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Incorporation of sulfated glycosaminoglycans (GAGs) into cell-instructive 
polymer networks is shown to be instrumental in controlling the diffusivity 
and activity of growth factors. However, a subtle balance between local 
retention and release of the factors is needed to effectively direct cell fate 
decisions. To quantitatively unravel material characteristics governing these 
key features, the GAG content and the GAG sulfation pattern of star-shaped 
poly(ethylene glycol) (starPEG)–GAG hydrogels are herein tuned to control 
the local availability and bioactivity of GAG-affine vascular endothelial growth 
factor (VEGF165). Hydrogels containing varying concentrations of heparin 
or heparin derivatives with different sulfation pattern are prepared and 
thoroughly characterized for swelling, mechanical properties, and growth 
factor transport. Mathematical models are developed to predict the local 
concentration and spatial distribution of free and bound VEGF165 within the 
gel matrices. The results of simulation and experimental studies concordantly 
reveal how the GAG concentration and sulfation pattern determine the 
local availability of VEGF165 within the cell-instructive hydrogels and how 
the factor—in interplay with cell-instructive gel properties—determines 
the formation and spatial organization of capillary networks of embedded 
human vascular endothelial cells. Taken together, this study exemplifies how 
mathematical modeling and rational hydrogel design can be combined to 
pave the way for precision tissue engineering.

1. Introduction

Engineering living matter often requires 
the integration of cellular components into 
biomaterial scaffolds together with the pro-
vision of soluble signaling molecules such 
as growth factors and cytokines.[1] However, 
controlling the spatiotemporal availability, 
as well as the activity of the signaling mole-
cules within engineered tissue constructs, 
remains challenging.[2] Incorporation of sul-
fated glycosaminoglycans (GAGs) in bioma-
terials offers a powerful means to modulate 
the distribution and stability of growth fac-
tors and cytokines due to the—mainly elec-
trostatically controlled—complexation of 
the highly anionic GAGs with the signaling 
proteins through their positively charged 
surface domains. Accordingly, GAG-based 
hydrogels have been previously applied 
as cell-instructive matrices to control, for 
example, the morphogenesis of human 
vascular endothelial cells and kidney tubule 
cells as well as the fate of early hematopoi-
etic progenitor cells in 3D cultures offering 
thoroughly defined exogenous cues.[1a,3] 
In these systems, the customization of the 
gel matrices for the presentation of specific 

combinations of soluble signaling molecules was accompanied by 
the adjustment of the materials for their mechanical properties, 
cell adhesiveness, and susceptibility for enzymatic cleavage.

Targeting cellular fate control and functionality by the adminis-
tration of soluble signaling molecules through engineered biomate-
rials requires a subtle balance between their localized retention and 
delivery to embedded cells. For GAG-based gels, this is governed by 
the GAG content, i.e., the volume density of binding sites and the 
affinity of the GAG to signaling molecules, i.e., the specific sulfa-
tion pattern.[4] To quantitatively unravel the role of these parameters 
on the local availability of signaling molecules in general and the 
proangiogenic vascular endothelial growth factor (VEGF165) in 
particular, we herein exploited a tunable cell-instructive hydrogel 
platform based on heparin (derivatives) and 4-arm star-shaped 
poly(ethylene glycol) (starPEG) peptide conjugates covalently 
crosslinked by a Michael type addition scheme (Figure 1).[5]

The approach refers to a recent own study in which the 
heparin concentration and the heparin (derivative) sulfation 
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pattern of binary biohybrid hydrogels have been systemati-
cally varied to tailor both the integral space charge density of 
the polymer networks and the local charge density of the GAG 
component to explore the relevance of these features for the 
sequestration of various cytokines, chemokines, and growth 
factors.[6] Moreover, starPEG-heparin hydrogels were success-
fully applied in earlier studies for embedding human umbilical 
vein endothelial cells (HUVECs) to create a versatile and robust 
3D in vitro model of angiogenesis.[1a] Since VEGF plays a vital 
role in the early regulation of angiogenesis,[7] controlling the 
availability of free and active VEGF within the hydrogel mate-
rials is critically important to direct the tubular morphogenesis 
of endothelial cells.

Our reported study built on an unprecedentedly broad 
variation of GAG-hydrogel-parameters and quantified their 
relevance for the interaction of the gels with various signaling 
molecules of different physicochemical properties. A math-
ematical model for the prediction of the local concentration and 
spatial distribution of free and bound VEGF165 within the gel 
matrix variants was developed and experimentally validated. 
The availability of free VEGF165 was demonstrated to be deci-
sive for the morphogenesis of gel-embedded human vascular 
endothelial cells to form capillary networks, and the adminis-
tration of the factor by a microfluidic set-up was accordingly 
shown to direct the spatial organization of the emerging capil-
lary structures.

Adv. Funct. Mater. 2020, 30, 2000068

Figure 1.  Formation and physical characterization of biohybrid starPEG-GAG hydrogels with adjustable GAG concentration and GAG sulfation pattern. 
A) The hydrogels were formed from thiol-functionalized starPEG (starPEG-SH), and maleimide functionalized heparin (Hep)/heparin derivatives, which 
were selectively desulfated at 6O- (6O-DSH), or 6O- and N-position (6ON-DSH). B) The starPEG-SH can be instantaneously reacted with maleimide-
functionalized heparin/heparin derivatives to form a hydrogel network containing a stable thioether linkage. C) Variation in the local sulfate density of 
the hydrogel can be achieved by incorporating heparin/heparin derivatives with different sulfation patterns. D) The overall GAG content of the hydrogel 
can also be adjusted by changing the solid content and crosslinking degree (molar ratio of starPEG to GAG) of the hydrogels. E) Stiffness and volumetric 
swelling of the GAG hydrogel with a varied GAG content. F) Stiffness and volumetric swelling of the hydrogel with different GAG sulfation patterns. 
Data are presented as mean ± SD for n = 3, *P < 0.05.
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2. Results

2.1. Basic Properties of Modular starPEG-GAG Hydrogels

In order to modulate the affinity of the hydrogel for a given 
signaling molecule, hydrogels were formed from heparin 
(derivatives) of varied sulfation degree or with variable heparin 
(derivative) concentration in the swollen polymer networks 
using a biorthogonal Michael-type addition crosslinking reac-
tion (Figure  1A–D). Heparin (Hep) was regioselectively des-
ulfated at the 6O- position to generate 6O-desulfated heparin 
(6O-DSH), or both at 6O- and N-positions to synthesize 
6ON-desulfated heparin (6ON-DSH) as previously described 
(Figure  1A).[4] This strategy enabled the generation of heparin 
derivatives with a sulfation degree of ≈67% and ≈33% relative to 
the fully sulfated heparin (Hep), respectively. The percentages 
(%) of sulfation have been calculated based on the assump-
tion that our heparin consists only of the well known major 
sequence with one 6O-, one N-, and one 2O-sulfate group 
present per disaccharide unit (corresponding to 100% sulfation 
degree),[8] and that the desulfation procedure produces heparin 
derivatives with quantitative removal of the particular 6O- or 
N-sulfate sulfate groups based on the procedures established 
by Attallah et  al.[4] Subsequent functionalization of the Hep 
or its desulfated derivatives with maleimide moieties further 
allowed for crosslinking with thiol-terminated starPEG through 
a Michael type addition reaction scheme to form a stable 
thioether in the presence of biofluids (Figure  1B). Due to the 
specificity of the reaction, the crosslinking reaction is also com-
patible with the embedding of cells and various growth factors 
loading during the gel formation.

The heparin (derivative) concentration of the gels has been 
tuned by adjusting the overall solid content of the conjugate 
solutions (Figure  1D), whereas the local GAG sulfation pat-
tern can be adjusted by the choice of the heparin (derivative) 
(Figure 1C). As the formation of capillary structures of HUVECs 
can be achieved in soft starPEG-heparin hydrogels of a storage 
modulus of ≈200  Pa only,[1a] the effect of heparin (derivative) 
content and the heparin (derivative) sulfation pattern on the dif-
fusivity of signaling molecules, the release of VEGF, and the 
HUVECs morphogenesis were investigated using a set of gel 
variants of this stiffness range (Figure 1E–F).

For investigating the effect of GAG content on the trans-
port and the bioactivity of the VEGF within the scaffold, a set 
of hydrogels containing fully sulfated heparin was produced 
with a total heparin concentration in the range of (500–1500) × 
10−6 m (Figure  1E). Furthermore, a heparin-free PEG hydrogel 
was used as control. By adjusting the overall solid content in 
the range from 2% to 4% (for varying molar ratios of starPEG 
to heparin) we could prepare hydrogels with a similar stiffness 
of ≈200  Pa. Volume swelling measurements in phosphate-
buffered saline (PBS) of all hydrogels indicated an increase 
in swelling of less than 30% from its original volume upon 
hydrogel synthesis, with the highest swelling was observed for 
the hydrogels prepared with the highest heparin concentration 
(1500 × 10−6 m) (Figure 1E).

