
realized in an all-in-one simple 3D construct.

Several strategies have been reported to obtain hydrogels
able to provide instructive signals to cells based on photosensi-
tive molecular architectures.?*l Notable examples are the soft-
ening of PEG networks containing integrated photocleavable
groups,l’’>¢3! or photoinitiated acrylate,*®! thiol-ene or oxime
ligation,34¢3] or enzymatic reactions!*’! for coupling instructive
ligands during cell culture at desired spaces. In contrast to these
approaches, PQK involves direct incorporation of a latent, pho-
toactivatable ligand into the 3D PEG network during gel prepara-
tion, and flexible activation at desired concentrations and spaces
using light, without the need of further preparation steps.

Relevant issues in the design of angiogenic biomaterials are
the controlled, sustained, and localized delivery of VEGF in com-

Adv. Healthcare Mater. 2021, 2100488 2100488 (7 of 10)

bination with cell adhesive proteins.!'>?°! Reported examples do
not allow spatial control of the angiogenic factor and drive ves-
sel formation at selected sites in the regenerative niche. The
photoactivatable QK, as presented in this article, can allow spa-
tial control of the angiogenic stimulation using light to local-
ize angiogenesis. Current approaches to obtain spatial control
rely on direct patterning of endothelial cells or of depots of an-
giogenic factors in the scaffold, for example via bioprinting.*”!
The reported approach here does not need a patterning technol-
ogy to define the delivery site of the angiogenic factor. This is
present in latent form all across the scaffold and can be activated
with spatial resolution by simple illumination. In the past we re-
ported spatially regulated, light-directed angiogenesis by regulat-
ing cell adhesion molecules in the presence of soluble VEGF, in
vitro and in vivo.!'84222.¢40] Tny this new approach, we regulate the
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Figure 5. Confocal fluorescence microscopy images of HUVECs after 3 days of encapsulation in 3D PEG hydrogels functionalized with
cyclo(RGD)fC/PQK. (Left) Predefined volumes (700 X 700 x 20 pym?) of hydrogel (marked with white dashed square) was irradiated at 405 nm with
scanning rate of 125 ps ym™". Cells were labeled with PECAM-1 antibody (green), with DAPI (blue) to stain nucleus, and with phalloidin (red) to mark
actin fibers. (Middle-Right) The inset of irradiated volume marked in left image with white dotted box, and corresponding Z-stack of the inset. The
graphs compare the vascular area coverage and the branching points at non-irradiated and irradiated areas of the sample and the data is represented
as means + SD from n = 5 independent experiments, each with at least 5 independent z-stack images. The samples were analyzed by ANOVA with
a Tukey—Kramer post hoc test, where statistical significance was determined between groups from p < 0.05 (*p < 0.1, **p < 0.01, ***p < 0.001) and

compared to non-irradiated volumes.

concentration of the growth factor (i.e., the cue for differentia-
tion) for the spatial control of angiogenesis without compromis-
ing cell attachment, which is a basic need for cellular viability at
a days’ time-scale.

Our results are promising in terms of a new functionality of
the QK peptide, and validate the molecular design selected for
a temporal inactivation of QK and a light-controlled spatial reg-
ulation of angiogenesis in in vitro experiments. They also show
room for optimization at the photoprotecting group of the indole
group of Trp, in order to improve the photochemical yield of the
activation process. This is relevant for the extension of this ap-
proach to in vivo scenarios.

4, Conclusions

A photoactivable VEGF peptidomimetic, "QK, was designed and
synthesized. When incorporated into degradable PEG hydrogels
modified with RGD cell adhesive peptide, it allowed light-directed
control of endothelial cell differentiation and angiogenesis in
vitro. Regulated light exposure allowed spatial control of angio-
genic differentiation of encapsulated HUVECs. These results
present a new strategy to regulate blood vessel formation without
the need of soluble VEGF, with the potential to be transferred into
in vivo scenarios where the regulation of blood vessel formation
is particularly relevant.
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5. Experimental Section

Materials and Methods: 4-Arm-PEG Maleimide 20 kDa was obtained
from Creative PEG work (USA), GCRDVPMSMRGGDRCG from Pro-
teogenix (France), cyclo(RGDfC) from Peptide International (USA), VEGF
was obtained from Promokine (Germany), and HEPES buffer was pur-
chased from Sigma-Aldrich (Germany).

Cell Culture Conditions: HUVECs (Promocell) were maintained on cell
culture flask coated with gelatin (0.2%). Cells were cultured in M-199
medium (Sigma, M4530) supplemented with L-glutamine (2 mm), peni-
cillin (1000 UL™"), streptomycin (100 mgL~", Sigma), ECGS (Sigma, E-
2759), sodium heparin (Sigma, H-3393), and 20% fetal bovine serum
(FBS, Gibco, 10270) as previously described.['*?] HUVECs were used be-
tween passages 2 to 7 were used for 3D cell culture.

Preparation and Functionalization of PEG Hydrogels for Cell Encapsu-
lation: PEG hydrogels were prepared by adapting previously reported
protocol.[2:26] Stock solutions of all components were prepared in sterile
HEPES buffer (10 mm, pH 8.2) at the following concentrations: 20 kDa
4-Arm PEG maleimide (100 mg mL™', 10 wt%), cyclo(RGDfC) (3.45
mg mL~", 5 mm), QK (9.9 mg mL™', 5 mm), PQK (11.3 mg mL™",
5 mm), and VPM (26.6 mg mL~!, 15.68 mwm). In addition, stock so-
lution for control sample VEGF (500 ng mL™") was prepared in PBS
(pH 7.4).

