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A major challenge in tissue engineering involves the development of synthetic biomaterials that
effectively induce and maintain functional vascularization of engineered tissue constructs post
implantation. While conjugating heparin to a dextran hydrogel developed a pro-angiogenic scaffold
that led to substantial endothelial multicellular assembly in vitro and enhanced host vessel invasion
in vivo, the inherent anti-coagulant bioactivities of native heparin elicited substantial local bleeding
upon implantation. To decouple the pro-angiogenic effects from the anti-coagulant activity, we
developed a synthetic, heparin-mimetic material by introducing sulfate adducts to the dextran
backbone. These heparin-mimetic hydrogels bound and immobilized growth factors, enhanced
angiogenic signaling, and promoted both in vitro vascular network formation in 3D and in vivo tissue
microvascularization to a similar extent as heparin conjugated hydrogels, but without inducing local
bleeding at implantation sites. This development of a fully synthetic, highly tunable angiogenic
biomaterial provides a new material system to engineer functional vascularized tissues.

Establishing a functional vasculature that supplies sufficient oxygen and
nutrient exchange is essential for maintaining tissue function and ensuring
engraftment of engineered constructs after implantation, which remains
one of the greatest challenges in regenerative medicine'~. Numerous bio-
materials, both natural and synthetic, such as fibrin*, collagen’, hyaluronic
acid’, polyethylene glycol’, alginate, and chitosan® have been widely
employed to support angiogenesis in tissue engineering™”'"’. These materials
often provide a permissive environment for endothelial cell adhesion,
migration, and initial sprouting. However, in most cases, these biomaterials
alone, without incorporation of biochemical cues or cells, are insufficient to
support robust, stable, and mature vascular network formation''. While
exogenous delivery of angiogenic growth factors can enhance
vascularization'?, the effect is often transient due to the rapid clearance of
these diffusible factors from the biomaterial, resulting in short-lived
angiogenic responses””. Strategies involving covalent conjugation'* or
affinity-based tethering” of growth factors to biomaterials have

substantially improved angiogenic outcomes'**’. However, these approa-

ches require careful optimization of the immobilization chemistry and
biomaterial system to preserve bioactivity and ensure sustained efficacy.
Given the intrinsic properties of native extracellular matrix (ECM) in
angiogenesis'>"”, an alternative strategy has been to incorporate pro-
angiogenic macromolecules, such as heparin, in biomaterials™*. Heparin is
a highly sulfated glycosaminoglycan (GAG) known to bind to a wide range
of growth factors, chemokines, and ECM proteins”". It has been used in
biomaterials for controlled protein release, anti-coagulation, immune
modulation, and the promotion of angiogenesis™*****'. Despite its
encouraging results, native heparin, which is isolated from animal tissues,
exhibits considerable batch-to-batch variations in disaccharide sequence,
molecular weight, chemical structure, sulfation degree, and purity, making it
difficult to develop as a reliable source for clinical applications™*. Fur-
thermore, while heparin is widely used as an anti-coagulant in clinical
settings™, its role in biomaterials is complex and can vary depending on
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factors such as material design and growth factor delivery strategy™. Its pro-
angiogenic effects are largely attributed to its ability to bind and present
growth factors; however, even when immobilized within a biomaterial,
heparin still harbors localized anticoagulant activity. This residual activity,
likely due to enzymatic exposure of bioactive domains at the implant-host
interface, may transiently disrupt hemostasis, potentially interfering with
wound sealing and early tissue integration. These context-dependent effects
raise important considerations for its use in surgical applications and
warrant further evaluation.

To overcome these limitations, we developed a dextran-based hydrogel
platform with tunable biophysical and biochemical properties. We showed
that while heparin conjugation enhanced vascular network formation and
host vessel invasion, its anticoagulant activity induced local bleeding upon
implantation. To eliminate this side effect, we engineered synthetic heparin-
mimetic hydrogels by sulfating the dextran backbone. These hydrogels
retained the ability to sequester growth factors, promote angiogenic sig-
naling, and drive both in vitro and in vivo vascularization without bleeding
complications, providing a fully synthetic system to engineer functional
vascularized tissues.

Results and discussion

To develop a tunable biomaterial system that mimics heparin’s pro-
angiogenic activity while eliminating its drawbacks, we chose dextran, a
homopolysaccharide commonly used in clinical settings, as a base material.
Dextran is intrinsically biocompatible and bio-inert with no known cell
surface receptor binding activity, and has structural features similar to the
glycosylated layer of native extracellular matrices™ . We created cell-
interactive, biomimetic hydrogels by reacting methacrylate functionalized
dextran macromers (Dex-MA) with di-thiolated metalloproteinase
(MMP)-cleavable crosslinkers, and thiol-terminated RGD peptides via a
Michael-type addition reaction (Fig. 1a)”. This synthetic system allows for
the independent modulation of multiple material properties, including
tunable hydrogel stiffness (ranging from ~200 to 4055 Pa by adjusting bulk
material solution concentrations (from 2 to 4 wt%) or crosslinking density;
Fig. 1b and Supplementary Fig. 1a, b), cell adhesiveness (through coupling
varying concentrations of cell-adhesive RGD peptide; Supplementary
Fig. 1c), and matrix degradation (by tuning MMP-labile crosslinker
sequences; Supplementary Fig. 1c, d). To enhance angiogenesis, we che-
mically conjugated heparin to the dextran gels or physically mixed a soluble,
non-modified heparin during hydrogel crosslinking as a control. The
incorporation of either conjugated or soluble heparin into the dextran
hydrogel did not affect the hydrogel crosslinking time, equilibrium mod-
ulus, or our ability to control materials properties (Fig. 1c, d).

