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How Does Temporal and Sequential Delivery of Multiple
Growth Factors Affect Vascularization Inside 3D Hydrogels?

Céline Bastard, Daniel Günther, José Gerardo-Nava, Mieke Dewerchin, Peter Sprycha,
Christopher Licht, Arne Lüken, Matthias Wessling, and Laura De Laporte*

Vasculogenesis and angiogenesis are leveraged by orchestrated secretion of
several growth factors. Mimicking this process in vitro can maximize
vascularization inside 3D cell cultures. While the role of individual growth
factors, such as vascular endothelial growth factor, Ephrin-B2, angiopoietins,
and platelet-derived growth factor-BB (PDGF-BB) is well studied, the temporal
influence of growth factor secretion, and the effect of their concentrations and
combinations on in vitro vascularization inside hydrogels, have not been
systematically investigated. Here, combinations of angiopoietin-1,
angiopoietin-2, and PDGF-BB improve vascularization of a human umbilical
vein endothelial cells-fibroblast coculture inside polyethylene glycol-based
hydrogels the most, while the optimal concentrations and time points of
growth factor addition are determined. Moreover, fibroblasts, pericytes, and
mesenchymal stem cells (MSCs) are compared as supporting cells, of which
MSCs best promote vascularization in coculture. Additionally, the resulting
blood vessels align with magnetically oriented rod-shaped microgels when
cultured inside the Anisogel. To mimic fibrosis, transforming growth
factor-beta is added, resulting in significantly smaller vessels and more
collagen secretion. This in vitro study reveals that a cascade of growth factors
can improve vascular formation in 3D hydrogels, which is important to create
viable tissue-engineered constructs for therapies and in vitro healthy and
diseased tissue models.
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1. Introduction

Blood vessel growth has become the holy
grail of tissue engineering.[1] Vasculogene-
sis and angiogenesis require some key fea-
tures, such as spatial stimuli organization,
temporal regulation, cellular crosstalk,[2–4]

and active interaction with and remodeling
of the extracellular matrix (ECM).[5–8] With-
out these features, the tightly regulated for-
mation of blood vessels is disrupted.
The natural mechanism of blood ves-

sel formation and maturation relies on the
sequential secretion of several growth fac-
tors (GFs) at specific concentrations, com-
binations, and gradients. In the body, the
vascular structures need coordinated inter-
actions in time and space between differ-
ent cell types and multiple GFs to gener-
ate a mature network.[6,9–12] Still, the low
half-lives and low stability of GFs in the
blood flow and inside tissue-engineered
scaffolds limit their application in vascu-
lar diseases.[13] In addition, adding single
GFs to the cell growing in scaffolds usu-
ally leads to poorly organized and immature
blood vessels.[11] Artificial in vitro systems
pose a challenge as GFs have a half-life[13]

of maximum 18 h in media, which thus
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requires close monitoring of their activity to ensure their replace-
ment in time.[14]

Multiple GFs have been found to play a role in angiogenesis
and vascularization including vascular endothelial growth fac-
tor (VEGF), basic fibroblast growth factor (b-FGF), angiopoietin
1 (Ang1), and 2 (Ang2), Ephrin-B2 (Ephr), and platelet-derived
growth factor (PDGF). From these, VEGF supports early stages of
vascularization, including cell proliferation, migration, and sur-
vival, especially VEGF-165 results in the activation of angiogenic
signaling pathways.[15,16] In general, several FGFs increase pro-
liferation, survival, stability, and migration. Specifically, b-FGF
acts as a mitogen of endothelial cells to stimulate angiogene-
sis and is further required for the maintenance of endothelial
cells and vessel permeability.[17,18] Angiopoietins play an impor-
tant role in the stabilization and destabilization of the vessel
network.[19] While Ang1 appears rather late in the angiogene-
sis circle and is needed for vascular remodeling,[15] stabilization,
and maturation,[20–22] Ang2 works as an antagonist of Ang1 and
can, in combinationwith VEGF, promote vessel sprouting[20] and
trigger angiogenesis.[23] Ang1 signals through the tyrosine kinase
receptor Tie2 (Tie2), which is endothelial cell-specific. As an an-
tagonist, Ang2 binds with a similar affinity to this receptor as
Ang1,[24] blocking the Tie2 receptor from Ang1 and loosening
the vascular structures. Sequential exposure to VEGF can then in-
duce new sprouts. The absence of VEGF, however, results in ves-
sel regression and cell death.[20,25–28] In addition, different kinds
of ephrins are essential for vascular development.[29,30] For in-
stance, Ephrin-B2 promotes proliferation, sprouting, and motil-
ity via endothelial tip cell guidance and adhesion,[31–33] while its
pathway is a key regulator for VEGF-mediated angiogenesis.[34,35]

If Ephrin-B2 gene expression is disrupted, vein remodeling into
properly branched structures is hindered.[29] Finally, PDGF is a
factor involved in vascular stabilization, maturation, and remod-
eling of the vascular wall[36–39] throughmural cell guiding, attrac-
tion, and interaction with endothelial cells.[40]

Combinations of GFs have demonstrated to have synergistic
effects. For example, the combination of Ang1 with VEGF in-
creases the angiogenic sprouting process and enhances the for-
mation of 3D capillary structures.[41] VEGF together with Ang2
promotes endothelial sprouting and enhances microvessel den-
sity, while combining them with PDGF and Ang1 inhibits mi-
crovessel formation when not temporally controlled. Only when
delivered at different time points, this combination can promote
vessel maturation and remodeling.[42] These results demonstrate
the importance of providing the correct balance of different GFs,
their respective temporal addition, and concentrations for suc-
cessful tissue generation. Since factors can interfere with each
other, each factor needs to be selected carefully according to the
surrounding conditions.[4]

Therefore, to form complex blood vessels, a perfectly timed se-
quence of events has to occur with the right cocktail and gradi-
ents of biochemical, mechanical, and physical signals, all work-
ing together in one big harmonious symphony.[4] When this har-
mony gets disrupted, several pathologies can occur. For exam-
ple, transforming growth factor-beta (TGF-𝛽) participates in the
pathogenesis of multiple cardiovascular diseases[43] and is a key
regulator in tissue fibrosis.[44] It induces the transition process
of fibroblasts to myofibroblasts.[45] While a TGF-𝛽 blockade di-
minishes fibrosis,[43] a low concentration (< 0.1 ng mL−1) is cell

growth promoting,[46] but a high concentration (10 ng mL−1) in-
duces fibrosis.[47]