Next, in order to understand the effect of the GAG affinity 
on the bioactivity of administered VEGF, hydrogels con-
taining fully sulfated heparin (starPEG-Hep), 6O-desulfated 

heparin (starPEG-6O-DSH), and 6ON desulfated heparin 
(starPEG-6ON-DSH) were prepared at similar heparin concen-
tration of 1500  × 10−6 m (Figure  1F). Hydrogels with variable 
GAG sulfation patterns were produced with similar mechanical 
properties of ≈200 Pa by altering the GAG variant while keeping 
the total GAG content as well as the molar ratio of starPEG to 
GAG constant (Figure  1F). Interestingly, similar to the hydro-
gels prepared with a low heparin content (Figure 1E), a slightly 
lower volume swelling ratio was observed within the hydrogels 
containing GAG building blocks with a lower sulfation degree 
compared to the fully sulfated heparin (Figure  1E,F). These 
results can be attributed to the decrease in the osmotic hydrogel 
expansion forces due to the reduced number of sulfate groups 
present in the polymer networks.[8]

2.2. Mobility of Soluble Signaling Molecules in starPEG-GAG 
Hydrogels of Varied GAG Content and Sulfation Patterns

The mobility of signaling molecules with different GAG-affinity 
and different dimensions across the set of starPEG-GAG 
hydrogel variants was studied (Table S1, Supporting Informa-
tion). Four proteins were chosen to represent small and large 
signaling molecules with a strong affinity to heparin (stromal 
cell-derived factor 1α (SDF1α) and VEGF165) and with almost 
no affinity to heparin (epidermal growth factor (EGF) and 
VEGF121). As the basis for these studies, we prepared a set 
of hydrogels with variation in the heparin (derivative) con-
centration and sulfation pattern, whereas the stiffness of all 
gels was adjusted to ≈200  Pa. Applying the rubber elasticity 
theory,[9] the mesh size of the hydrogels was estimated to be 
≈30  nm (Table S2, Supporting Information), which is signifi-
cantly larger than the hydrodynamic radius of the proteins used 
in this study. The mobility of signaling molecules within an 
affinity-based system that allows for a reversible binding, such 
as a GAG-based hydrogel system, can be described by their 
effective diffusion coefficient, D.[10] To determine D for the pro-
teins used in this study, we applied the fluorescence recovery 
after photobleaching (FRAP) technique (Figure 2).

First, the diffusion coefficients of four different proteins have 
been determined for hydrogels with graded heparin concentra-
tion (Figure  2A). The analysis revealed a similar diffusivity of 
the nonaffine proteins within the hydrogels with graded hep-
arin content. The magnitude of the diffusion coefficients was 
found to be inversely correlated to their molecular size (≈20 and 
60 µm2 s−1, for large and small nonaffine proteins, respectively) 
(Figure 2A). On the other hand, the diffusivity of the heparin-
affine proteins was significantly reduced in heparin-containing 
gels (Figure 2A). For SDF1α, the diffusion coefficient decreased 
from ≈80 µm2 s−1 in the pure PEG hydrogel to ≈15 µm2 s−1 or 
lower (≤5 factors) in the heparin-containing hydrogels. A sim-
ilar trend was also observed for the larger heparin-binding pro-
tein, VEGF165. Here, the mobility of the protein decreased by 
a factor of ≈2.5 if a starPEG-Hep hydrogel with a concentration 
of 500 × 10−6 m heparin was compared to a pure PEG hydrogel. 
Moreover, the adjustment of the heparin concentration from 
500 × 10−6 to 1500 × 10−6 m within the starPEG-Hep hydro-
gels further decreased the effective diffusion coefficient of the 
heparin-affine proteins, whereas the corresponding value of the 

Adv. Funct. Mater. 2020, 30, 2000068
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small or large nonaffine proteins (EGF and VEGF121, respec-
tively) was not affected (Figure 2A).

Next, we extended our analysis on the mobility of the sign-
aling molecules in the hydrogel with varied heparin derivative 
sulfation patterns including hydrogels made of fully sulfated 
heparin (starPEG-Hep hydrogel, 100% sulfation degree), the 
6O-desulfated heparin (derivative) (starPEG-6O-DSH hydrogel, 
67% sulfation degree) and the 6ON-desulfated heparin (derivative) 
(starPEG-6ON-DSH hydrogels, 33% sulfation degree (Figure 2B). 
In general, the diffusivity of nonaffine proteins (EGF and 
VEGF121) within the hydrogels was not affected by the heparin 
derivative sulfation pattern. In this case, diffusion is controlled 
primarily by the molecular weight of the proteins (Table S1, Sup-
porting Information). Accordingly, the diffusion coefficient of 
the smaller EGF was found to be ≈60 µm2 s−1, whereas the cor-
responding value of the larger VEGF121 was ≈18 µm2 s−1. In con-
trast, the diffusivity of the heparin affine proteins was inversely 
correlated to the GAG sulfation degree (Figure 2B) and dependent 
on the presence of specific sulfate groups. The diffusion coeffi-
cient of SDF-1α in the starPEG-6O-DSH hydrogel was not signifi-
cantly different compared to that in the hydrogel prepared with the 
fully sulfated heparin. In contrast to this, the diffusivity of SDF-1α  

significantly increased from ≈9 µm2 s−1 in the starPEG-Hep 
hydrogel (100% sulfation degree) to ≈30 µm2 s−1 in starPEG-6ON-
DSH hydrogels (33% sulfation degree, see Figure 2B), suggesting 
the critical role of N-sulfate group in determining the binding of 
SDF-1α to the heparin. Interestingly, the 6O and N sulfate group of 
heparin affected the diffusivity of VEGF165 differently compared 
to those on the SDF1α. VEGF165 diffused nearly 3-fold faster in 
the starPEG-6O-DSH (67% sulfation degree, Figure 2B) gel com-
pared to that in the starPEG-Hep gel, and the value increased fur-
ther in starPEG-6ON-DSH gel with 33% sulfation degree.

The determined impact of the GAG concentration and sulfa-
tion pattern of the hydrogel on the in-gel diffusivity of the hep-
arin-affine proteins VEGF165 and SDF1α might be influenced 
by the presence of a specific heparin-binding site. However, our 
FRAP analysis of the diffusion of thrombin (Table S1, Supporting 
Information), a positively charged protein that interacts with 
heparin nonspecifically,[11] revealed similar correlations between 
both parameters and the diffusivity in the gel (Figure S3,  
Supporting Information).

Finally, we investigated the effect of protein’s molecular 
weight and the mesh size of the hydrogel on the diffusivity of dif-
ferent model proteins within the hydrogels. Our studies revealed 

Adv. Funct. Mater. 2020, 30, 2000068

Figure 2.  GAG content and sulfation pattern govern the transport of heparin-affine proteins in starPEG-GAG hydrogels. A) Influence of the heparin 
concentration on the diffusivity of heparin-affine proteins (SDF1α and VEGF165) and nonaffine proteins (EGF and VEGF121) in starPEG-Hep hydrogels 
with a total heparin concentration of 0, 500, 1000, and 1500 × 10−6 m. B) Effect of the heparin derivative sulfation pattern on the diffusivity of heparin-
affine and nonaffine proteins (same as in panel (A)). For this, the effective diffusion coefficient of the proteins was investigated in starPEG-6ON-DSH, 
starPEG-6O-DSH, starPEG-Hep hydrogels with an overall heparin concentration of 1500 × 10−6 m by FRAP. Data are presented as mean ± SD for  
n = 3, “ns” stands for not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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that the molecular weight significantly affected the diffusivity of 
the nonaffine proteins in pure PEG gels and heparin-containing 
gels, with the diffusion coefficient inversely correlated to the pro-
tein size (Figure S4, Supporting Information). In contrast, the 
molecular weight of the proteins minimally affected the diffu-
sivity of heparin-affine proteins in starPEG-Hep hydrogels but 
strongly influenced their diffusion in pure (nonaffine) PEG 
hydrogels. Similarly, we observed an influence of the hydrogel 
mesh size on the transport of nonaffine proteins but not for 
heparin-affine proteins. The small or large nonaffine proteins 
diffused significantly faster with an increasing mesh size of the 
hydrogels, whereas the in-gel diffusivity of the affine proteins 
remained unaffected (Figure S5, Supporting Information).