Having established a tunable material platform, we next examined the
effect of hydrogel composition and heparin incorporation on vascular
network formation in vitro. To assess vasculogenesis, human umbilical vein
endothelial cells (HUVECs) and human dermal fibroblasts (HDFs) were
encapsulated in 3D and co-cultured within various dextran-based hydro-
gels. After 14 days, endothelial cells formed robust multicellular networks
(Fig. 1e and Supplementary Fig. 2a), featuring higher densities of longer
vessels with numerous branch points and defined lumen structures only in
dextran gels conjugated with heparin and impregnated with vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF)
(cHep-MA+GFs). In contrast, hydrogels lacking heparin (Dex-MA+GFs),
containing soluble heparin (sHep+GFs), or conjugated heparin without
growth factors (cHep-MA) all failed to form interconnected vascular
structures with a lower vessel density, vessel length, and reduced number of
branch points (Fig. le, f and Supplementary Fig. 2b-d). To explore the
impact of mechanical properties on vascular network formation, we repe-
ated the co-culture experiments using hydrogels with a varying stiffness
range ( ~405 to 4055 Pa, selected to represent a physiologically relevant
stiffness range employed in prior hydrogel-based angiogenesis studies'****"),
while maintaining the concentration of conjugated heparin and the sup-
plemented GFs constant in dextran gels. We observed a stiffness-dependent
vascular assembly: soft gels (~405Pa) supported early multicellular

connections, whereas stiff gels ( ~ 4055 Pa) resulted in minimal vascular
formation. Interestingly, in the soft matrix, pre-formed vasculature even-
tually regressed, likely due to decreased mechanical integrity from rapid
matrix degradation. Among tested conditions, intermediate stiffness
(~2084 Pa) supported the most robust and stable vascularization (Sup-
plementary Fig. 3), characterized by well-organized, interconnected vas-
cular networks with long-term stability. These findings were further
supported by an angiogenic sprouting assay, wherein encapsulated HUVEC
spheroids exhibited varying degrees of sprouting and endothelial cell
invasion depending on hydrogel compositions; cHep-MA+GFs hydrogel
composition significantly enhanced more multicellular sprouts compared
to all other gel formulations (Supplementary Fig. 4).

To evaluate whether these findings would translate in vivo, we
implanted these materials subcutaneously in mice and assessed vascular-
ization after 14 days. Compared to hydrogels without heparin (Dex-MA
+GFs), those with soluble heparin (sHep+GFs), or those lacking growth
factors (cHep-MA), the heparin-conjugated dextran with growth factors
(cHep-MA+GFs) hydrogels induced significant invasion of host vascu-
lature (Fig. 1g) and demonstrated the highest degree of vascularization as
measured by the presence of CD314 host endothelial cells (Fig. 1h).
Moreover, these invading vessels featured hierarchical branching networks
and established connectivity to the systemic circulation as demonstrated by
the perfusion of 70 kDa FITC-dextran that was injected intravenously prior
to tissue harvesting (Fig. 1i, j). While these initial studies confirmed that
heparin conjugation in biomaterials is an effective strategy to enhance
in vivo vascularization, we also observed that animals receiving heparin-
containing hydrogels experienced persistent local bleeding during implan-
tation and post-operatively at day 1 (Fig. 1k). Heparin-conjugated dextran
gels induced significant bruising with an area approximately 162 mm’
around the implantation sites, compared to the minimal bruising area
(~ 11 mm®) observed in dextran only gels (Fig. 11), which in 30-50% of the
cases resulted in impaired mobility and morbidity due to prolonged
bleeding from the wounds. While this is an indirect measurement of local
bleeding and is difficult to distinguish from the permeability of newly
invading vessels, there is minimal to no host vessel invasion at this early time
point (day 1). Therefore, the major contribution to the observed local
bleeding is likely due to the leakage from surrounding host vessels caused by
the presence of heparin. These early local bleeding at implantation sites
resolved upon tissue harvesting at day 14 post implantation. The increased
FITC-dextran signal (Fig. 1i, j) at day 14 suggests functional perfusion
through intact host vasculature, rather than local bleeding. The pro-
portionally decreased signal in Fig. 1i, j compared to Fig. 1g, h suggest that
mCD31-positive but FITC-dextran-negative vessels likely represent
immature or non-perfused structures, lacking lumen development or
connectivity to the circulatory system, and are not necessarily indicative of
leakage or increased permeability. Nevertheless, these observations high-
light safety concerns of the risks of incorporating heparin for translational
applications and prompted us to investigate the development of a synthetic
heparin mimetic could recapitulate the observed pro-angiogenic benefits
without the anticoagulant drawbacks of native heparin.