To grow blood vessels, different biomaterials can be used as a
supporting matrix. Poly(𝜖-caprolactone) (PCL) electrospun fibers
are one possibility due to their characteristics of a large surface-to-
volume ratio and adjustable porosity. They can be modified with
fusion proteins, containing GFs, like VEGF, which enhances cel-
lularization and capillary formation.[48–50] Another possibility is
to grow complex blood vessels in 3D hydrogels, as soft water-
swollen hydrogels are suitable matrices to mimic the properties
of the extracellular matrix (ECM). So far, it was found that spe-
cific hydrogels have a high bioactivity and biocompatibility, which
makes them attractive candidates for blood vessel growth.[51] The
most common ones are fibrin-based hydrogels, due to their fi-
brous matrix and angiogenesis promoting activity,[52] support-
ing a high level of network complexity.[53] GFs, like VEGF or
basic FGF (b-FGF), can be mixed into fibrin hydrogels and re-
leased uncontrollably within 24 h, while in gelatin, alginate, or
poly(ethylene glycol) (PEG)-based hydrogels, VEGF or FGF have
been bound via heparin, resulting in a slower, local, and more
continuous release, which was mainly depending on hydrogel
degradation.[54–56] Another possibility is to bind and deliver dif-
ferent angiogenic GFs via engineered GF-binding fibronectin or
fibrinogen fragments that are coupled to a fibrin or PEG hydrogel
to enhance the proliferation and migration of vascular cells.[57,58]

One limitation of these hydrogel systems is that they are
isotropic leading to the formation of randomly oriented blood
vessel-like structures, whereas the vasculature in native tissues
are hierarchically organized.[59] To introduce cell alignment in-
side 3D hydrogel, we developed the Anisogel, which consists of
magnetically oriented rod-shaped elements embedded inside a
surrounding hydrogel.[60–64] So far, these anisotropic hydrogels
have been shown to promote aligned growth of fibroblasts and
neurites from primary neurons.[60–64]

In this study, we first analyze the individual effect of Ang1,
Ephrin-B2, Ang2, and PDGF-BB on the formation of a vascular
network inside a polyethylene glycol (PEG)-based hydrogel, mod-
ified with fibronectin, as in vitro model, by varying their con-
centration and timing of delivery. Here, we compare the addi-
tion of these growth factors in basal media compared with en-
dothelial growth media, already containing multiple growth fac-
tors. We subsequently combine these four growth factors using
the most favorable concentrations and time points from the in-
dividual studies. Following up on this result, we apply the most
successful growth factor cocktail in three exemplary applications:
first, with an Anisogel system, targeting the orientation of the
formed vessels; second, endothelial cells in combination with
other supportive cell types; and third, in a TGF-𝛽-induced fibrosis
model.

2. Results and Discussion

2.1. The PEG Hydrogel System to Study Blood Vessel Formation

To study the effect of different growth factors on blood ves-
sel formation inside a 3D in vitro model, we use an enzymat-
ically crosslinked soft PEG-based hydrogel as surrounding 3D
matrix.[64,65] Briefly, two peptides, a lysine containing peptide (Ac-
FKGGG-PQGIWGQERCG-NH2: K-peptide) that is sensitive to
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Figure 1. A schematic illustration of the hydrogel system with human umbilical vein endothelial cells (HUVECs, red) and normal human dermal fibrob-
lasts (NHDF, blue) or different supporting cells (green) forming vascular structures. Different growth factors are added to the cocultures in isotropic
hydrogels or Anisogels, with or without the addition of TGF-𝛽 on day 11 to induce fibrosis.

degradation by matrix metalloproteinases (MMP), produced by
cells, and a transglutaminase substrate (H-NQEQVSPLERCG-
NH2: Q-peptide), both containing a cysteine, are coupled via a
Michael-type addition to an 8-arm star PEG-vinylsulfone (sPEG-
VS). The corresponding PEG-K and PEG-Q molecules are mixed
in an equimolar ratio at a total of 1–2 wt% in a calcium contain-
ing buffer, and the biomolecule fibronectin or fibronectin frag-
ment FN9*−10,12-14, to reach a hydrogel stiffness ranging be-
tween 10 and 1350 Pa, unless mentioned otherwise. The me-
chanical properties of the PEG-hydrogel used in this report have
been analyzed before for polymer concentrations ranging from
1 to 5 wt%, demonstrating a storage modulus between 10 and
3800 Pa, respectively.[65] The softest gel resulted in the highest
neurite outgrowth[65] and is the most suitable for blood vessel
formation (Figure S1, Supporting Information). When human
umbilical vein endothelial cells (HUVECs) and fibroblasts are co-
cultured in a 1, 1.5, or 2 wt% PEG gel, modified with a fibronectin
fragment, the branching points of the vascular structures and
their total area is the highest in 1 wt% gel (Figure S1, Supporting
Information). Therefore, for the remaining studies, the softest
gel is selected. Normal human dermal fibroblasts (NHDF) and
HUVECs are mixed in a ratio of 3:1 with the PEG-QK precur-
sor solution and endothelial growth media (EGM-2), at a total

cell density of 1000 cells μL−1 to grow capillary-like structures
(Figure 1), unless otherwise indicated. The gelation is initiated
by the addition of activated Factor XIII and the cells are cultured
for 7 days, whilemultiple growth factors (Table 2) are added at dif-
ferent time points and concentrations in Dulbecco’s Modified Ea-
gle’s Medium (DMEM), neither basal medium (EBM), or EGM-
2 culture media, which already contains GFs, such as VEGF-
165, b-FGF, epidermal growth factor (EGF), insulin-like growth
factor (IGF), and the other supplements (see the Experimental
Section).

2.2. Defining the Optimal Cell Numbers and Ratios to form
Vessel Structures

Initially, HUVECs and NHDFs are used to grow vascular struc-
tures inside isotropic PEG hydrogels. For cultures using 1000
cells μL−1 at an initially tested ratio of HUVECs and NHDFs of
1:1, EBM nor DMEM result in the formation of vascular struc-
tures. HUVECs remain as single cells, do not connect with each
other (Figure 2A,B), and show poor cell proliferation on day 1
(d1) and d3 (Figure S2A,B, Supporting Information). In EGM-2,
on the other hand, which already contains GFs like VEGF, cell
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proliferation is higher and HUVECs and NHDFs start to form
a vascular-like structure (Figure 2C). This indicates that angio-
genic growth factors are required to initiate vessel formation, as
previously shown.
To optimize vessel formation, different ratios of NHDFs and

HUVECs at 3:1, 2:1, 1:1, or 1:3 are tested (Figure 2D,i-v). While
proliferation on d1 and d3 is not affected by the ratio in either
type of media (Figure S2A,B, Supporting Information), vascular
structure formation, measured by volume (p < 0.05) or by area
(clear trend but not reaching statistical significance), is clearly im-
proved for 3NHDF:1HUVECs, compared to 1NHDF:1HUVECs,
in EGM-2 after 7 days of culture (Figure 2D,i-v). The number of
structures is significantly lower for 3NHDF:1HUVEC cultures
(≈45) compared to the other three ratios (≈70), which is in-
herent to having more connected structures and increased total
area and volume. The median volume of these structures is in-
deed significantly higher with values reaching 1.7 × 105 μm3 for
3NHDF:1HUVEC compared to 1.4–1.1 × 105 μm3 for the other
cell ratios. This result is unexpected as other groups reported that
higher fractional numbers of HUVECs in such cocultures lead to
good vascular structures. For example, in amacroporous sponge-
like gel,[66] in a fibrin or fibrinogen-based hydrogel,[53,67] or a hy-
brid fibrin plus macroporous scaffold,[53] a 5HUVEC:1fibroblast
ratio led to a 3D vessel-like network in vitro or in vivo. In con-
trast, in our hydrogel, a high number of HUVECs compared to
NHDFs results in a small reduction in the area and volume of
vascular structures but a significantly lower number of branch-
ing points, while the total length of the structures is unaffected
by these ratios.
To determine the optimal cell density, the 3:1 NHDF: HUVEC