Overall, both the GAG content as well as the GAG sulfation 
pattern modulate the in-gel diffusivity of the heparin-affine 
proteins, whereas the diffusivity of the nonaffine proteins 
remained similar in the hydrogel with variable GAG content 
or the GAG sulfation and strongly depends on the molecular 
weight of the protein and the mesh size of the hydrogels. More-
over, while the GAG content of the hydrogel similarly regulated 
the diffusivity of heparin-affine proteins, selective removal of a 
particular sulfate group has a more protein-specific impact on 
the transport of heparin affine proteins.

2.3. VEGF165 Release from starPEG-GAG Hydrogels with Varied 
GAG Content and Sulfation Patterns

The effect of the heparin (derivative) concentration and sulfa-
tion pattern on the release of the VEGF165 from the respective 

gels was evaluated for a duration of 360 h. Due to the use of 
a biorthogonal crosslinking reaction, the protein was directly 
loaded into the scaffolds during the hydrogel formation with 
the assumption of almost no covalent protein incorporation 
within the polymer networks.

The release of the VEGF165 from the GAG-free PEG 
hydrogel showed a significant initial burst (Figure  3A). More 
than 60% of the loaded protein was released within the first 
24 h. At 72 h, the release of VEGF165 reached a maximal 
value with ≈70% of the initially loaded protein. By contrast, 
all heparin containing hydrogels retained more than 97% of 
the loaded VEGF throughout 360 h (Figure  3B), which could 
be attributed to the large molar excess of heparin over VEGF 
(≈400:1) even for hydrogels with the lowest heparin concentra-
tion. The release of the VEGF165 can be gradually adjusted 
by varying the heparin concentration (Figure  3B), decreasing 
the heparin content of the hydrogel from 1500 × 10−6 to 500 × 
10−6 m allowed to enhance the overall release of VEGF165 by a 
factor of three.

Hydrogels containing heparin derivatives with different 
sulfation patterns also displayed a variation in the release pro-
file. Here, the sulfation degree of the heparin derivative was 
found to be inversely correlated to the amount of VEGF165 
released from the hydrogel (Figure 3C). The cumulative release 
of VEGF165 within the first two weeks increased from ≈1% 
for Hep to ≈2.5% for 6O-DSH containing hydrogels. More-
over, incorporation of 6ON-DSH (with 33% sulfation degree) 
enhanced the VEGF release by ≥4% throughout 360 h. Inter-
estingly, although 6ON-DSH contains only ≈1/3 of the sulfate 
groups of heparin, 96% of the proteins were retained within 
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Figure 3.  GAG content and sulfation pattern determine the release of VEGF165 from starPEG-GAG hydrogels. A) VEGF165 release from nonaffine PEG 
hydrogel. B) VEGF165 release from hydrogels with varying heparin concentration. C) VEGF165 release from hydrogels containing heparin derivatives with dif-
ferent sulfation patterns. The release experiment was conducted at 37 °C in endothelial cell growth medium (ECGM) supplemented with 0.1% BSA over 360 h. 
The data points represent experimental data (mean ± SD for n ≥ 3) and the solid lines, fit curves obtained from the reaction–diffusion model. D) Comparison 
between the binding constant of the VEGF to the GAGs obtained from the microscale thermophoresis and the curve fitting of the experimental release.
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this hydrogel even after two weeks, which is significantly higher 
than the amount remaining in the pure PEG hydrogel.

To understand if the release of the VEGF165 within the 
hydrogel is governed by both the diffusion of the protein 
through the hydrogel network and the binding to the GAG 
building block, the experimental release data was fit to the reac-
tion–diffusion model in COMSOL Multiphysics. The curve fit-
ting resulted in an estimate of the strength of the interaction 
between VEGF165 and the heparin or heparin derivatives within 
the crosslinked polymeric network. Our simulation results 
revealed that the reaction–diffusion model could describe the 
release profile of the proteins from all the hydrogel variants. 
The resulting binding affinity (KA  = 1/KD) of the VEGF165 to 
the heparin crosslinked within the hydrogel obtained from the 
curve fitting is inversely correlated to the sulfation degree of 
the GAG building blocks (Figure  3D). Besides, the KD values 
obtained for the VEGF165-GAG interaction in the gel lie within 
the same order of magnitude as those obtained for the inter-
action of the protein with free heparin (derivatives) measured 
using microscale thermophoresis (MST), except for VEGF165 
and 6ON-DSH, for which MST did not provide a binding 
curve/KD value.

2.4. Local Availability of VEGF165 and Formation of Tubular 
HUVEC Networks in starPEG-GAG Hydrogels

VEGF is an important pro-regenerative growth factor that con-
trols the proliferation, migration, survival, and differentiation 
of endothelial cells.[7a,12] Chwalek et al. demonstrated the poten-
tial of VEGF165 functionalized starPEG-GAG hydrogels to 
stimulate HUVECs to form a tubular network structure within 
three days.[1a] Since the administration of VEGF165 within the 
star-PEG-Hep gels may be crucial for the HUVEC sprouting, 
we investigated the role of the heparin (derivative) concentra-
tion and sulfation on the endothelial cell morphogenesis within 
hemispherical hydrogels (Figure  4A). HUVECs were cultured 
in soft hydrogels (storage moduli ≈200  Pa) containing matrix 
metalloproteinases (MMP)-cleavable peptides as crosslinkers 
to allow for the cell-mediated proteolytic matrix degradation.[5] 
The total loading of VEGF165 to the hydrogels was varied from 
0 to 20  µg mL−1 ((0–524)  × 10−9 m) to further modulate the 
free factor availability within the hydrogels. The concentration 
range was chosen since previous data showed that the function-
alization of starPEG-GAG hydrogels containing a total heparin 
concentration of 1500  × 10−6 m with 5  µg mL−1 (131  × 10−9 m) 
of VEGF was necessary to initiate morphogenesis of embedded 
HUVECs.[1a]

First, to illustrate the effect of the free VEGF165 on HUVECs, 
we tested HUVEC growth on 2D with VEGF165 at concentra-
tions between 0 and 100 ng mL−1 ((0–2600) × 10−12 m) and found 
a metabolic effect in a dose-dependent manner (Figure S6, Sup-
porting Information). Similarly, others have also reported that 
VEGF concentrations between 10 and 20 ng mL−1 ((260–520) × 
10−12 m) induced proliferation and the formation of tubular like 
structures of the HUVECs.[13]

Numerical simulations on the basis of the reaction–diffusion 
model,[10a,14] were carried out to determine the amount of the 
free factor presented to the cells right after gelation (0 h) and at 

72 h after hydrogel gelation (i.e., after three days after culture) 
when the tubular endothelial structures are expected to form 
(Figure  4B). According to the simulation, the concentration of 
the free VEGF165 is inversely proportional to the GAG content 
of the hydrogel. At t = 0 h, the pure PEG gel showed the highest 
concentration of free VEGF165 (≈130 000 × 10−12 m) whereas the 
corresponding concentrations within hydrogels containing a con-
centration of 500 × 10−6, 1000 × 10−6, and 1500 × 10−6 m of hep-
arin were found to be ≈190 × 10−12, 110 × 10−12, and 90 × 10−12 m, 
respectively. After 72 h, a significant portion of the VEGF165 
was already released from the pure PEG gel (≈6000 × 10−12 m of 
VEGF165 in the medium) compared to the heparin-containing 
hydrogels ((≈40–80) × 10−12 m of VEGF in the medium).

Similar trends were also observed for the hydrogels con-
taining heparin derivatives with varying sulfation patterns 
(6ON-DSH, 6O-DSH, and Hep, corresponding to 33%, 67%, 
and 100% sulfation degree, respectively). After 72 h, the concen-
tration of free VEGF165 within the hydrogel with the highest 
GAG sulfation (heparin) was ≈90 × 10−12 m. The concentration 
increased to ≈260 × 10−12 and ≈390 × 10−12 m for the hydrogel 
with 6O-DSH and 6ON-DSH, respectively. After 72 h, all hydro-
gels with varied GAG sulfation contained a similar amount 
of free factor as compared to 0 h with the amount of the free 
factor in the media inversely correlated to the sulfation degree 
of the heparin derivative.