In the case of QK/PQK functionalized hydrogels, 4-Arm-PEG maleimide
solution (5 pL, 10 wt%) was preincubated for 5 min at 37 °C with the bi-
functional linker DBCO-PEG-SH (0.5 pL, 10 mm in HEPES) and then in-
cubated for a further 25 min with QK/PQK stock solutions as described
below.

Monofunctionalized hydrogels were prepared by mixing 4-Arm-PEG
maleimide solution (4 pL, 10 wt%) with either cyclo(RGDfC) (2 pL, 5 mm),

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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VEGF (1 pL, 500 ng mL~", PBS), QK (2 pL, 5 mm), or PQK (2 pL, 5 mm)
and incubated for 30 min at 37 °C. Bifunctionalized hydrogels with com-
bination of cyclo(RGDfC) either with VEGF (500 ng mL™"), QK, or PQK
(5 mm) solutions was prepared by mixing 1.5 pL from each solution with
4-Arm-PEG maleimide solution (5 pL, 10 wt%), followed by incubation for
30 min at 37 °C.

HUVECs (3 x 107 mL~") were suspended in above solutions and added
to each well (8 pL) of Ibidi 15-uwell angiogenesis slide. VPM (2 pL,
15.6 mm) was immediately added to cell suspended solution to quickly
initiate (within 30 sec—1 min) gelation and avoid sedimentation of cells.
Gels were allowed to polymerize for further 15 min at 37 °C, followed by
addition of media (50 pL) to each well. Cells were cultured in 3D hydro-
gels for further 24-96 h at 37 °C and 5% CO,, with fresh medium exchange
every day.

Photo-Activation in 3D: Cell encapsulated hydrogels modified with
PQK were exposed by using laser (4 = 405 nm, intensity = 85%) from
Zeiss 880 LSM microscope equipped with incubation chamber (37 °C and
5% CO,). Scanning speed of laser was tuned between 25-240 ps pym™!
in combination with 10xEC Plan Neofluar (NA 0.3) objective. The prede-
fined volume patterns were drawn by using Zeiss LSM 880 ROI tool. Af-
ter, exposure cell culture medium was replaced with fresh medium within
30 min in order to remove the photocleaved byproduct. The samples were
later kept either in a cell culture incubator or observed with bright field
imaging.

Cell Viability Assay: Cell culture media was removed and hydrogels
were incubated for 5 min with fluorescein diacetate (40 yg mL™", Sigma,
F7378) and propidium iodide (30 pg mL~", Sigma, P4170) solution in PBS.
Samples were washed twice with PBS and immediately imaged with a Zeiss
LSM 880 confocal microscope at 10x magnification using excitation wave-
lengths of 488 and 543 nm. The z-stack fluorescence microscopy images
were captured with the Zen Black software (version 2.1) and live (green)
and dead (red) cells were counted manually in each slice (4 pm) of z-stack
to calculate the percentage viability of each sample. For each sample at
least five independent z-stacks were analyzed (x~300-1400 cells per sam-
ples).

Proliferation and Angiogenesis Assay: Hydrogels were fixed with 4%
aqueous PFA solution for 2 h, washed with PBS and blocked with 1%
BSA solution for 1 h. Cells were permeabilized with 0.5% Triton X-100
for 1 h and incubated with monoclonal goat anti-rabbit PECAM-1 pri-
mary antibody (1:50 in 1% BSA for, Abcam) 1 h and washed with PBS.
Hydrogels were incubated with anti-rabbit Alexa flour-488 secondary anti-
body (1:400 in water, Thermo Fisher Scientific) for 5 h. Subsequently, cells
were washed with PBS and nuclei were stained with DAPI (1:500 in wa-
ter, Life Technology) and actin fibers were labelled with TRITC-phalloidin
(1:200 in water, Thermo Fisher Scientific). Samples were washed twice
with PBS and imaged with a Zeiss LSM 880 confocal microscope at 10x
magnification using excitation wavelengths of 405, 488, and 543 nm.
The z-stack fluorescence microscopy images were captured with the
Zen Black software (version 2.1) and nuclei (blue) were counted man-
ually in each slice (4 pm) of z-stack to calculate the number of cells
in each sample for quantification of cell proliferation. For each sample
at least five independent z-stacks were analyzed (~400-1200 cells per
samples) to calculate cell proliferation. Vasculogenic features (i.e., vascu-
lar coverage area, vessel diameter, average sprout length, and branching
points) were quantified automatically from a whole z-stack image by using
the angiogenesis analyzer tool (http://image.bio.methods.free.fr/Image)/
?Angiogenesis-Analyzer-for-Image)&artpage=3-6) in Image| software (ver-
sion 2.0).

General Statistical Analysis: The data are expressed as the mean +
standard deviation and presented without further pre-processing. All ex-
periments comprised of at least two independent experimental batches
performed under identical conditions. Statistical analysis for parametric
results was performed by one-way ANOVA with a Tukey—Kramer post hoc
test of the variance using Origin software (version 2020). In all cases, sta-
tistical significance was determined between groups using a value of p
<0.05 (*p < 0.1, **p < 0.01, ***p < 0.001) and compared against respec-
tive controls.
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