ratio is selected and the total cell number is varied from 500 to
4000 cells μL−1 in the hydrogel precursor volume (Figure 2E,i-v).
A cell density of 500 cells μL−1 is too low to form vascular struc-
tures as the number of structures, their area, their volume, and
the branching points are significantly lower than those found in
samples with a cell density of 1000 or 2000 cells μL−1. However,
a concentration of 4000 cells μL−1 is also inferior to the 1000 or
2000 cells μL−1 condition. Possibly, the gels become too crowded
leaving no room for higher vascularization, or the gel is rendered
unstable, as cells take more space, inhibiting the crosslinking of
the gel and reducing its stiffness. Densities of 2000 and 1000 cells
μL−1 show similar values for area, volume, and length, making
the number of branching points the critical deciding parameter.
Since a density of 1000 cells μL−1 leads to a significantly higher
number of branching points of around 45 versus 21 for 2000 cells
μL−1, 12 for 4000 cells μL−1 or 1 for 500 cells μL−1, this density is
chosen for further experiments. This value is also quite low, but
it would be in accordance with previous publications, which in-
dicate that around 1 × 106 cells mL−1 are required for good vas-
culature formation.[67,68] A higher cell concentration, therefore,
destabilize our gels much faster.

For the further experiments, focused on defining the optimal
cocktail of growth factors to promote vascularization, a cell ratio
of 3NHDF:1HUVEC, a total cell density of 1000 cells μL−1, and
EGM-2 are used as the base to support optimal cell growth.

2.3. Effect of Individual Growth Factors on Vascular Structure
Formation

To evaluate the effect of different growth factors on vessel struc-
ture formation, the cells are first cultured in EGM-2 until it is
replaced with EBMwithout or with the GF of interest on day 3, 4,
5, or 6. This removes the VEGF, b-FGF, and other factors present
in the EGM-2, while the addition of a sequential GF aims at re-
capitulating the cascade in the body to allow the proper forma-
tion of vascular structures.[4,69] The concentrations for Ang1,[41,70]

Ephrin-B2,[32,71] PDGF-BB,[40,68,72] and Ang2[73,74] used are based
on literature. These doses (Table 2) are chosen supraphysiolog-
ical since high concentrations are needed to secure diffusion of
sufficient GF into the hydrogel. The structures are analyzed after
7 days of culture.
Ang1, a vessel network stabilizer,[20–22] is added on day 3, 4,

or 5 at concentrations in the range of 0.2–2 μg mL−1 in EBM
(Figure 3A,i-ii; and Figure S3Ai-iii, Supporting Information). A
concentration of 0.7 μg mL−1 shows a trend toward higher ar-
eas and volumes at all tested time points (d3–d5), with a signifi-
cantly higher number of branching points (90) on d4 compared
to Ang1 concentrations of 0.2, 1.4, and 2 μg mL−1, which led to
≈50 branching points. The number of structures is the lowest
when Ang1 is added on d3 without losing area or volume. This
suggests more connected structures when Ang1 is added on d3.
The number of structures does not significantly alter with Ang1
concentration but when compared to no addition of Ang1, the
area and branching points are significantly higher at a concen-
tration of 0.7 μg mL−1. This fits with previous observations that
showed that Ang1 leads to larger blood vessels.[12,75]

For PDGF-BB, a factor that remodels and matures the vascu-
lar structures,[36] a concentration of 2–40 ng mL−1 is added on
day 4, 5, or 6 in EBM (Figure 3B,i-ii; and Figure S3B,i-iii, Sup-
porting Information). Here, 40 ng mL−1 shows a significant in-
crease in area, volume, and length, especially when added on day
4. If added on d4, the number of branching points is significantly
higher with 150 points compared to≈50–70 for the other concen-
trations and ≈20 structures when no PDGF-BB is added. With-
out PDGF-BB, the number of structures is lower compared to all
added concentrations at all time points.
Ephrin-B2, which promotes proliferation, sprouting, and

motility,[31–33] is added at concentrations of 0.3–2 μgmL−1 on days
3, 4, or 5 in EBM (Figure 3C,i-ii; and Figure S3C, i-iii, Supporting
Information). More structures are visible when Ephr is added on
day 4 and 5 at 0.8 μgmL−1 leading to 32 structures compared to 48

Figure 2. Effect of growth media, cell ratios, and cell densities on vascular structure formation in PEG-QK gels. A–C) Immunofluorescence staining for
PECAM/CD-31 of structures formed by NHDF:HUVEC cocultures (ratio 1:1) in PEG-VS in EBM A), DMEM B), and EGM-2 C) (red, scale bar: 100 μm).
Analysis of number of structures (i), area (ii), volume (iii), branching points (iv), and length (v) for different NHDF:HUVEC cell ratios D) and for
different total cell densities E) based on immunofluorescence staining for PECAM/CD-31. NHDF:HUVEC ratios in panel (E) is 3:1. The PEG-VS gels
were processed and analyzed after culturing for 7 days in EGM-2. Scale bar: 100 μm. Bar graphs show the range between the first and third quarter
indicated by the bar. The outliers and the mean value are represented by the error bars and the horizontal line, respectively. The violin plots show the
range between the first and third quarter indicated by the black bar in the violin and its standard deviation by the vertical line. The outliers and median
are represented by the violin and the white dot. n: 3–6 replicates per condition (p* < 0.05; p** < 0.01; p*** < 0.001).
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Figure 3. Effect of the individual GFs on vascular growth in PEG-QK gels analyzed after 7 days of culture via immunofluorescence staining of
NHDF:HUVEC structures (ratio 3:1) for PECAM/CD-31 (red) grown in EBM, with quantification of the structure area (i) and branching points (ii).
Immunostainings show representative images of vascular structures when Ang1 is added on d3 at 0.7 μg mL−1 A). PDGF-BB on d4 at 40 ng mL−1 B).
Ephrin-B2 on d5 at 0.8 μg mL−1 C), and Ang2 on d6 at 0.5 ng mL−1 D). Scale bar: 100 μm. Bar graphs show the range between the first and third quarter
indicated by the bar. The outliers and the mean value are represented by the error bars and the horizontal line, respectively. The violin plots show the
range between the first and third quarter indicated by the black bar in the violin and its standard deviation by the vertical line. The outliers and median
are represented by the violin and the white dot. n = 3–6 replicates per condition (p* < 0.05; p** < 0.01; p*** < 0.001).
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in the case of 1 μgmL−1 when added on day 4. The timing of Ephr
addition and its concentration do not affect the structure area and
volume, but a concentration of 0.8 μg mL−1 shows a significantly
higher number of branching points when Ephr is added on day
4 or 5.
Finally, for Ang2, a key factor in triggering angiogenesis,[23] a