Next, the impact of the heparin content and sulfation on the 
availability and activity of hydrogel entrapped VEGF165 was 
analyzed while the morphogenesis of HUVECs was examined. 
At any VEGF165 loading concentration (0, 1, 5, 20  µg mL−1 
(0  × 10−9, 26  × 10−9, 131  × 10−9, 524  × 10−9  m)), the hydrogels 
containing the lowest heparin concentration (500  × 10−6 m) 
displayed superior endothelial morphogenesis compared to 
any other hydrogels tested (Figure 4C). The total area of tubular 
structures and the number of branching points of the tubular 
HUVEC network structures were significantly higher in the 
hydrogel with the lowest heparin concentration than for hydro-
gels with the medium (1000 × 10−6 m) or high (1500 × 10−6 m) 
heparin concentration. In general, the extent of tubular mor-
phogenesis decreased as the heparin concentration of the 
hydrogel increased. This effect was directly correlated with the 
amount of free VEGF165 within the hydrogel.

Furthermore, the amount of free VEGF165 in the gels 
enhanced the formation of tubular HUVEC networks in a 
concentration-dependent manner. In particular, in the hydrogel 
with the low (500 × 10−6 m) and medium (1000 × 10−6 m) hep-
arin concentration, HUVEC morphogenesis increased as more 
VEGF165 was loaded into the hydrogel (Figure 4C). Notably, the 
hydrogel with the lowest heparin concentration also required a 
low VEGF165 loading to induce an extensive tubular network. 
Although 1  µg mL−1 (26  × 10−9  m) of VEGF165 was sufficient 
to induce HUVEC morphogenesis in the hydrogel with the 
low heparin concentration, increasing the VEGF165 loading up 
to 20  µg mL−1 (524  × 10−9  m) in both the hydrogels with the 
medium and a high GAG content could not promote a similar 
extent of HUVEC morphogenesis (Figure  4C). Interestingly, 
while the pure PEG hydrogel contained the highest amount 
of free VEGF165 within the system compared to the other 
types of hydrogels, a minimum level of tubular structures was 
observed within this hydrogel (Figure 4C). A slight increase in 
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Figure 4.  Local availability of free VEGF165 and GAG sulfation patterns control the formation of tubular HUVEC network structures within starPEG-GAG 
hydrogels. A) Scheme of the in vitro assay for studying the endothelial cell morphogenesis in cell-laden hydrogels. i) Uniform embedding of HUVECs 
and growth factors (VEGF165) within a hydrogel droplet. ii) The formation of capillary-like structures after three days of culture. iii) Fluorescence 
image of tubular HUVEC network structures within the hydrogel. DAPI was used as a nuclear counterstain, and the actin filament was visualized using  



www.afm-journal.dewww.advancedsciencenews.com

2000068  (8 of 15) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the formation of tubular HUVEC network structures was seen 
in the pure PEG gels when the VEGF165 loading was raised to 
5 and 20 µg mL−1.

Similar to the effect of VEGF165 within the hydrogels 
with varying heparin concentration, HUVEC morphogenesis 
was enhanced in a concentration-dependent manner in the 
hydrogels with different GAG sulfation pattern (Figure  4D). 
Increasing the free factor concentration by removing the 6O or 
the 6O and the N sulfate groups (67% or 33% sulfation degree, 
respectively) from the heparin enhanced the formation of 
tubular HUVEC network structures. Compared to the hydrogel 
with the fully sulfated heparin (100% sulfation degree), the 
hydrogel containing 6O-DSH (67% sulfation degree) or 6ON-
DSH (33% sulfation degree) produced HUVEC networks 
with a larger area of tubular structures and a higher number 
of branch points. Interestingly, at the lower VEGF165 loading 
concentrations of 1  µg mL−1 (26  × 10−9  m) and 5  µg mL−1 
(131  × 10−9  m), a stronger formation of tubular HUVEC net-
work structures was observed if hydrogels containing 6O-DSH 
(67% sulfation degree) were compared to the 6ON-DSH 
hydrogels with low (33%) sulfation degree despite the higher 
estimated free VEGF165 in the 6ON-DSH hydrogels. However, 
increasing the VEGF165 loading to 20 µg mL−1 (524 × 10−9 m) 
did not result in a significant difference in the HUVECs 
capillary network area for 6O and 6ON-DSH hydrogels (33% 
sulfation degree) (Figure  4D). Notably, in the absence of the 
VEGF165, the hydrogel containing the heparin derivative with 
the lowest sulfation promotes the formation of larger tubular 
structures areas compared to the ones with higher GAG sulfa-
tion (Figure 4D).

2.5. Tubular HUVEC Network Formation in starPEG-GAG 
Hydrogels with Spatially Graded Distribution of VEGF165

As discussed above, hydrogels containing 500 × 10−6 m of hep-
arin that has been uniformly functionalized with the VEGF165 
were shown to support the formation of dense and highly 
branched tubular HUVEC networks. In order to test the appli-
cability of this hydrogel to direct the distribution of tubular 
HUVEC network structures, VEGF165 was presented as a gra-
dient utilizing a microfluidic device (Figure  5A). Time-lapse 
fluorescence imaging revealed the formation of a VEGF165 
gradient across the hydrogel channel over 72 h (Figure  5A). 

Immediately after the addition of the growth factors to the 
microfluidic channel, a significant amount of the protein was 
accumulated near the medium-gel interface. The simulation of 
the spatial–temporal profile of the gradient of VEGF165 using 
the reaction–diffusion model indicated that the gradient only 
spans across the first 300 µm of hydrogel from the source of the 
growth factors and remains stable for up to 72 h (Figure 5B). In 
good agreement with the results of the simulation, the fluores-
cent protein gradient mostly spread within the first half of the 
hydrogel channel from the source of the growth factors. The 
gradient was stable during the whole experiment (i.e., over 
72 h), although no medium flow was applied to the medium 
nor the growth factor channel (Figure 5C).

To examine the effect of the VEGF165 gradient on the spa-
tial formation of tubular structures, HUVECs were embedded 
within the hydrogel. To form a cell-instructive gradient, the 
left supply channel was subsequently filled with a VEGF165-
containing solution (5 µg mL−1 (131 × 10−9 m)). The formation 
of tubular HUVEC network structures within the VEGF165 
gradient was compared to the structure formation in hydrogels 
without VEGF165 and in hydrogels that have been homogene-
ously preloaded with VEGF165 (Figure  5D). After three days 
of culture, the extent of tubular structures (expresses as the 
total area of the tubular network) near the sink channel, the 
source channel, as well as at overall hydrogel channel volume 
was quantified (Figure  5E). The hydrogel without VEGF165 
functionalization did not support the formation of any tubular 
structures. For the gels containing the VEGF165 gradient, we 
observed a higher density of tubular structures toward the 
higher growth factor concentration (Figure 5F). Moreover, when 
VEGF165 was homogeneously distributed within the hydrogel, 
the extent of the tube-like structure formation in the source and 
sink volume of the hydrogel channel was comparable.

VEGF gradients were also used to regulate endothelial 
sprout orientation during sprouting morphogenesis in biopol-
ymer-derived matrices.[15] However, in our study, we did not 
observe any significant difference in the orientation of the 
emerging tubular structures at different locations within the 
hydrogel channel between the cell-laden hydrogels when con-
ditioned with uniform or graded distributions of VEGF (data 
not shown). This result might be explained by differences in 
the cell-morphology assay set-up (e.g., differences in the ini-
tial cell distribution, orientation, and polarization compared to 
sprouting assays).
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ATTO-633-phalloidin. iv) The skeletonized image obtained from the fluorescence image for the quantification of the number of branching as well as the 
total area of the capillary network. B) Surface plots generated in COMSOL Multiphysics for the plane indicated in i) of the free VEGF165 concentration 
in hydrogel droplets containing ii) varying amounts of heparin and iii) heparin derivatives with different degrees of sulfation. The gels were “preloaded” 
with 5 µg mL−1 (131 × 10−9 m) VEGF165. The colors show the distribution of the free VEGF165 within the media and the hydrogel just after the gel forma-
tion (0 h) and 72 h after incubation of the hydrogels with media. The free factor with a concentration of 300 × 10−12 m or higher is shown with the same 
color (dark red) as indicated by the * sign. Scale bar = 4 mm. C) Effect of the heparin concentration on the HUVEC capillary morphogenesis at various 
initial concentrations of VEGF165 (0, 1, 5, 20 µg mL−1 (0 × 10−9, 26 × 10−9, 131 × 10−9, 524 × 10−9 m)). i) Representative skeletonized images of tubular 
HUVEC network structures formed within the hydrogels with heparin concentrations ranging from 0 to 1500 × 10−6 m over three days. ii) Total area 
of tubular HUVEC structures. iii) Number of branching points of the endothelial cell network. D) Effect of GAG sulfation on the endothelial capillary 
morphogenesis at various initial concentrations of VEGF165 (0, 1, 5, 20 µg mL−1 (0 × 10−9, 26 × 10−9, 131 × 10−9, 524 × 10−9 m)). i) Representative skel-
etonized images of HUVEC network structures formed within the hydrogels containing heparin derivatives with varied sulfation patterns (6ON-DSH, 
6O-DSH, and Hep corresponding to 33%, 67%, and 100% sulfation degree, respectively) over three days. ii) Total area of the tubular HUVEC network 
structures. iii) Number of branching points of the endothelial cell network. Fixed samples were stained with phalloidin and DAPI, and Imaris software 
was used to process and skeletonize the fluorescence images. One image per condition was chosen arbitrarily to represent different hydrogel condi-
tions. Scale bar = 200 µm. Data represents mean ± SD for n = 5–8 cultures, “ns” stands for not significant, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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3. Discussion and Conclusions