Heparin’s ability to sequester growth factors and its pro-angiogenic
properties are mediated by electrostatic interactions between the high
charge density of its negatively charged sulfate groups™~***. However, its
anticoagulant bioactivity is specifically controlled by the pentasaccharide
sequence with eight sulfate residues that bind to antithrombin, inhibiting
thrombin and co-factor Xa to reduce clot formation”***’. To decouple the
anticoagulant activity from the pro-angiogenic properties, we hypothesized
that introducing randomly distributed charged adducts along the dextran
backbone via sulfation could achieve this (Fig. 2a). To test this, we employed
a sulfur trioxide/DMF complex to sulfate the dextran*. The degree of sul-
fation could be tuned to yield highly sulfated dextran (HS-Dex-MA) with a
sulfation level comparable to that of native heparin, as confirmed by the
appearance of a purple color in the dimethylmethylene blue (DMMB)
colorimetric assay (Fig. 2b) and by changes in zeta potential relative to
soluble sHep and Hep-MA (Fig. 2c, HS-Dex-MA: -19.2 +2.6; soluble
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heparin: -20.5 + 3.4; and Hep-MA: -31 £6.7). We also generated a lower
sulfation dextran (LS-Dex-MA) with a significantly reduced zeta potential
(-9.3 £2.6) to serve as a control in subsequent studies. Importantly, these
chemical modifications did not affect the mechanical properties of hydro-
gels generated from sulfated dextrans, as demonstrated by oscillatory shear
rheology exhibiting comparable storage moduli approximately 2000 Pa
across all hydrogel compositions (Fig. 2e, f). Together, these data suggest
that the extent of scaffold sulfation can be tuned independently of matrix
stiffness.

mCD31+ area (%)

%

*kkk

Perfused vessel area (%)

%k

(S
oe*' B oe® »

To assess the effects of this new material on coagulation, we per-
formed a mouse tail bleeding assay following systematic infusion
through subcutaneously implanted osmotic mini-pumps. As expected,
heparin significantly impaired blood coagulation and elicited a much
longer clotting time ( ~ 8 mins) compared to saline (~ 2.2 mins) and
unmodified dextran ( ~ 2.5 mins) conditions (Fig. 2d). In contrast, our
synthetic heparin mimetic (sulfated dextran) did not alter clotting time
(~ 2.5 mins). The key bioactivity of interest in heparin is its ability to
enhance growth factor signaling’*******. To determine whether sulfated
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Fig. 1 | Heparin conjugation in biomaterial enhances tissue vascularization but
induces local bleeding in vivo. a Schematic representation of formulating synthetic
and pro-angiogenic hydrogels containing Dex-MA co-crosslinked with either che-
mically conjugated heparin or soluble heparin, in the presence of thiolated cell-
adhesive peptides and di-thiol terminated MMP-cleavage peptide crosslinkers via
Michael-type addition reaction. b Oscillatory shear rheology time sweep of 4 wt%
dextran hydrogel formulated with different crosslinking densities, yielding hydro-
gels with shear moduli from 454 Pa (soft, 1:0.5), 2326 Pa (intermediate, 1:0.75), to
4167 Pa (stiff, 1:1), conducted at 37 °C with frequency at 6.28 rad/s and 1% strain,
n = 3. ¢ Oscillatory shear rheology time sweep for in situ crosslinking dextran-based
hydrogels with constant crosslinking density (intermediate, 1:0.75) but 10% (w/w)
soluble and conjugated heparin in dextran gels; yielding comparable shear moduli
between sHep ~2114 Pa and cHep ~2084 Pa groups, n = 3. Time sweep was con-
ducted at 37 °C with frequency at 6.28 rad/s and 1% strain over 2 h. The viscoelastic
properties of dextran-based hydrogels are represented by the storage modulus G’
(solid phase, solid lines) and the loss modulus G” (liquid phase, dotted lines).

d Mechanical properties of hydrogels formulated with varying material composi-
tions and crosslinking densities to achieve tunable hydrogel stiffness, which was
dependent on the crosslinking ratio rather than the material composition, n = 3.

e Representative confocal fluorescent images showing 3D in vitro vascular network

formation by co-culturing of Ruby-LifeAct-HUVECs and GFP-HDFs in dextran-
based biomimetic hydrogels with different material compositions at day 14; dextran
gels without heparin (Dex-MA-+GFs, n = 4), dextran gels with soluble non-reactive
heparin (sHep+GFs, n = 5), dextran gels with conjugated heparin (cHep-MA+GFs,
n = 6) and dextran gels with conjugated heparin but without growth factors (cHep-
MA, n = 4); scale bar, 100 pm. f Quantification of vessel density, defined by per-
centage of total endothelial cell area per image frame, n > 4. g Representative images
of mouse CD31 staining from in vivo tissue samples with various material com-
positions harvested at day 14, scale bar, 200 pm. h Quantitative analysis of host blood
vessels invading into dextran gels measured by the percentage of mCD31 positive
area, n > 4. i Representative images of FITC-dextran signals of in vivo tissue samples
with FITC-dextran (70 kDa) intravenously injected prior to harvesting hydrogels at
day 14, scale bar, 200 pm. j Percentage of perfused host vessels quantified by FITC-
dextran (70 kDa) positive area, n > 4. k) Representative images showing heparin-
containing dextran gels induce local bleeding side effects post implantation at day 1,
n =3, scale bar, 1 cm. 1 Quantification of skin area showing local bleeding side effects
induced by implantation of heparin-containing gels, n = 3. *P < 0.05, **P < 0.01,
*#EP < 0.001 and ****P < 0.0001. Scatter dot plots with error bars represent means
with standard deviations.