concentration of 0.5–5 ng mL−1 is added on day 5 or 6 in EBM
(Figure 3D,i-ii; and Figure S3D i-iii, Supporting Information).
Here, high concentrations of Ang2 lead to smaller structures than
low concentrations, with the number of branching points being
lower for all Ang2 concentrations (<5 for high concentrations,
<10 for low concentrations), compared to the other GFs (20–150).
The delivery of Ang2 only, leads to smaller areas and volumes at
all concentrations compared to cultures without Ang2, demon-
strating that the delivery of Ang2 only has a negative impact on
the structures (compared to Figure 2B,C). On d5, the delivery of
Ang2 leads also to significantly fewer branching points compared
to the EBM control without Ang2. The structure destabilization
caused by Ang2 is in agreement with the fact that Ang2, which is
added in EBM without VEGF, requires VEGF to stabilize vessel
maturation and formation of new sprouts,[20,25,26] an effect was
also seen in vivo when the activity of VEGF is inhibited.[76] There-
fore, Ang2 will be further tested in combinatorial GF delivery.
Overall, except Ang2, all GFs show a positive effect on the vas-

cular structures with an increase in the area, volume, and branch-
ing points. In particular, Ang1 and PDGF lead to significantly
more vascular structures in this experimental setup. The addition
of Ang2 leads to smaller structures, especially at high concentra-
tions.

2.4. Effect of GFs in Growth Media Containing VEGF, b-FGF, and
other Growth Factors

As VEGF is one of the most important GFs and its interaction
with Ang2 is well known for the growth of vessels,[20,27] a sec-
ond screening is performed using individual addition of Ang1,
PDGF-BB, Ephrin-B2, and Ang2 in EGM-2. Concentrations and
time of addition are done in the same way as in the experiments
shown in Figure 3.
Upon addition of Ang1 on d3 or d4, the area and volume of the

structures are similar for the different Ang1 concentrations and
are larger compared to EGM-2 without Ang1. Even though there
are still many small structures (Figure 4A,i-ii; and Figure S4A,
i-iii, Supporting Information), a concentration of 0.7 μg mL−1

Ang1 shows a trend toward structures with the largest area and
volume.When added on d5, this concentration also shows signif-
icantly more branching points and increased length. Also, on d4,
the number of branching points is significantly higher at con-
centrations 0.7–1 μg mL−1 compared to EGM-2 without Ang1.
This is in accordance with previous studies, where a concentra-
tion of around 0.7 μg mL−1 showed a higher number of sprouts,
especially in combination with VEGF,[70] making Ang1 a promis-
ing candidate for further studies. Based on the above results, to
achieve large structures without compromising branching points
and length toomuch, the GF combination experiments following
below are performed with 0.7 μg mL−1 Ang1 added on day 4.
Next, the effect of the EGM-2 supplemented with PDGF-BB

is analyzed (Figure 4B,i-ii; and Figure S4B, i-iii, Supporting In-

formation). Here, the trend is similar to EBM, however, struc-
tures are longer and bigger. A PDGF-BB concentration of 40 ng
mL−1 also shows significantly higher values for area, volume,
length, and the number of branching points compared to the
other PDGF concentrations in EGM-2. In vivo, a low concentra-
tion of PDGF-BB (10 ng mL−1) shows better vascularization but
also higher amounts (50 ngmL−1) lead to better results thanwith-
out PDGF-BB.[72] The number of structures is again not signif-
icantly different except when PDFG-BB is added on d5. For all
other structure parameters, the best results are observed when
PDGF-BB is added on d4. Therefore, this time point is chosen
for further experiments using this GF. The addition of PDGF-
BB on d4 or d5 is also used in previous publications, but lower
concentrations (25 ng mL−1) were sufficient to promote vascular
growth,[40] possibly related to the use of other cell types. In this
study, HUVECs were cocultured with mesenchymal stem cells
(MSCs) and a 2D model was employed instead of 3D.[40]

Upon the addition of Ephrin-B2 in EGM-2, the structures
are also longer and bigger compared to its addition in EBM
(Figure 4C,i-ii; and Figure S4C i-iii, Supporting Information).
This is in agreement with previous research showing that Ephr
with VEGF leads to higher endothelial cell proliferation and
motility,[31,32] suggesting that more cells make intercellular con-
tact and build larger structures. When Ephr is added on d4 or d5,
a higher area and volume are observed for the structures with
most structure parameters being optimal at a concentration of
0.8 μg mL−1. This concentration is then chosen, as it promotes
significantly more branching points when added on day 4.
Ang2 shows the strongest effect when added together with

EGM-2 (Figure 4D,i-ii; and Figure S4D, i-iii, Supporting Informa-
tion), compared to EBM. When now added on d6, vascular struc-
tures show significantly bigger areas and volumes, especially at
the lower concentration of 1 ngmL−1. At 1 ngmL−1, the structure
volume (3.3 × 105 μm3) is significantly higher compared to all
other concentrations (1.2–1.8 × 105 μm3), confirming the obser-
vations in vivo that Ang2 requires VEGF to avoid destabilization
of the structures.[76] At higher Ang2 concentrations, the vascular
structures fall apart. For in vivo applications, lowerGF doses need
to be added as high GF concentrations may have negative side ef-
fects, like promoting tumor growth. For example, plasma from
patients suffering frommelanoma cancer shows high Ang2 con-
centrations (> 4 ng mL−1) outside the range of healthy patients
(1–3 ngmL−1), while cell experiments showed that Ang2 can reg-
ulate melanoma cell migration and invasion.[73] Here, a concen-
tration of 1 ngmL−1 Ang2 is added on d6 for further experiments
as it leads to the best formation of vascular structures.
Overall, the combinations of the individual GFs with EGM-

2 lead to larger structures, indicating a synergistic action with
VEGF-165, b-FGF, EGF, IGF, and/or the other supplements in
this medium. Still, there are many small structures present.
Therefore, we tested combinations of these four GFs with EGM-
2, aiming at further increasing the size and complexity of the
structures.

2.5. Combinatorial Delivery of Growth Factors

Since growth factors in vivo are never expressed alone, we tested
the four GFs in different combinations in fresh EGM-2 in our in

Adv. Therap. 2024, 7, 2300091 2300091 (7 of 18) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 4. Effect of the individual GFs on vascular growth in PEG-QK gels analyzed after 7 days of culture via immunofluorescence staining of the
NHDF:HUVEC structures (ratio 3:1) for PECAM/CD-31 (red,) grown in EGM-2 with quantification of the structure area (i) and branching points (ii).
Immunostainings show representative images of vascular structures when Ang1 is added on d4 at 0.7 μg mL−1 A). PDGF-BB on d4 at 40 ng mL−1 B).
Ephr on d4 at 0.8 μg mL−1 C). and Ang2 on d6 at 1 ng mL−1 D) (scale bar: 100 μm). Bar graphs show the range between the first and third quarter
indicated by the bar. The outliers and the mean value are represented by the error bars and the horizontal line, respectively. The violin plots show the
range between the first and third quarter indicated by the black bar in the violin and its standard deviation by the vertical line. The outliers and median
are represented by the violin and the white dot. n = 3–6 replicates per condition (p* < 0.05; p** < 0.01; p*** < 0.001).