VEGF controls the initiation of vasculogenesis and 
angiogenesis.[7a,12] Therefore, the factor has been widely applied 
to control the vascularization of engineered biomaterials.[1a,16] 
Approaches to maintain the stability of the protein and its 
retention within polymeric biomaterials include covalent 
immobilization,[17] engineering factor variants with higher 
affinity for particular matrices,[18] and incorporation of GAGs 
into polymer networks to reversibly complex the factor.[1d,f ] The 
latter approach offers particularly valuable options to enhance 
the bioactivity of VEGF since GAG-complexation can protect 
the protein against degradation and facilitate its binding to 

cellular receptors.[1e,16b,19] Previously, the effective stiffness of 
starPEG-GAG hydrogels, supportive combination of proan-
giogenic growth factors, and the relevance of supporting cells 
have been identified to enable a versatile 3D in vitro model of 
angiogenesis.[1a] However, the impact of GAG sulfation pattern 
and GAG concentration of the hydrogel on the morphogenesis 
of gel-embedded vascular endothelial cells was not yet deter-
mined despite of the known importance of both parameters on 
availability and activity of VEGF165.[1d,20]

To systematically and quantitatively dissect the relevance of 
both parameters for growth factor-mediated cell fate control, 
we herein first prepared starPEG-GAG hydrogels of compa-
rable mechanical properties but varying GAG concentration 
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Figure 5.  The distribution of VEGF165 modulates the formation and spatial organization of tubular HUVEC structures within starPEG-GAG hydrogels. 
VEGF165 gradient was formed in the starPEG-Hep hydrogel with a heparin concentration of 500 × 10−6 m. A) Fluorescence images representing the 
gradient of fluorescently labeled VEGF165 formed within the microfluidic channel after 72 h. B) Spatiotemporal distribution of VEGF165 calculated 
based on a reaction–diffusion model in COMSOL Multiphysics. C) Experimentally determined gradient of fluorescently labeled VEGF165 in the micro-
fluidic channel. D) Set-up to investigate the effect of the VEGF165 gradient on the spatial formation of tubular structures. The endothelial cells were 
either cultured in hydrogels without supplement of VEGF165, under the action of a VEGF165 gradient within the hydrogel or in hydrogels that have 
been homogeneously preloaded with VEGF165. E) Representative skeletonized images of tubular HUVEC network structures resulting from the matrix-
mediated presentation of VEGF165 under the conditions outlined in (D) after cultivation for three days. Fixed samples were stained with phalloidin 
and DAPI, and the Imaris software was used to process and skeletonize the fluorescence images. F) Quantification of the total area of the tubular 
structures at a different location within the hydrogel channel. The source volume is defined as the half volume of the hydrogel channel close to the 
source of the VEGF, whereas the sink volume is defined as the half volume of the hydrogel channel close to the channel containing no VEGF. The overall 
volume is the sum of the sink and source volume of the hydrogel channel. Scale bar = 200 µm. Data represent mean ± SD for n = 3, “ns” stands for 
not significant, ****P < 0.0001.
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and sulfation patterns and examined the impact of the dif-
ferent network parameters on the diffusivity of selected soluble 
signaling molecules, including VEGF165. Second, we analyzed 
the release of VEGF165 from starPEG-GAG hydrogels using a 
reaction–diffusion model as well as experimental release studies 
and revealed the interplay between the protein–GAG interac-
tion within the polymer network and the resulting global trans-
port phenomena. Third, supported by mathematical modeling, 
tubular HUVEC morphogenesis within starPEG-GAG hydro-
gels was studied in dependence on the respective VEGF165 
availability. Finally, the distribution of VEGF165 within the 
hydrogels was graded by microfluidic methods to modulate the 
spatial organization of HUVEC tubular network formation.

The approach is based on the previously established rational 
polymer network design for decoupling of mechanical and 
biochemical properties of starPEG-GAG hydrogels,[21] which 
allowed for the targeted preparation of gels with a stiffness 
ranging from 0.2 to 8 kPa at invariant GAG concentration and 
of gels with similar mechanical properties and variable GAG 
sulfation patterns, respectively.[4–5] In here, the hydrogel system 
was extended to vary the GAG concentration over an even 
broader range ((500–1500) × 10−6 m) at invariant soft mechan-
ical properties (Figure 1E). Furthermore, we prepared hydrogels 
with components of different GAG sulfation patterns using 
selectively desulfated heparin derivatives as building blocks 
(Figure 1F).

Based on that, the impact of the GAG concentration and 
sulfation pattern on the diffusivity of selected signaling 
molecules of different dimensions and heparin-affinity was 
investigated (Figure  2). Our analysis revealed that the dif-
fusivity of the nonaffine proteins was primarily controlled by 
their molecular weight and mesh size of hydrogel but not by 
the total GAG concentration of the hydrogel (Figure  2, and 
Figures S4 and S5, Supporting Information). In contrast, the 
diffusivity of the affine proteins was minimally affected by 
their molecular weight and decreased as the GAG content of 
the hydrogel increased, clearly pointing to the predominant role 
of sulfate group mediated electrostatic interactions with posi-
tively charged amino acid residues within the GAG affine sign-
aling molecules (Figure 2A). This trend is similar to what Jha 
and co-workers reported for the diffusion of TGFβ1 (another 
heparin-affine protein) in heparin-containing hyaluronic acid-
based hydrogels.[22] The effect of the heparin concentration 
on the in-gel diffusion of the heparin-affine proteins, here 
demonstrated for VEGF165, was further correlated with the 
release from the hydrogel matrices (Figure  3B). We observed 
an increasing VEGF165 release from the hydrogels as the GAG 
content decreased, which is in line with previous reports on the 
retention and release rate of VEGF165 from other GAG-based 
hydrogel systems,[16a,23] and proved again the importance of the 
sulfate group mediated interactions with signaling molecules 
that carry positively charged patches or binding sides.[8,24]

The affinity of soluble GAG-binding signaling molecules 
to GAGs in solution is mainly governed by the GAG-specific 
sulfation pattern, i.e., the sulfation degree and spacing along the 
polysaccharide’s backbones.[25] Several protocols for the sulfa-
tion and desulfation of GAGs have been developed and applied 
to tune the binding of signaling molecules.[4,26] However, 
due to the spatial arrangement of the GAGs in a 3D polymer 

network and the distribution of the GAGs within the hydrogel 
space, additional parameters that affect protein binding to the 
hydrogel may arise. Based on our previous work,[4] we herein 
studied the molecular transport of different growth factors in 
hydrogels containing heparin or heparin derivatives of varied 
sulfation patterns.

While the GAG concentration of the gels similarly governed 
the transport of a positively charged growth factor (VEGF165) 
and a positively charged chemokine (SDF1α), the specific GAG 
sulfation pattern was found to affect the in-gel diffusivity of 
some particular proteins only (Figure  2B). In line with pre-
vious findings,[20,27] some proteins were shown to preferentially 
interact with a distinct sulfate group of the heparin: While the 
removal of 6O-sulfate did not significantly affect the diffusivity 
of SDF1α in starPEG-GAG gels, it significantly enhanced the 
effective diffusion coefficient of VEGF165 (N- and 6O-sulfate 
groups mediate the binding of VEGF165 to heparin, whereas 
the interaction with SDF1α mainly involves the 2O- and N-sul-
fate groups).[20,27b,c] The diffusivity of VEGF165 within starPEG-
GAG hydrogels displaying different GAG sulfation patterns 
does also correlate with the VEGF165 release from the gels 
(Figure  3C). Hydrogels containing 6O-DSH (67% sulfation 
degree) released significantly more VEGF165 than gels con-
taining fully sulfated heparin (100% sulfation degree), the 
release further increased if the GAG building block of the 
hydrogel was changed from 6O-DSH to 6ON-DSH heparin 
(33% sulfation degree). This observation that inversely corre-
lates the diffusivity of GAG affine proteins with the hydrogel 
sulfation degree is in good agreement with previously reported 
release data of VEGF165 from starPEG-GAG hydrogels con-
taining desulfated heparin derivatives.[1d]

Mathematical models have been previously applied to predict 
the transport of growth factors within GAG-based materials in 
the presence or absence of matrix degradation.[14a,b,28] However, 
a direct comparison between the experimental and the theoret-
ical release was not yet presented. Herein, a reaction–diffusion 
model was used to estimate the VFGEF165 release from hydro-
gels made of differently sulfated GAGs and to derive the KD 
values characterizing the stability of the gel-contained VEGF-
GAG complexes. A decrease in the GAG sulfation resulted in 
a weaker interaction between the protein and the GAG within  
the hydrogels. The binding strength of VEGF165 to the  
GAG-component of the hydrogel estimated by the mathemat-
ical model was found to be comparable to the dissociation con-
stant of soluble VEGF165-GAG complexes as experimentally 
determined by MST (Figure  3D). This creates a basis for the 
in silico prediction of the transport of different GAG-binding 
proteins within the hydrogels using the MST-derived KD values.