dextrans when incorporated into hydrogels can enhance growth factor
signaling, we cultured endothelial cells on various growth factor-laden
hydrogels and examined the activation of VEGFR2, Akt and ERK1/2 -
two key signaling pathways downstream of VEGF receptor signaling.
Indeed, endothelial cells cultured on dextran gels with conjugated
heparin or highly sulfated dextran (HS-Dex-MA) exhibited elevated and
comparable levels of VEGFR2, Akt and Erkl/2 phosphorylation
(Fig. 2g-j), as compared to all other hydrogel compositions, suggesting
that our engineered sulfated dextran material retains the growth factor-
enhancing activity of native heparin, but without the anticoagulant
effects.

Having determined that sulfated dextran can serve as a potential
heparin analogue that preserves growth factor signaling effects without anti-
coagulant bioactivity, we next tested whether sulfated dextran hydrogels
support vascularization. We first assessed this possibility using the estab-
lished sprouting and vasculogenesis assays. Hydrogel containing HS-Dex-
MA induced the formation of extensive vascular networks and substantial
angiogenic sprouting (Fig. 3a-d), characterized with a vessel density of
31.0 + 6.7%, an average vessel length of 258.9 + 72.4 ym, number of branch
points at 32 + 7, and a higher number of sprouts (Fig. 3e-h). These values of
key angiogenic parameters were comparable to those observed in the
heparin-conjugated hydrogels (Fig. le, f, and Supplementary Fig. 2b—d) and
significantly higher than all other control conditions. LS-Dex-MA hydrogels
exhibited markedly reduced metrics, including vessel density (13.2 + 4.0%),
average vessel length (106.3 +21.2 um), and number of branch points
(6 £2). Interconnected lumens were observed in the self-assembled
microvasculature (Fig. 3i) and these structures persisted and maintained
vascular integrity in sulfated dextran hydrogels for over a month in cul-
ture (Fig. 3j).

Lastly, we investigated whether the sulfated dextran-based material
could support angiogenesis without inducing local bleeding in vivo.
Using the same mouse subcutaneous model, we observed that both low
and highly sulfated dextran gels did not cause bleeding post-implantation
at day 1 (Fig. 4a, b). However, highly sulfated dextran gels enhanced
significant angiogenesis, as demonstrated by substantial host endothelial
network invasion in tissue sections (Fig. 4c, d) and perfusion visible by
intravenously injected FITC-dextran (Fig. 4e, f and Supplementary
Fig. 5). In contrast, gels with low sulfation compositions did not elicit
similar effects. Importantly, we did not observe any evidence of micro-
vascular bleeding, bruising, or impaired mobility in animals exposed to
the sulfated dextran hydrogels upon implantation. Collectively, these
data suggest that we have successfully developed a synthetic heparin
mimetic that lacks anticoagulation activity without compromising the
activity to promote tissue vascularization.

Extracellular matrices are rich in proteoglycans and GAGs, which are
charged molecules known for binding to a variety of GFs, cytokines and
morphogens critical for regulating cell behavior and function**’. Among
GAGs, native heparin is the most negatively charged and sulfated macro-
molecule, exhibiting diverse biological functions and chemical versatility*>”.
Consequently, heparin-functionalized materials including surfaces,
hydrogels’', nanoparticles” have been engineered for applications such as
protein/drug delivery, cancer nanomedicine, anti-coagulation and
angiogenesis™**”. However, native heparin inherently suffers from che-
mical and structural heterogeneity, along with batch-to-batch variation,
complicating control over its diverse biological activities™.

Recent approaches to address these limitations include fractionating
native heparin to isolate subsets with defined sulfation patterns™, che-
moenzymatic synthesis of structurally defined heparin oligosaccharides™,
recombinant expression of serglycin (a heparin proteoglycan) with post-
translational modifications”, and engineering heparin-mimetic derivatives
using peptides™, nanofibers™, or sulfated polymer conjugates*’. These
strategies have predominantly focused on better controlling the extent and
dynamics of anticoagulation®, stabilizing growth factors®, or stimulating
cellular signaling for wound healing™.