Adv. Therap. 2024, 7, 2300091 2300091 (8 of 18) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Table 1. GF concentration and their application time in the combinatorial
GF study.

Growth factora) Concentrations Adding day

Ang1 0.7 μg mL−1 day 4

Ephr 0.8 μg mL−1 day 4

PDGF-BB 40 ng mL−1 day 4

Ang2 1 ng mL−1 day 6

a)Eleven GF combinations are tested: Ang1+Ephr, Ang1/Ang2, Ephr/Ang2,
Ang1+PDGF-BB, PDGF-BB/Ang2, Ephr+PDGF-BB, Ang1+Ephr/Ang2, Ang1+PDGF-
BB/Ang2, Ang1+Ephr+PDGF-BB, Ephr+PDGF-BB/Ang2, Ang1+Ephr+PDGF-
BB/Ang2.

vitro model by using the concentrations and time points selected
during the first screening experiments (Table 1 and Figure 5).
As a control, fresh EGM-2 is added on the same days as the

GFs. The results show that the number of structures is the high-
est when combining Ephr/Ang2 (83 structures), compared to the
numbers of structures, ranging between 33 and 57, for all other
GF combinations, and compared to GFs added individually with
EGM-2. The combinations Ang1/Ang2 and Ang1+Ephr/Ang2,
with 55 and 57 structures, respectively, are not statistically sig-
nificantly lower compared to Ephr/Ang2. Importantly, as men-
tioned above, fewer structures can be a sign of more con-
nected structures when the area and volume do not decrease.
For the area, the combination of Ang1+PDGF/Ang2 is signifi-
cantly higher than all other combinations, except for Ephr+Ang2.
For the structure volume, the same combination is significantly
higher than all others. For the number of branching points, also
Ang1+PDGF/Ang2 is significantly higher (130) than EGM-2 only
(46); Ang1+Ephr (26); Ephr+PDGF (17); Ang1+Ephr+PDGF
(23); Ang1+Ephr/Ang2 (56); Ephr+PDGF/Ang2 (26); and to all
four GFs combined (36) in EGM. The length values seem similar
for most GF combinations, with Ang1+PDGF/Ang2 resulting in
a slightly higher overall structure length, while EGM-2 only and
Ephr+Ang2 show a significantly lower structure length.
Overall, a combination of Ang1+PDGF/Ang2 in EGM-2 in-

duces the best vascular structure formation and is therefore se-
lected for further investigation inside the Anisogel, to test dif-
ferent supporting cell types, and trigger fibrosis. This combi-
nation of growth factors was already tested by Brudno et al.[42]

for cells cultured on microcarrier beads and not inside a 3D hy-
drogel. While recombinant human VEGF (rhVEGF) and Ang2
led to significantly more endothelial cell sprouting, it inhibited
microvessel formation when added simultaneously with PDGF-
BB/Ang1. Similar to our results, when temporally controlled, i.e.,
added at different time points, this combination promoted ves-
sel growth and vascular remodeling. Importantly, pericytes were
used as supporting cells in combination with HUVECs and the
GFs were added daily at different concentrations (50 ng mL−1

rhVEGF, 250 ngmL−1 Ang2, 50 ngmL−1 PDGF-BB, 250 ngmL−1

Ang1) for 3 or 5 days.[42]

It is interesting to note that combining all four additional GFs
in EGM-2 does not lead to better vascularization, and on the
contrary reduces the vessel area and volume. When individually
added in EBM, each GF is not affected in its mode of action but
when combined with another GF, they can positively or nega-
tively influence each other. To the best of our knowledge, Ang1

and PDGF-BB do not negatively affect each other but show par-
allel actions,[77] which is also visible in our best GF combina-
tion. Therefore, the only GF, which might in combination, nega-
tively affect vascular growth, is Ephrin-B2. It is possible that Ephr,
known to induce endothelial cell migration,[31,32] prevented ves-
sel complexity. Ephr is known to inhibit Ang-1 expression, while
supporting the expression of Ang-2,[78] removing the positive ef-
fects of the added Ang1 when added on the same day. This could
explain the smaller area and volume of the vessel structures for
all growth factors combined together.
Importantly, to use our optimal growth factor combination

(Ang1+PDGF/Ang2) in vivo, novel drug delivery systems have to
be developed that enable release at different time points by the de-
sign of thematerial properties andGF-material interactions,[57,79]

or by drug delivery systems that can respond to internal or ex-
ternal triggers. For example, sequential delivery of GFs can be
achieved by binding or incorporating them into porous polymer
scaffolds, while the release rate can be altered by changing the
polymer degradation rate[80] or the number of binding sites.[81]

In our research group, we have and are still developing hollow
microgels that can be loaded with GFs during microfluidic pro-
duction, which then can be released at different times depending
on the shell properties, while the microgels themselves can be
mixed inside regenerative hydrogels for in vivo use.[82]

2.6. Endothelial Characterization in the Case of Optimal Growth
Factor Combination

After finding the optimal GF combination to grow vascular struc-
tures inside the hydrogels, we analyzed markers for endothelial
characterization after 7 days of culture. For this, we analyzed the
expression of VE-Cadherin, nestin, and factor VIII, as further de-
tailed below.
VE-Cadherin is located at the junction between endothelial

cells, critically supports endothelial barrier integrity, and mod-
ulates vascular endothelial growth factor receptor functions.[83]

VE-cadherin immunostaining signal is visible at the cell–cell
junctions of the endothelial cell structures grown inside the
hydrogels (Figure 6A). This shows that the endothelial cells
make contact, and assemble into vascular structures. While
Pecam/CD31 is shown in small to large size vessels, nestin, and
factor VIII are markers of ongoing angiogenesis.[84] In our work,
both markers are detected in the vascular structure with the op-
timal GF combination (Figure 6B) but more importantly, fac-
tor VIII expression is significantly increased in the structures
without GFs, while nestin expression is significantly higher in
the structures grown in hydrogels with Ang1+PDGF-BB/Ang2
(Figure 6C). This indicates the transition to more complex ves-
sels when our optimal GF combination is added at these time
points (d4 and d6).

2.7. Vessel Alignment Inside an Anisogel

As capillaries in the body show some degree of oriented growth,
especially when they align with peripheral nerves,[68] the op-
timal GF cocktail is tested with the HUVEC/fibroblast cocul-
ture inside an Anisogel (Figure 7). After a brief size screening

Adv. Therap. 2024, 7, 2300091 2300091 (9 of 18) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 5. GF combination. A) Immunofluorescence staining of PECAM/CD-31 structure (red) analyzed after 7 days of culture of NHDF:HUVECmixtures
(ratio 3:1) in EGM-2 in the presence of the best GF combination, scale bar: 100 μm;Quantification of structures: number of structures B), area C), volume
D), number of branching points E), and length F). Bar graphs show the range between the first and third quarter indicated by the bar. The outliers and
the mean value are represented by the error bars and the horizontal line, respectively. The violin plots show the range between the first and third quarter
indicated by the black bar in the violin and its standard deviation by the vertical line. The outliers and median are represented by the violin and the white
dot. n: 6 replicates per condition (p* < 0.05; p** < 0.01; p*** < 0.001).