The GAG volume density of the hydrogel governs the local 
availability of free factor within the hydrogel network and 
thereby controls the vascular morphogenesis of gel-embedded 
endothelial cells. We, therefore, applied the developed math-
ematical model to predict the available concentration of 
VEGF165 within the polymer network used in HUVEC tubu-
logenesis experiments. Despite the high retention of the 
VEGF165 (≥90%) in all starPEG-Hep hydrogels (Figure  3B), 
only the hydrogels with 500  × 10−6 m of heparin supported 
extensive HUVEC morphogenesis. This can be explained 
by elevated concentrations of the freely diffusible factor 
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in hydrogels of decreased GAG concentration (Figure  4B). 
Based on our simulation results for scaffolds with 5  µg mL−1  
(131  × 10−9  m) VEGF165 loading, hydrogels containing  
500  × 10−6 m heparin can maintain free VEGF165 concentra-
tions of about 180 × 10−12 m, for at least three days of culture. 
This concentration is comparable to the VEGF dose reported to 
be required for HUVEC capillary network formation in other 
biopolymer-based matrices (≈520 × 10−12 m).[13a,c] Out of our set 
of gels, however, only the material containing the lowest hep-
arin concentration induced the formation of tubular HUVECs 
structures at any VEGF165 loading concentration (Figure  4C). 
Increasing the amount of VEGF165 loading to 20  µg mL−1 
(524 × 10−9 m) to the hydrogels with high or medium heparin 
concentration of 1000 × 10−6 or 1500 × 10−6 m did not enhance 
tubular morphogenesis as much as in the hydrogel with the 
lowest heparin concentration despite of the elevated concen-
trations of free VEGF165. However, since heparin is known to 
bind a plethora of growth factors,[1e] the availability of endog-
enously secreted factors (not analytically determined for our 
system) can be reasonably assumed to be similarly influenced 
by the GAG concentration and sulfation pattern.

Furthermore, the impact of the available amounts of 
VEGF165 on HUVEC morphogenesis obviously depends on 
the specific GAG sulfation pattern of the gel building blocks 
(Figure 4C). According to the simulations, a complete removal 
of the heparin component (i.e., a pure PEG gel) or the substitu-
tion of fully sulfated heparin with the 6O- or 6ON-desulfated 
derivative strongly increases the availability of free VEGF165 
(Figure  4B). However, HUVEC tubulogenesis significantly 
enhanced only in the starPEG-6O-DSH hydrogel but not in 
the starPEG-6ON-DSH or pure PEG hydrogels-. This can be 
attributed to the fact that heparin has been recognized to pro-
long the half-life of the heparin-binding proteins in culture by 
increasing their stability.[19b,29] Moreover, as previously dem-
onstrated for the heparin-binding factor BMP-2, N-DSH, and 
6ON-DSH are not as effective as the native heparin in pre-
serving the bioactivity of BMP-2.[30] Therefore, we hypothesize 
that the presence of the heparin and, more specifically, the 
N-sulfate group of heparin is essential to maintain the activity 
of VEGF165. The capacity of starPEG-heparin hydrogels to 
enhance the activity of VEGF165 could also explain the rela-
tively low concentration of free VEGF165 needed to stimulate 
the formation of tubular structures within these hydrogels. In 
particular, the hydrogel with the lowest heparin concentration 
(500 × 10−6 m) could stimulate the endothelial morphogenesis 
at a free VEGF165 concentration of ≈40 × 10−12 m (for 1 µg mL−1 
of total VEGF165 loading, data not shown) whereas in hydrogel 
systems without heparin significantly higher VEGF concentra-
tions (≥1300 × 10−12 m) were required to induce the formation of 
tubular HUVEC structures.[31]

Finally, we locally controlled the administration of VEGF165 
within the hydrogel using a microfluidic platform to direct 
the formation of capillary-forming HUVEC structures. The 
hydrogel matrix with the lowest GAG concentration was 
chosen as it was superior in supporting tubular HUVEC 
morphogenesis. Previous studies applied photocrosslinking 
to locally support or inhibit cell-mediated polymer network 
degradation,[32] or RGD ligand presentation to locally activate 
HUVEC morphogenesis within hydrogels.[33] In our study, 

numerical simulations based on the reaction diffusion-model 
enabled the prediction of the spatial and temporal distribu-
tion of VEGF165 within the microfluidically loaded starPEG-
GAG hydrogels (Figure 5A–C). The spatially varying VEGF165 
concentrations were shown to control the local formation of 
HUVEC capillary network structures within the GAG-based 
hydrogel matrices (Figure  5D–F). Compared to photopat-
terning techniques, our approach allows for utilizing different 
isoforms of VEGF, which act complementarily.[34] Microfluidic 
approaches have been applied before to generate graded distri-
butions of signaling molecules within biomaterials aiming at 
spatiotemporal cell fate patterning.[35] However, the absence of 
growth factor-affine moieties (e.g., GAG units) within the used 
material may require a continuous flow of rather high amounts 
of growth factors from feeding solutions. This does not only 
produce significant constraints for the tunability and elevated 
costs, but it may also interfere with the paracrine signaling 
in the stimulated cultures in undesired ways. In contrast, our 
approach of applying GAG-based hydrogel matrices allowed for 
generating stable growth factor gradients for up to 72 h without 
growth factor perfusion. Moreover, the above-described modula-
tion of the hydrogel transport properties for VEGF165 provides 
additional options to control the gradient profile of the factor.

In sum, computational modeling can unravel materials 
parameters that effectively control cellular morphogenesis 
through the localized administration of soluble signaling 
molecules. In the elaborated example, tailoring the GAG 
concentration and sulfation pattern of biohybrid hydrogels 
is shown to direct the formation of tubular HUVEC network 
structures by modulating the local availability of VEGF165. 
Such theory-driven design of cell-instructive materials will pave 
the way for future precision tissue engineering.

4. Experimental Section
Protein Labeling: Recombinant human VEGF165 (referred to as 

VEGF here), VEGF121, EGF (Peprotech, USA), SDF1α (Miltenyi Biotec, 
Germany), Thrombin from bovine plasma (Sigma-Aldrich, Germany) 
(Table S1, Supporting Information) were labeled with Alexa 488 NHS 
esters (N-hydroxysuccinimide esters) (Thermo Fisher Scientific, 
Germany) for 1 h at room temperature. Afterward, the proteins were 
purified twice from the unreacted dyes using Zeba Desalting columns 
with MWCO of 7  kDa (Thermo Fisher Scientific, Germany) following 
the manufacturer’s instructions. The final concentration of the 
protein and the conjugated dyes were measured using a NanoDrop  
1000 Spectrophotometer (Thermo Fisher Scientific, Germany). The final 
labeling degree was determined to be 1–2 labels per protein.

Preparation of starPEG-GAG Hydrogels: The components for the 
formation of the hydrogels, including maleimide-functionalized heparin 
(Hep), and heparin derivatives (6O- and 6ON-desulfated heparin 
(6O-DSH and 6ON-DSH, MW  ≈ 15  000) were in house synthesized, 
and the hydrogels were prepared as previously described with slight 
modifications.[5] Briefly, thiol functionalized 4-arm starPEG (starPEG-SH) 
(MW 10 000, Polymer Source, Inc., Dorval, Canada) and maleimide 
functionalized heparin/ heparin derivatives were dissolved in PBS at the 
appropriate molar ratio. To generate hydrogels with a variable sulfation 
pattern, solutions containing heparin (3 × 10−3 m) or desulfated heparin 
derivatives were mixed with the starPEG-SH solution (≈1.8  × 10−3 m). 
Furthermore, heparin solution (1 × 10−3 and 2 × 10−3 m) was mixed with 
starPEG-SH (1.5 × 10−3 m) to produce hydrogels with a lowered heparin 
concentration (500 × 10−6 and 1000 × 10−6 m). As a nonaffine hydrogel 
control, pure PEG hydrogels were prepared by reacting an equal volume 
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of starPEG-SH (3  × 10−3 m) with maleimide-functionalized starPEG 
(starPEG-Mal) (JenKem Technology, Plano, USA). In general, upon the 
mixing of gel components, the hydrogels were formed instantaneously 
within several seconds. The pH of the starPEG-SH solution was adjusted 
to 5.6 to have an efficient hydrogel component mixing allowing the 
formation of homogenous hydrogel samples.