Here, we demonstrate a synthetic approach that replicates the
angiogenic bioactivity of heparin without retaining its anticoagulant
properties. Our engineered sulfated dextran hydrogels demonstrated a
comparable ability to support vascularization as heparin-conjugated
dextran gels, but crucially, without the bleeding risks typically associated
with heparin. Using dextran, a homopolymer“, as the base material
offers additional advantages in generating functional biomaterials with
controlled structure-property-performance, overcoming the molecular
heterogeneity and batch variability inherent to natural heparin and
other natural GAGs”. These findings highlight the importance of
incorporating ECM-mimetic features into fully synthetic biomaterials to
better recapitulate the complexity and functionality of biological
systems.

Materials and Methods

Chemical synthesis of methacrylated dextran

Dextran (Mw~86 kDa, MP Biomedicals) was functionalized with metha-
crylate groups according to a previous published protocol”. Briefly, dextran
(2.0 g) was dissolved in 10 mL anhydrous dimethyl sulfoxide (DMSO) with
the addition of 0.2 g of base catalyst 4-dimethylamino pyridine (DMAP)
and desired molar equivalent of glycidyl methacrylate (GMA, density =
1.042 g/mL at 25 °C). The solution mixture was kept constant at 45 °C and
stirred for 24 hours before precipitating the final product via pipetting in
drop-by-drop fashion of dark brown reaction solution to 100 mL ice-chilled
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Fig. 2 | A synthetic heparin-mimetic hydrogel recapitulates pro-angiogenic
property of native heparin without anti-coagulant activity. a Schematic of sulfated
dextran hydrogel formation with increased negative charge density to mimic native
heparin. Synthetic heparin-mimetic hydrogels were formulated by co-crosslinking
Dex-MA and sulfated-Dex-MA (4 wt%, Dex-MA : sulfated-Dex-MA = 80 : 20, w/
w(%)) in the presence of thiolated cell-adhesive peptide and di-thiol terminated
MMP-cleavage peptide crosslinkers via a Michael-type addition reaction, identical
crosslinking reaction employed in heparin-conjugated dextran gels. b Images of
hydrogels with various compositions incubated in DMMB solution where the purple
color is indicative of sulfate content, scale bar: 5 mm. ¢ Zeta potential character-
ization of sulfated dextran with varying degrees of sulfation (LS-Dex-MA, n = 13 and
HS-Dex-MA, n = 10) in comparison to unmodified dextran (Dex, n = 10), metha-
crylated dextran (Dex-MA, # = 8), native heparin (n =9), and methacrylated
heparin (Heparin-MA, n = 10). d Quantitative analysis of anticoagulant activity of

saline control (1 = 3), Dex-MA (n = 3), heparin-MA (n = 4), and sulfated-Dex-MA
(n=4) using a tail-bleeding assay. e Oscillatory shear rheology time course of sul-
fated dextran gels formulated with varying sulfation degrees, conducted at 37 °C with
frequency of 6.28 rad/s and 1% strain, n = 3. f Hydrogel stiffness measurements
using oscillatory shear rheology across various hydrogel compositions crosslinked at
4 wt% with an intermediate crosslinking ratio (1:0.75), showing no statistical dif-
ferences among groups with a shear modulus (G’ ~ 2000 Pa), n = 3. g Representative
western blots of angiogenesis signaling pathways with HUVECs cultured on dif-
ferent hydrogel compositions. All material conditions were loaded with GFs during
hydrogel formulation unless otherwise indicated. h-j Corresponding quantification
of western blot associated with pVEGFR2, pAkt and pERK1/2 signaling in (g), n = 3.
**P<0.01, ¥***¥P<0.0001, # indicates that group is statistically significant com-
pared to all other groups with ****P <0.0001, n. s. represents no statistical differ-
ences. Scatter dot plots with error bars represent means with standard deviations.

Communications Biology | (2025)8:1570


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08946-4

a LS-Dex-MA

isopropanol. The crude product was then collected via centrifugation, re-
dissolved in milli-Q water and dialyzed against milli-Q water (at 4 °C) for 3
days with 3 changes (4 L) daily before lyophilization. The degree of dextran
methacrylate functionality was characterized via "H NMR spectroscopy,
confirming a 70% modification (70 conjugated methacrylate groups per 100
dextran glucopyranose residues)™.
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Chemical synthesis of methacrylated heparin

Heparin (sodium salt from porcine intestinal mucosa, Mw~16 kDa,
Sigma) was modified with methacrylate groups following a previously
published method®. Briefly, 5% w/v heparin in milli-Q H,O was pre-
pared and reacted with 5-fold molar excess of methacrylic anhydride.
The pH of the reaction mixture was adjusted to 8.5 using 5 N NaOH, and
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Fig. 3 | Sulfated dextran as a synthetic heparin mimetic recapitulates pro-
angiogenic property to support tissue vascularization in vitro. a, b Representative
bright field and confocal fluorescent images of in vitro vascular network formation
through co-culturing of Ruby-Lifeact-HUVECs and GFP-HDFs in sulfated dextran
hydrogels (Dex-MA : sulfated-Dex-MA = 80 : 20, w/w(%)), (a) LS-Dex-MA: low
sulfation dextran; (b) HS-Dex-MA: high sulfation dextran, n = 4, scale bar, 100 pm.
¢, d Representative bright field images of multicellular HUVEC-aggregates encap-
sulated in sulfated dextran hydrogels engineered with different sulfate degrees, scale
bar: 200 pm. The degree of angiogenesis is quantified by comparing the number of
endothelial sprouts per aggregate in different hydrogel compositions. HUVEC-
aggregates were encapsulated at a density of ~1000 aggregates/mL and cultured in
regular EGM-2 medium with medium changes every 2 days, and samples were fixed