Adv. Therap. 2024, 7, 2300091 2300091 (10 of 18) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 6. Endothelial characterization in 3NHDF:1HUVEC structures upon coculture in EGM-2 with the addition of the best GF combination. A) Im-
munofluorescence staining of PECAM/CD-31 (red) and VE-Cadherin (blue) analyzed after 7 days of culture. Scale bar: 20 μm. B,C) Immunofluorescence
staining of nestin (yellow) and factor VIII (magenta), scale bar: 100 μm B) and their corresponding area C). The violin plots show the range between the
first and third quarter indicated by the black bar in the violin and its standard deviation by the vertical line. The outliers and median are represented by
the violin and the white dot. n: 3 replicates per condition (p* < 0.05; p** < 0.01; p*** < 0.001).

(Figure S5A–D, Supporting Information), we chose to magneti-
cally alignmicrogels with dimensions of 10 × 10 × 100 μm inside
the surrounding PEG gel, modified with fibronectin, as vascular-
like structure formation is the highest in these Anisogels. The
forming blood vessel structures are oriented in the direction of
the microgels, while the GF cocktail supported their formation
and growth. Compared to EGM-2without the addition of theGFs,
the area, volume, and length are significantly higher when GFs
are added. The GFs also have a positive effect on the number of
structures, as there are significantly more with larger volumes.
Of interest is also the number of branching points. In EGM-2,
the structures have around 5 branching points, while with GFs,
they have at least 10. However, this is much lower compared to
the isotropic PEG hydrogels shown above (130). In addition, the
vessels inside the Anisogels have less area, volume, and length,
likely due to the steric hindrance caused by the microgels. There-
fore, the number of microgels and their dimensions need to be
further optimized to achieve aligned blood vessel structures in-
side Anisogels, without inhibiting their growth. In the case of
primary neurons, grown inside the Anisogel, microgels with a
width of 2.5 μm and length of 25 or 50 μm resulted in signifi-
cantly more neurite extension compared with 5 × 5 × 50 μmmi-
crogels, even though both induced alignment.[64] Thus, thinner
microgels at lower concentrations may be more optimal and will
be further tested in the following studies. By aligning the vessels,
it would be possible to create a predefined vascular network that
would mimic the structure of native tissues. This may permit di-
recting the network to reach and connect to specific targets in
vitro, such as media inlets/outlets, to achieve improved dynamic
flow systems. Such guided structures could potentially improve
the development of specific tissue models, such as those target-
ing neuromuscular interactions.

2.8. Comparison with other Supporting Cells

We further asked whether our optimal GFmix also promotes the
growth ofmore arterioles-like structures, usingHUVECs in com-
bination with other supporting cell types. Here, we tested the in-
fluence of pericytes and MSCs as supporting cells on vascular

structure formation in the presence of the optimal GF cocktail
and using the cell ratios and densities that were previously de-
termined for NHDFs (Figure 8). In the case of the pericytes, no
significant differences between the presence and absence of GFs
could be observed in any of the investigated parameters, while
structure formation is overall reduced compared to the counter-
part conditions with fibroblasts and HUVECs as coculture. This
indicates that the cell ratios and densities are not ideal for this
condition. Still, the improved structure characteristics, such as
number of branching points in GF conditions, suggest that GFs
could also have a positive effect on vessel formation with peri-
cytes, which will be investigated in the future with optimized cell
ratios and densities.
In the case of MSCs, the addition of the optimal GF cock-

tail improves vessel formation as indicated by increased volume
(2.1 × 105 μm3 to 1.5 × 105 μm3) and branching points (225–
70) compared to controls. PDGF-BB is known to promote MSC
proliferation,[85] while Ang1 has a protective effect against serum
deprivation and is crucial for MSCs survival.[86] This makes our
optimal GF cocktail suitable for systems that use MSCs as sup-
porting cells, especially as MSCs do not produce enough Ang1
alone to promote angiogenesis.[87] In comparison to NHDFs as
surrounding cells, the parameter values for MSCs are partly
higher, especially the branching points (225–130), which makes
them a suitable alternative for further work. Also, a combination
of these two surrounding cell types could be tested.

2.9. Fibrosis Model

Finally, our vascular model is employed to test the induction of fi-
brosis. The same optimal GF cocktail is used with the optimized
cell ratio and density of NHDFs and HUVECs inside isotropic
PEG hydrogels modified with fibronectin and compared to EGM-
2 without these GFs. To trigger fibrosis, 10 ng mL−1 TGF-𝛽 [47] is
added to both cultures on d7 for 4 consecutive days, while anal-
ysis is performed on day 11. Due to the addition of TGF-𝛽, fi-
broblasts seem to detach from previously formed vessels in GF
conditions (Figure 9A,B white arrows), resulting in loss of struc-
tures as indicated by decreased volume, area, and the number of

Adv. Therap. 2024, 7, 2300091 2300091 (11 of 18) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 7. A) Alignment of vessel structures formed by HUVEC-fibroblast cocultures inside Anisogels. Immunofluorescence staining of PECAM/CD-31
structure (red) and 10 × 10 × 100 μm Anisogels (labeled with methacryloxyethyl thiocarbamoyl rhodamine B) cyan) in absence (EGM-2) and presence
of the best GF combination analyzed after 7 days of culture, scale bar: 100 μm. Analysis of the corresponding number of structures (i), area (ii), volume
(iii), branching points (iv), and length (v). The yellow arrow indicates the direction of the applied magnetic field to align the microgels. Bar graphs show
the range between the first and third quarter indicated by the bar. The outliers and the mean value are represented by the error bars and the horizontal
line, respectively. The violin plots show the range between the first and third quarter indicated by the black bar in the violin and its standard deviation
by the vertical line. The outliers and median are represented by the violin and the white dot. n: 6 replicates per condition (p* < 0.05; p** < 0.01; p*** <
0.001).

branching points (Figure 9). In contrast, when TGF-𝛽 is added
to the cells cultured in EGM-2 only, there is no significant de-
crease in these parameters. This may be explained by the fact
that the structures are longer with a higher area and volume in
the presence of GFs before TGF-𝛽 is added, which subsequently
degenerate as TGF-𝛽 is added. This is also visible in an increased,
yet not significant, number of structures after the addition of
TGF-𝛽. In addition, PDGF-BB and TGF-𝛽 have previously been
shown to strengthen the signaling pathway-mediated activation
of fibrosis-related proteins.[88] Ang1, on the other hand, which

is essential for vessel integrity maintenance and supports fibrob-
last recruitment to the vessels, is inhibited by TGF-𝛽.[44] In ad-
dition, collagen I secretion is significantly higher for the vessels
treated with GF and TGF-𝛽, compared to the vessels where no
TGF-𝛽 is added (Figure 9 vi). In addition, the increase of col-
lagen I (pixel area normalized to actin area) production due to
TGF- 𝛽 addition is significantly higher for the cells first grown
with our optimal GF mixture, compared to cells grown in EGM-
2. This fits the excessive collagen production by fibroblasts during
fibrosis.[89]