The synthesis of matrix metalloproteinase—cleavable peptide (MMP) 
with a sequence of Ac-CGGPQG-IWGQGGCG and its conjugation with 
four arms polyethylene glycol (starPEG, Mw  = 16  500  g mol−1) was 
performed as previously described.[5] The starPEG-MMP conjugate 
was used in all the cellular experiments in place of noncleavable 
starPEG-SH.

Rheological and Volume Swelling Measurements: The hydrogel mixture 
(67  µL) was allowed to polymerize between two hydrophobic coverslips 
with a diameter of 9  mm to produce free-standing hydrogel discs. After 
the polymerization, the coverslips were removed, and the hydrogels were 
scanned using an FLA 5100 fluorescence scanner (Fujifilm, Tokyo, Japan) 
before and after overnight swelling in PBS with excitation at 473 nm and an 
emission filter of 510 nm. The diameter of the hydrogel was then determined 
by analyzing the fluorescence images using the Fiji (ImageJ, NIH). The gel 
volumetric swelling, Q was determined by the following equation

0

3

Q
d
d

= 



 	

(1)

where d0 and d are the initial and final diameter of the gel disk, 
respectively. Subsequently, the storage modulus of the swollen hydrogel 
was measured using rotational rheometry with 25  mm parallel plate 
geometry in an Ares LN2 (TA Instruments, Germany), as previously 
described.[5] The frequency sweeps were carried out at a shear frequency 
range from 10−1 to 100 rad s−1 with a strain amplitude of 2%. The mean 
values of the storage modulus were calculated from at least three 
independent hydrogel samples.

The mesh size of the hydrogels was calculated using the rubber 
elasticity theory, assuming an affine polymer network model from the 
storage moduli considering a fully elastic recovery of the hydrogel upon 
a relatively small deformation within the rheometric measurements 
(<20%).[9] Based on that, the theoretical hydrogel mesh size, ξ is 
estimated using the following equitation
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where Gʹ is the storage modulus, NA is the Avogadro constant, R is the 
molar gas constant, and T is the measurement temperature.

Determination of Protein Binding Affinity to GAG and GAG 
Derivatives: MST was used to quantify the strength of interactions 
between the proteins and heparin or heparin derivatives, as 
previously described.[36] First, the proteins were labeled with a 
reactive fluorescence dye, NT-647, using the Monolith NT Protein 
labeling kit Red-NHS according to the manufacturer’s (NanoTemper 
Technologies) instructions. The protein was purified from the 
unreacted dye using gel filtration columns (Sephadex G25, GE 
Healthcare) and the protein concentration and the purity was 
monitored using NanoDrop 1000 Spectrophotometer (Thermo Fisher 
Scientific, Germany) by measuring the absorption at 280  nm, and 
650 nm for proteins and the dye, respectively.

For the thermophoresis experiment, heparin or heparin derivatives 
(titrated from 15.25  × 10−9 to 1000  × 10−6 in PBS containing Tween 20 
(0.05%) and of bovine serum albumin (BSA) (0.1%)) were mixed with 
labeled proteins ((4–8)  × 10−9 m) in a 1:1 volume ratio. The mixture 
was then briefly centrifuged for 5  min at 5000  × g and 4  °C. Next, the 
sample mixture was loaded into hydrophobic capillaries (NanoTemper 
Technologies), and the thermophoresis measurement was carried 
out at 22  °C in the Monolith NT.115Pico instrument (NanoTemper 
Technologies) using excitation and MST power of 20% and 40%, 
respectively. Four independent measurements were carried out for each 

heparin–protein pair, and the data were pooled and analyzed using the 
MO. Affinity Analysis software v2.2.4 (NanoTemper Technologies).

Protein Release Studies from Hydrogels: Hydrogel precursor solution 
(10  µL) were mixed with proteins (500  ng) and allowed to polymerize 
as a gel droplet on a hydrophobic 8 wells µ-slide (Ibidi, Germany). The 
release medium (400  µL) containing endothelial cell growth medium 
(ECGM; Promocell, Heidelberg, Germany) supplemented with BSA 
(0.1%), and procline (0.1%) was added onto the hydrogel samples and 
incubated at 37  °C to allow the release of protein into the medium. 
The release medium was completely removed and exchanged with an 
equal volume of the fresh medium after 1, 6, 24, 72, 120, 168, 264, and 
360 h. The collected media were then stored and frozen at −80 °C until 
the analysis. The amount of protein in the release media was quantified 
for every time point using enzyme-linked immunosorbent assay 
(ELISA) DuoSet kit (R&D Systems, Minneapolis, USA) according to 
manufacturer’s instructions (n ≥ 6).

Fluorescent Recovery after Photobleaching: FRAP was used to 
evaluate the mobility of proteins within the hydrogels or buffer. For 
the sample preparation, the hydrogel precursors were dissolved in 
PBS containing BSA (0.1%). Hydrogels were loaded with fluorescently-
labeled proteins (a final concentration of 2.5  µmol L−1) during the 
gelation process. Moreover, to ensure that the diffusion coefficient 
measurement was carried out within the gel matrix and to specify the 
location of the bleached spot within the scaffold, the hydrogels were 
also spiked with ATTO 647 maleimide (1 mol%) (Atto-Tec, Siegen, 
Germany). For the FRAP measurement, the hydrogel mixture (3  µL) 
were spread onto a glass slide to generate hydrogel with ≈120  µm 
thickness, covered with the buffer solution (10  µL) containing the 
same concentration of proteins as in the hydrogel, and sandwiched 
with another cover glass separated by an imaging spacer (Grace Bio-
Labs SecureSeal, Sigma-Aldrich). Afterward, FRAP was carried out 
with a Leica TCS SP5 confocal using a 10× magnification objective 
(HC PL Fluotar 0.30 NA). For each measurement, a time-series of 20 
prebleach images with a resolution of 256 × 256 pixels was recorded 
using an attenuated argon laser beam (80% output and 4% of 
transmission) every 141  ms. After that, a uniform disk with a radius 
of 20 µm in the middle of the hydrogel samples was bleached with a 
high intensity of 488, 576, and 495 nm lines of an argon laser at 100% 
transmission for ≈600 ms.

Immediately after the photobleaching, a stack of 100 images was 
acquired at low laser intensity (4% of transmission) for every 141 ms 
followed by the acquisition of 120 images at 1 s intervals to measure 
the extent of fluorescent recovery within the bleached spot. The 
temperature was kept constant at 30  °C during all experiments. The 
diffusion coefficients (D) were extracted from the fluorescent recovery 
curve, as described elsewhere.[4,37] Briefly, the mean fluorescent 
intensities in the bleached spot were normalized according to 
Equation  (3) to correct for the possible bleaching during the image 
acquisition

pre
pre

ref

ref

frap

frap
f t

I
I t

I t

I
( )

( )( ) ( )
( )

= ⋅
	

(3)

where f(t) is the normalized fluorescent intensity in the bleached spot, 
Ifrap(t) and Iref(t) represent fluorescent intensities in the bleached spot 
and the reference region for every time point t, respectively, and the 
Iref(pre) and Ifrap(pre) represent fluorescent intensities in the reference 
region and the specified bleached spot before the bleaching, respectively.

Subsequently, f(t) was normalized to a full scale, F(t) using 
Equation  (4). Here, f(0) is the normalized fluorescent intensity of the 
bleached spot just after the bleaching and f(pre) is the normalized 
fluorescent intensity before the bleaching
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Characteristics diffusion time τD and the mobile fraction were then 
extracted from the least square fit of F(t) to the Equation  (5) which is 
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based on 2D diffusion model for a circular spot as described previously 
by Soumpasis[38]
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where I0 and I1 represent modified Bessel functions of the first kind of 
zero and first order, consecutively. Finally, the diffusion coefficient, D, 
was obtained from Equation (6), where w is the radius of the bleached 
area

2

D
D

w
τ=

	
(6)

Characterization of the VEGF165 Gradient: Commercially available 
microfluidic chips (AIM BIOTEC, Singapore), as described in detail 
elsewhere,[39] were used to generate a biomolecular gradient within the 
hydrogels. The microfluidic device consists of three parallel channels, 
including the growth factor, hydrogel, and medium channels with a 
wide of 0.5, 1.3, and 0.5  mm, respectively (Figure S7A, Supporting 
Information). The growth factor and the medium channel are separated 
from the hydrogel channel by trapezoid pillars with 0.1  mm spacing 
between the structures.