and imaged after 5 days, n = 6, ***P < 0.001. e-h) Quantitative assessment of in vitro
vascular network structure at day 14, through quantifying (e) vessel density, n = 4, (f)
average vessel length, n = 4, (g) number of branch points, n = 4; and (h) quantifi-
cation of in vitro angiogenic sprouting via counting multicellular endothelial
sprouts, n = 6. i Orthogonal views of vascular network formed in highly sulfated
dextran hydrogel at day 14, with sections at different planes revealing the formation
of lumen structures, scale bar, 50 um. j Representative confocal fluorescent image of
in vitro vascular network formation in highly sulfated dextran hydrogel at day 30,
scale bar: 500 ym. **P < 0.01, ***P < 0.001, ****P < 0.0001 and n.s. presents no
statistical differences. Scatter dot plots with error bars represent means with stan-
dard deviations.

LS-Dex-MA b HS-Dex-MA

FITC-dextran

Fig. 4 | Sulfated dextran as a synthetic heparin mimetic circumvents the local
bleeding side effects while retaining its pro-angiogenic property to support tissue
vascularization in vivo. a, b Representative images showing implanted sulfated
dextran hydrogels did not trigger local hemorrhage post implantation at day 1, scale
bar, 1 cm. ¢ Representative images of mouse CD31-stained tissue sections from
sulfated dextran hydrogel harvested on day 14, scale bar, 200 um. d Quantitative
analysis of host blood vessels invading into sulfated dextran gels measured as the
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percentage of mCD31 positive area, n = 3. e Representative images of FITC-dextran
signals in sections of sulfated dextran hydrogels with FITC-dextran (70 kDa)
intravenously injected prior to harvesting in vivo tissue samples at day 14, scale bar,
200 um. f Percentage of perfused host vessels quantified by FITC-dextran (70 kDa)
positive area, n = 5, *P < 0.05. Scatter dot plots with error bars represent means with
standard deviations.

the reaction was proceeded overnight at 4 °C. The product was then
precipitated in 95% ethanol, dried and dialyzed (3000 Mw cutoff) for
3 days in milli-Q H,O and lyophilized. The degree of methacrylation was
characterized via "H NMR spectroscopy, confirming an average of 16%
methacrylation.

Chemical synthesis of sulfated dextran

Methacrylate-modified dextran was modified following a previously pub-
lished method*. Briefly, Dex-MA (0.5 wt%) was dissolved in N, N-dime-
thylformadmide (DMF) with various amount of SO;/DMF complex added

to the reaction solution to achieve a range of molar ratio of SO;/DMEF : Dex-
MA repeat unit (e.g., 1:1, 5:1, and 10:1, mol/mol), a means to tune the degree
of sulfation in final product. The solution mixture was reacted under N, at
room temperature for 1 h followed by dialysis (10000 Da Mw cutoff) against
milli-Q H,O at 4 °C for 7 days and lyophilized.

Dextran-based hydrogel formulation

3D dextran-based hydrogels were prepared via mixing Dex-MA (100 mg/
mL) with 8 mM thiolated RGD peptide (cell-adhesive sequence: CGRGDS;
non-adhesive control: CGRGES, Aapptec) in the presence of matrix
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metalloproteinase (MMP)-cleavable dithiol-containing crosslinker peptide
(degradable crosslinker: CGPQGIAGQGCR, derived from collagen I; slow-
degradable control: CGPQGPAGQGCR, Aapptec) in M199 media con-
taining sodium bicarbonate (3.5% w/v) and HEPES (10 mM). To formulate
heparinized dextran hydrogels, Dex-MA precursor solution was mixed with
either heparin-MA (100 mg/mL) or non-modified heparin (100 mg/mL) at
90:10 w/w ratio. To formulate sulfated dextran hydrogels, Dex-MA pre-
cursor solution was mixed with sulfated Dex-MA (100 mg/mL, at low and
high sulfation degree) at 80:20 w/w ratio. The pH of the solution was then
adjusted approximately to 8 with NaOH (1 M) to initiate hydrogel forma-
tion through Michael-type addition reaction and maintained for 45 minutes
at 37 °C for complete gelation. To formulate hydrogels with different stiff-
ness, bulk material solution concentration or MMP-labile peptide cross-
linker density can be tuned independent of other material parameters
during crosslinking. Hydrogels were formulated using multiple indepen-
dently synthesized batches of Dex-MA, Hep-MA, and sulfated Dex-MA to
ensure reproducibility and account for potential batch-to-batch variability,
with each condition tested in at least 4 independent biological experiments.