Adv. Therap. 2024, 7, 2300091 2300091 (12 of 18) © 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 8. Comparison of different supporting cells. Immunofluorescence staining for PECAM/CD-31 (red) of the vascular structures inside the hydrogel
in the absence (EGM-2) or presence of the optimal GF combination and using different supporting cell types: pericytes A) or MSCs B) analyzed after 7
days of culture, scale bar: 100 μm. Analysis of the corresponding number of structures (i), area (ii), volume (iii), branching points (iv), and length (v).
Bar graphs show the range between the first and third quarter indicated by the bar. The outliers and the mean value are represented by the error bars
and the horizontal line, respectively. The violin plots show the range between the first and third quarter indicated by the black bar in the violin and its
standard deviation by the vertical line. The outliers and median are represented by the violin and the white dot. n: 3–6 replicates per condition (p* <

0.05; p** < 0.01; p*** < 0.001).
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Overall, the addition of TGF-𝛽 induces fibrosis and is more ef-
fective in doing so in the presence of GFs. Therefore, these types
of 3D vascular cultures are a good starting point to study fibrosis
in vitro, and to test potential therapeutic approaches.

3. Conclusion and Outlook

Most GFs have a positive effect on vascularization in 3D co-
cultures in PEG-based hydrogels modified with fibronectin. Al-
ready the addition of single GFs in basal medium or endothe-
lial medium can increase the size of the vascular structures, with
larger structures in the presence of endothelial medium. How-
ever, similar to the in vivo situation in the body, a combina-
tion of different GFs is needed at specific time points to achieve
larger and more complex vascular structures. Here, we define an
optimal GF cocktail, consisting of Ang1, PDGF-BB, and Ang2
in EGM-2 for in vitro studies. Both fibroblasts and MSCs sup-
port the formation of vessel-like structures with HUVECs un-
der these culture conditions, with the MSCs leading to signifi-
cantly more branching points. When cultured inside an Aniso-
gel, vessel alignment is observed but the microgel parameters
must be further optimized to not disrupt vessel formation. Fi-
nally, we demonstrated that this 3D culture can be employed to
induce and study fibrosis in vitro. For further work and to use
our optimal growth factor combination (Ang1+PDGF/Ang2 in
EGM-2) in vivo, a drug delivery system will be developed that en-
ables release at different time points. Also, due to the ongoing de-
bate about HUVECs and their maturity, as they have site-specific
phenotypes from the umbilical cord, or are described as fully dif-
ferentiated, other sources of endothelial cells will be tested, such
as blood outgrowth endothelial cells (BOEC), cord blood derived
endothelial cells, or induced pluripotent stem cell (iPSC)-derived
endothelial cells. In the case of BOECs or iPSC-derived ECs, this
would enable us to have less premature cells and allow for the
generation of patient-specific models.

4. Experimental Section
Cell culture: HUVECs (passage 1–5, pooled donors, Lonza) are cul-

tured in tissue culture flasks in endothelial growth medium (EGM-2 ready-
to-use kit, Promocell) supplemented with FBS (2%), epidermal growth fac-
tor (recombinant human, 5 ng mL−1), basic fibroblast growth factor (re-
combinant human, 10 ng mL−1), insulin-like growth factor (Long R3 IGF,
20 ngmL−1), vascular endothelial growth factor 165 (recombinant human,
0.5 ng mL−1), ascorbic acid (1 μg mL−1), heparin (22.5 μg mL−1), and hy-
drocortisone (0.2 μg mL−1). Normal human dermal fibroblasts (NHDFs,
passage 1–8, Promocell) are cultured in tissue culture flasks in DMEM
(Gibco) supplemented with 10% FBS (Biowest or Gibco), 1% Antibiotics
antimycotic solution (AMB, Gibco). Human bone marrow-derived mes-
enchymal stem cells (MSCs, passage 6, Lonza) were kindly provided by
Dr. B. Spee and are cultured in tissue culture flasks in MSCGMmesenchy-

Table 2. Concentrations of growth factors tested.

Growth factor Concentrations tested Days

Ang1 0.2–2 μg mL−1 Day 3–5

Ephrin-B2 0.3–2 μg mL−1 Day 3–5

PDGF-BB 2–40 ng mL−1 Day 4–6

Ang2 0.5–5 ng mL−1 Day 5–6

mal stem cell growth medium (Lonza). Human placenta-derived primary
pericytes (passage 4, PromoCell) are cultured in tissue culture flasks in
pericyte growth medium 2 (PromoCell).

The growth factors angiopoietin-1 (Ang-1, Promocell), Ephrin-B2
(Ephr, Abcam), platelet-derived growth factor-BB (PDGF-BB, Promocell),
angiopoietin-2 (Ang-2, Promocell) are added on specific days (day 3–6)
and concentrations as described in Table 1. The used concentrations are
oriented from the literature for Ang1,[41,70] for Ephrin-B2,[32,71] for PDGF-
BB,[40,68,72] and for Ang2.[73,74]

Hydrogel Preparation: The hydrogel was prepared as described
previously.[60–65,90] In short, two separate batches of 8 arm star PEG-
vinylsulfone (sPEG-VS, 20 kDa, Jenkem or Creative PEGWorks Technology)
were conjugated with different peptide solutions in triethanolamine (pH=
8, Sigma-Aldrich): (H-NQEQVSPLERCG-NH2: Q-peptide, 1358.6 Da, Pep-
scan) or (Ac-FKGGGPQGIWGQERCG-NH2:c K-peptide, 1717.6 Da, Pep-
scan, or GenScript) using a Michael-type addition reaction via the thiol
containing cysteine by incubating the solutions for 2 h at 37 °C. These so-
lutions were dialyzed for 4 days in water at 4 °C to remove any unreacted
peptides. Following this, the solutions were lyophilized, dissolved in wa-
ter, sterilized, aliquoted, and stored at −20 °C until further use. For the
gelation, the activated enzyme FXIII (CSL Behring GmbH, 1250 U FXIII) is
needed. A 200 U mL−1 thrombin (Sigma-Aldrich) solution was diluted to
20 U mL−1 in an Ehrbar buffer (25 m CaCl2, 10 mm TRIS, 150 mm NaCl)
and was incubated with the FXIII for 30 min at 37 °C, while shaking gen-
tly every 5 min. The FXIIIa was then aliquoted and stored at −80 °C until
further use.

For making the gels, the two PEG conjugates were mixed in an equimo-
lar ratio at a total concentration of 1–2 wt%, resulting in storage moduli
between 10 and 1350 Pa, in EGM-2 or basal media with the 1000–4000
cells μL−1, a 10X calcium buffer (0.1 m CaCl2, 0.5 m Tris, 1.1 m NaCl),
and fibronectin (1 μm, Sigma-Aldrich) or fibronectin fragment (5 μm,
FNIII9*−10/12-14). Gelation was initiated by the addition of factor XIIIa.
After mixing, the solution was pipetted in an 8 well ibidi slide chamber.
The solution was crosslinked for 30 min at 37 °C and the chambers flipped
back and forth four times to get a uniform distribution of cells. After the
gelation was completed, cell media was added, and the samples were cul-
tured for up to 7 days. Growth factors were added at specific time points
and concentrations in EBM or EGM-2 media as indicated in Table 2.