To characterize the protein gradients, the protein was labeled with 
Alexa-488 (please see the protein labeling procedures section), while the 
hydrogel was spiked with ATTO-647 (0.1%). Moreover, for all the growth 
factor gradient related experiments, including cellular experiments 
involving these microfluidic devices, the hydrogel precursors (10  µL) 
were mixed thoroughly and subsequently injected into hydrogels. The 
gels were allowed to polymerize for 5 min, and the gel inlets were then 
sealed with adhesive sealant.

To initiate the gradient formation, a volume of fluorescently labeled 
protein (120 µL of 1 × 10−6 m) diluted with PBS/ BSA (0.1%) solution was 
injected into the growth factor channels, whereas the same volume of 
PBS/BSA (0.1%) solution was loaded into the medium channel (Figure 
S7B, Supporting Information). For the time-lapse imaging, mineral oil 
(20 µL) (Sigma-Aldrich, Germany) was added on to each medium and 
growth factor port to prevent evaporation during the imaging process. 
The fluorescence images were captured using a Leica TCS SP5 confocal 
(Leica Microsystems, Germany) every 30  min for a total duration of  
48 h. Finally, a line profile was drawn using Leica application software 
along the width of the hydrogel image (LAS Software, Leica Microsystems, 
Germany), and subsequently, the fluorescence intensity was exported to 
analyze the spatial and temporal evolution of the protein gradient.

Mathematical Model: A reaction diffusion-model was used to predict 
the VEGF165 transport within the GAG-based hydrogels. Notably, the 
model was applied to analyze the protein release from a droplet of 
hydrogels and to determine the fraction of free/bound protein within a 
hydrogel droplet, as well as to estimate the spatial and temporal changes 
of the protein gradients within the microfluidic device. All the parameters 
required to generate each figure of the simulations are summarized 
in Table S3 (Supporting Information). Besides, the assumptions and 
the equations relevant for the computational modeling, as well as the 
experimental parameters such as the geometry and dimension of the 
hydrogel, volume of the buffer, etc. for each type of simulations, are 
described in detail in Section S1 (Supporting Information).

Cell Cultures: HUVECs were isolated as previously described,[40] 
and cultured in ECGM (Promocell, Heidelberg, Germany) containing 
supplemental and fetal calf serum (FCS) (2%) (SupplementMix C-39215, 
Promocell) on fibronectin-coated 75 cm2 culture flasks, maintained at 5% 
CO2 and 37 °C in a humidified incubator. After reaching 80% confluency, 
the cells were detached using trypsin-ethylenediaminetetraacetic acid 
(EDTA) (0.5%) (Sigma-Aldrich, München, Germany) solution, collected, 
centrifuged at 1000  rpm, and reseeded at appropriate density until 
further usage. Cells from passage 2–6 were used for all experiments.

Endothelial Cell Vascular Morphogenesis: To investigate the effect of 
GAG content on the endothelial morphogenesis within the hydrogel 
system, HUVECs were embedded within the hydrogels (a final heparin 

concentration of 0 × 10−6, 500 × 10−6, 1000 × 10−6, and 1500 × 10−6 m). 
Besides, the hydrogel with a varied GAG sulfation pattern (Hep, 6O-DSH, 
6ON-DSH) (a total heparin concentration of 1500 × 10−6 m) was prepared 
to study the influence of the GAG sulfation pattern on the endothelial 
capillary morphogenesis. For these purposes, HUVECs were detached 
using Accutase (Sigma-Aldrich) for 5  min at 37 °C and resuspended 
in ECGM medium with supplemental mix and FCS (2%) at a final 
concentration of 40 ×  106 cells mL−1. Next, the starPEG-GAG hydrogels 
were prepared as described previously with slight modifications.[1a]

In brief, degradable starPEG-MMP conjugates (MW 16  500) and a 
heparin/heparin derivative-maleimide conjugates (MW 15  000) were 
separately dissolved in HUVEC culture medium. Subsequently, the 
adhesive peptide CWGGRGDSP (cRGD, MW 990) was supplemented 
into the heparin solution at a 2:1 molar ratio. After that, the heparin-RGD 
mixture was (nonreactively) functionalized with VEGF165 (PeproTech, 
USA) (a final concentration of 0–20  µg mL−1 ((0–524)  × 10−9 m)) and 
an equal volume of HUVEC suspension was added to generate a cell-
heparin conjugate mixture. For the formation of hydrogels, the cell-
heparin conjugate mixture was added to the starPEG conjugate solution 
in a 1:1 volume ratio to form hydrogel droplets (20  µL), which were 
cast onto hydrophobic µ-slides 8 well chambers (Ibidi, Germany). 
Following the in situ crosslinking, the gels were immediately immersed 
in the cell culture medium, and on day 3, the samples were fixed with 
2% paraformaldehyde (PFA) for 10  min at RT and stained with the 
fluorescence.

For the spatial patterning of endothelial morphogenesis in 
microfluidic chip studies, hydrogels, and the growth factor were 
loaded into a commercially available microfluidic chip (AIM BIOTEC, 
Singapore). The final cell concentration within the hydrogel was 10 × 106 
cells mL−1. Afterward, the cells within the device were treated with 
VEGF165 (5  µg mL−1 (131  × 10−9 m)) dissolved in medium either as a 
gradient or uniformly loaded within the hydrogels. The cells treated 
with the basal medium was also included as a control. The progress 
of the vascular morphogenesis was monitored every 24 h. On day 3, 
the cells were fixed with PFA (2%) and stained with phalloidin for the 
quantification of the total area of tubular structures formed in the half 
portion of the hydrogel channel close to the growth factor channel 
(source volume) and the medium channel (sink volume), as well as in 
the total volume of hydrogel channel (overall volume).

Fluorescence Staining and Immunocytochemistry: To analyze the extent 
of tubular structure formation in a hydrogel droplet or hydrogel embedded 
within the microfluidic channel, the cells were labeled according to the 
following protocol. After fixation and washing with PBS, the samples 
were permeabilized using Triton X-100 (0.1%) for 10 min. Samples were 
washed and incubated with Hoechst 33342 (Life Technologies; 1:200) 
and ATTO 610-phalloidin (Atto-Tec,1:200) for two days at 4 °C. Next, the 
samples were washed three times and stored in PBS at 4 °C, covered 
with foil until the imaging using a Dragonfly Spinning Disc confocal 
microscope (Andor Technology Ltd., Belfast, UK). 10× air objective was 
used to capture the image at a resolution of 1024  ×  1024 pixels and a 
pinhole of 20. For each hydrogel sample, a 200–300  µm thick stack of 
images with a spatial resolution of 5 µm (in the z-direction) was acquired.

Image Analysis: All the fluorescent images obtained from the Leica 
TCS SP5 and DragonFly Spinning Disc confocal microscopes were 
analyzed and processed using Leica application (LAS software, Leica 
Microsystems, Germany) or Imaris (Version 9.2.1, Bitplane AG, Zurich, 
Switzerland) software. The tiff images were exported and further 
processed with the Fiji (ImageJ, NIH) for a final visualization. To 
quantify the extent of tubular structure formation in 3D, 100  µm thick 
z-stacks at 50  µm above the glass slide were analyzed with Imaris 
(Version 9.2.1, Bitplane AG, Zurich, Switzerland) utilizing filament tracer 
module. Briefly, a threshold loops algorithm was used to generate a 
3D skeletonized image of the tubular structures obtained from the 
phalloidin staining. All the parameters used for the fluorescent image 
segmentation are listed in Table S4 (Supporting Information). Next, the 
resulting skeletonized images were used to calculate the total area of 
tubular structures and the number of branch points, which represent 
the overall vasculature growth in the hydrogel and the complexity of the 
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structures, respectively. The skeletonized images were then visualized as 
a cone with a scale of 0.5.

Statistical Analysis: All experiments were repeated 2–3 times with at 
least three independent replicates. Statistical analysis and graphing 
were performed using the GraphPad Prism 6 (San Diego, California). 
A one-way analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison post hoc test was used to determine the level of significance 
between the groups with different treatments. All values represent the 
mean ± standard deviation for at least three independent samples. 
The difference between the means was considered to be statistically 
significant at the level of P < 0.05.

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