Mechanical characterization via oscillatory rheology

Bulk hydrogel mechanical properties were measured using a strain-
controlled Discovery HR-2 oscillatory shear rheometer (TA Instruments,
New Castle, DE), with a 20 mm diameter cone-on plate geometry, 2° cone
angle, and at a 62 um gap distance at 37 °C. Hydrogels with various com-
positions were prepared as described above. Hydrogel precursor solutions
were deposited onto the rheometer Peltier plate for in situ mechanical
stiffness measurements. To determine hydrogel formation and gelation
kinetics, a time sweep was first performed at a constant 6 rad/s frequency,
1% strain; followed by a frequency sweep conducted over a logarithmic scale
from 0.1 to 100 rad/s at a fixed strain amplitude of 1% to confirm the
mechanical stability of resulting hydrogels. Data were collected from mul-
tiple measurements of four independent samples.

Hydrogel swelling

Dextran hydrogels ( ~ 200 uL, 4 wt% polymer concentration) with various
compositions were prepared as described above and their in situ weights
after crosslinking were measured. Samples were then immersed in PBS and
hydrogel swollen weights were measured after 24 h incubation at 37 °C. The
swelling degree of hydrogels is calculated by dividing swollen weight over
in situ weight.

In situ hydrogel degradation

Dextran-based hydrogels formulated with degradable crosslinker
(CGPQGIAGQGCR, derived from collagen I, 200 pL starting volume per
gel) were incubated in PBS for 24 h at 37 °C to assess the initial equilibrium
swollen weight. The swollen hydrogels were then transferred to a 0.2 mg/mL
collagenase solution in PBS and the hydrogel weight was continuously
monitored over 72 h. Control hydrogels include degradable gels incubated
in PBS without collagenase and gels formulated with low degradable
crosslinker sequence (CGPQGPAGQGCR) in the presence of 0.2 mg/mL
collagenase.

Zeta potential measurements

Various polysaccharide-based solutions were prepared at a concentration of
100 mg/mL in MilliQ H,O and approximate 800 pL solution was loaded
into a disposable cuvette. The analyses were conducted at room temperature
using NanoBrook ZetaPlus apparatus (Brookhaven Instruments, Holtsville,
NY). The zeta potential of polysaccharide solutions was measured using the
electrophoretic light scattering spectrophotometer of the instrument.

Dimethylmethylene blue assay

To confirm the successful incorporation and visualization of sulfate residues
in hydrogels, 200 4L hydrogels with various compositions were prepared (as
described above), immersed in PBS at 37 °C for 24 h to reach equilibrium
swelling, and then incubated in a DMMB solution (16 mg

dimethylmethylene blue, 3.04 g glycine, 2.37 g NaCl and 95 mL 0.1 M HCI
in 1 L MilliQ H,O, with a final solution pH approximate ~3.0) overnight at
37 °C. Hydrogels were then washed with PBS and photographed.

Cell culture and 3D encapsulation

Human dermal fibroblasts labeled with GFP (HDFs, passage 7-9) were
cultured in fully supplemented fibroblast growth medium-2 (FGM-2)
(Lonza). HUVEC: labeled with Ruby-LifeAct (HUVECs, passage 2-7) were
cultured in fully supplemented endothelial cell growth medium-2 (EGM-2)
(Lonza). For cell culture in 3D hydrogels, endothelial multicellular aggre-
gates were fabricated using microwell culture plates (AggreWell™400,
Stemcell Technologies, Vancouver, Canada) according to standard proto-
cols and were encapsulated at ~500 aggregates for each hydrogel compo-
sition for angiogenesis assay. For the vasculogenesis assay, GFP-HDFs and
Ruby-LifeAct-HUVECs were encapsulated in the pH adjusted hydrogel
precursor solutions at a final concentration of ~9 million cells/mL (GFP-
HDF:Ruby-LifeAct-HUVECs = 1:2, cell density). 50 uL of the cell-
containing hydrogel solution was then deposited onto uncoated glass-
bottomed 35 mm dishes (MaTek Corporation, P35G-1.0-20) and allowed
to polymerize for 45min in 37 °C incubator before adding cell culture
medium (EMG-2). HUVEC-aggregate/ HUVEC-HDF co-culture hydrogels
were maintained at 37 °C and 5% CQO, in a humidified incubator with cell
medium changes every two days. Cell lines were tested for mycoplasma
contamination using MycoAlert Mycoplasma Detection Kit (Lonza).

Western blot

HUVECs were seeded on 2D hydrogels substrates (formulated with iden-
tical material compositions for 3D cell encapsulations) for 20-24 h. Cells
were then washed twice with ice cold PBS and lysed in RIPA buffer (1%
TritonX-100, 0.1% SDS, 1% Sodium deoxycholate, 50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 2mM EDTA, and Ix protease halt (Thermo Fischer
Scientific, Waltham, MA). Cell lysate aliquots with equal amounts of total
protein (as measured using the Pierce Coomassie protein assay reagent)
were separated on an SDS-PAGE gel, transferred to PVDF, blocked in 5%
milk or 5% BSA (phospho-proteins) and subjected to Western blot analysis
using antibodies from Cell Signaling (pVEGFR2, 2478; VEGFR2, 2479;
pERK1/2, #4370; ERK1/2, #4695; pAkt, #9271; Akt, #9272; and GAPDH,
#5174). The blots were developed using ECL Western blot detection
reagents (Pierce), and the signal was detected on iBright™ CL1500 Imaging
System (ThermoFisher Scientific, Waltham, MA).