Production of Microgels for the Anisogel: The microgels were prepared
via the Print technique as described in the previous work.[60–64] In brief, a
silicon wafer with a pattern in the required microgel dimension was filled
with polydimethylsiloxane (PDMS, Sylgard 184, Sigma-Aldrich), mixed
with its hardener 1:10, to create a mold. A polymer precursor solution out
of PEG-DA (700 Da, Sigma-Aldrich), photoinitiator (Irgacure 2959, Sigma-
Aldrich), diluent PEG-OH (200Da, Sigma-Aldrich),methacryloxyethyl thio-
carbamoyl rhodamine B (Polysciences), and SPIONs (EMG-700, Ferrotec)
were spread over the PDMSmold. It was placed under UV light for 60 min

Figure 9. Fibrosis model. Immunofluorescence staining of PECAM/CD-31 (red), Vybrant staining of the fibroblasts (yellow), and Dapi (blue) of
NHDF/HUVEC structures cultures in the absence or presence of the optimal GF combination in EGM-2 A), and after addition of TGF-𝛽 on d7 B)
analyzed after 11 days of culture, scale bar: 30 μm, white arrows showing the NHDF/HUVEC contact; Quantification of structures: number of structures
(i) with their area (ii), volume (iii), number of branching points (iv), and length (v); Normalized area of collagen I secretion (collagen I area divided by
actin area) (vi). Bar graphs show the range between the first and third quarter indicated by the bar. The outliers and the mean value are represented by
the error bars and the horizontal line, respectively. The violin plots show the range between the first and third quarter indicated by the black bar in the
violin and its standard deviation by the vertical line. The outliers and median are represented by the violin and the white dot. n: 6 replicates per condition
(p* < 0.05; p** < 0.01; p*** < 0.001).
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under nitrogen. The mold was glued with a layer of 50% polyvinylpyrroli-
done (360 kDa, Sigma-Aldrich) in water. After the glue dried, the mold was
peeled off and the microgels were harvested. They were purified by wash-
ing with water and 70% Ethanol during UV sterilization. It was kept in
PBS at 4 °C till use. The microgel suspension was counted in a Neubauer
chamber and then washed again with the media used for cell culture.

To prepare the Anisogel samples, a calculated number of
10×10×100 μm microgels (1000 microgels μL−1)[65] or of microgels
with other dimensions (Table S1, Supporting Information) was dis-
persed in a certain volume of EGM-2 together with the cells. The other
components for the PEG-Q, K gel as mentioned before were added to
the cell-microgel suspension. After mixing, FXIIIa was added, and the
solution was pipetted in an ibidi chamber with magnets fitted around
them.

Proliferation Assay (MTS Assay): For the MTS assay, around 20 000
cells were seeded in each hydrogel in a 24 well plate and cultivated for
1 or 3 days. The MTS working solution was prepared with cell culture me-
dia (1000 μL) and MTS reagent (200 μL). The growth media was removed
and replaced with aMTSmedia solution. The sample was incubated in the
dark for 2–4 h at 37 °C. 100 μL of the solution was added to a 96 well plate
(3x for each well). Then, it was measured in a microplate reader Synergy
HT from BioTek at 490 nm.

Fibrosis Model: Hydrogels containing the cells were grown in EGM-2
with or without theGF cocktail of 40 ngmL−1 PDGF-BB, 0.7 μgmL−1 Ang1,
and 1 ng mL−1 Ang2 added at the time points as described in Table 1. On
day 7, 10 ng mL−1[47] of TGF-𝛽 (ACROBiosystems) was added and the
hydrogels were cultured until day 11.

Immunochemical andMolecular Staining: After 7 days of culture (or 11
days for the fibrosis model), the media was removed and the hydrogel was
washed for 30min with PBS and subsequently fixed with 4% paraformalde-
hyde solution (AppliChem) for 1 h at room temperature. After washing
the hydrogels twice with PBS for 30 min, the cells were permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) in PBS for 20 min. After another wash-
ing step, the hydrogel culture was blocked with 4% bovine serum albumin
(BSA, Seqens) in PBS for 4 h at room temperature. After removal of the
blocking solution, the hydrogel was incubated with the primary antibody
Pecam/CD31 (BioTechne, anti-mouse, 1:200 in 1% BSA+ 0.1% Triton X-
100 in PBS) overnight at 4 °C. Excess antibody was removed by washing
the samples 3 times for 30 min with PBS, followed by incubation with the
secondary antibody (Alexa Fluor 555 goat anti-mouse; Invitrogen, 1:200)
without or with Phalloidin iFluor 405 or 488 (Abcam, 1:1000) in PBS for 4 h
at room temperature. The samples were washed again 3 times with PBS
and DAPI (1:200) in PBS was added for 20 min. After washing again thrice,
the samples were stored in PBS, in the dark at 4 °C until imaging. The
same procedure was used for the other primaries VE-cadherin (Abcam,
anti-rabbit, 1:200), nestin (Abcam, anti-mouse, 1:200), collagen I (Invit-
rogen, anti-rabbit 1:200), and factor VIII (Abcam, anti-rabbit, 1:200), and
their corresponding secondaries Alexa Fluor 488, 633 goat anti-mouse (In-
vitrogen, 1:200), and Alexa Fluor 488 goat anti-rabbit (Invitrogen, 1:200).
For the fibrosismodel, NHDFwere stainedwith Vybrant DiO (488, Thermo
Fischer) solution.

Image Processing and Analysis: The samples were imaged using a Le-
ica SP8 Tandem Confocal microscope using an air objective of 10×/0.3
N.A or a Perkin Elmer Opera Phenix Plus with a 10x/ N.A 0.3 air objective.
Z-stacks of 200–250 μm thickness were acquired for each sample. These
images were captured using the appropriate excitation wavelengths and
the emission signals were captured using suitable detectors (hybrid de-
tectors or photomultipliers) and detection sCMOS sensor cameras.

The obtained z-stack was converted to Imaris file format for evaluation.
The data are evaluated with Imaris 9.9.0 software (Oxford instruments)
by creating a 3D volume rendering of the Pecam stained structure us-
ing the surface module and the filament module to track the structures.
The vascular structures were quantified according to their average surface
area, volume, length, total number of vascular structures, and branching
points. Bottom structures, which were not grown in 3D, were not consid-
ered. Structures with a total voxel number < 5000 were not counted; same
with an area < 25 000 μm2, volume < 100 000 μm3, and length of < 25 μm
as they were too small to be a vessel structure. For the normalization of

the collagen I area, its area was evaluated as mentioned before, and was
then divided by its corresponding actin area.

Statistical Analysis: Statistical data analysis was done in OriginPro
2022 using a one-way ANOVA with pair comparisons using Tukey’s meth-
ods. The p-value below 0.05 was considered as a significant difference (p*
< 0.05; p** < 0.01; p*** < 0.001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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