Tail bleeding assay

The tail-bleeding assay was performed to determine the anti-coagulation
property of heparin, Dex-MA and sulfated-Dex-MA. Briefly, an osmotic
minipump (ALZET, model 1007D, Cupertino, CA) loaded with 100 L of
Hep-MA, Dex-MA and sulfated-Dex-MA (stock solution concentration at
100 mg/ml) was implanted under the dorsal skin 36 hours before the assay
was performed. On the day of the assay, the animals were anaesthetized
using an isoflurane nebulizer, which was maintained throughout the pro-
cedure. A distal 7-mm segment of the tail was amputated with a scalpel.
Immediately after, the animal was placed in prone position with the tail
vertically immersed in isotonic saline pre-warmed to 37 °C and the bleeding
time was recorded using a timer for a maximum of 20 min. The animal was
then euthanized by overdose of isoflurane and cervical dislocation. All
animal procedures were performed at the Charles River campus animal
facility, Boston University, under a protocol approved by the Institutional
Animal Care and Use Committee. All experiments pertaining to this
investigation conformed to the “Guide for the Care and Use of Laboratory
Animals”. We have complied with all relevant ethical regulations for
animal use.

In vivo angiogenesis assay and quantifications

To evaluate in vivo cell invasion and angiogenesis, hydrogels formulated
with various compositions (e.g., Dex-MA+GFs, sHep+GFs, cHep-MA
+GFs, cHep-MA, LS-Dex-MA-+GFs, and HS-Dex-MA+GFs) were
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introduced to the abdominal subcutaneous space of mouse models either
through injections or implantations. Recombinant mouse growth factors,
VEGF;44 and bFGF (R&D System), were incorporated during hydrogel
formation at the concentrations of 18.5 nM and 5.2 nM, respectively. Mice
(six-to-eight-week-old female C57BL/6NTac or BALB/c nude mice,
CrTac:NCr-Foxnlnu strain, JAX or Taconic) were used in this study. The
animals were anaesthetized using an isoflurane nebulizer, which was
maintained throughout the procedure. For injections, the hydrogel solution
(100 pL) was directly injected subcutaneously before they polymerized. For
implantation, the hydrogel was pre-formed in 6 mm-diameter, 4 mm-
height PDMS molds ( ~ 60 pL in volume) before being extracted out of the
mold and inserted into the subcutaneous pocket. Standard septic surgery
procedures were followed by appropriate deep anesthesia using standard
isoflurane throughout the procedures following by appropriate analgesic
administrations. Two weeks after the injection or implantation, lysine-
fixable fluorescein-conjugated dextran (FITC-dextran, 100 pL, Mw~70
kDa, 10mgmL" in saline; Invitrogen) was injected retro-orbitally, five
minutes post-injection, animals were euthanized by cervical dislocation
under anesthesia, and hydrogel samples were harvested. All hydrogel
samples were fixed in 4% paraformaldehyde (PFA) in PBS at 4 °C overnight,
washed in PBS at 4 °C overnight and immersed in 30% sucrose in PBS at
4 °C for at least 2 days. Hydrogel samples were then embedded in optimum
cutting temperature compound (OCT, Tissue-Tek” or Fisherbrand) in the
orientation that the skin side is vertical so that the tissue cross-sections
would include the skin to mark the hydrogel margin. From the middle
region of each hydrogel sample, 50 um-thick sections were collected on
Superfrost Plus slides (Fisherbrand) for immunostaining and analysis. The
use of different mouse species for male and female groups was based on
animal availability at the time of conducting the experiments. A total of
number of 120 mice used in this study. No significant differences were
observed in the degree of host vessel invasion or angiogenesis in vivo, which
is primarily dependent on hydrogel compositions rather than mouse spe-
cies or sex.

To demonstrate blood vessels, tissue sections were stained with mouse
CD31 (1:100, 4 °C overnight, clone MEC13.3, BD Pharmingen, #561814)
followed by AlexaFluor 647 anti-rat antibody (1:500, RT 1h) and DAPI
staining. To quantify invaded blood vessels and their perfusion, fluorescent
images of mCD31 and FITC-dextran signals for the full 50 ym tissue section
of each hydrogel sample were acquired with a Leica Microscope Objective
(HCX Apo 10X/0.3 W) on an upright Leica TCS SP8 multiphoton micro-
scope with the same setting in a randomized but not overlapping fashion.
The percentage (%) total area of mCD31 or FITC-dextran signal was then
determined using ImageJ and the average of the fluorescent images for each
hydrogel sample represents that hydrogel sample.

Fluorescent staining and microscopy

HDFs and HUVECs co-cultured in various Dex-MA hydrogels were fixed
with 4% paraformaldehyde (PFA) at room temperature for 30 minutes. To
visualize the organization of the actin cytoskeleton, cells were stained with
phalloidin-Alexa Fluor 488, 1:1000 (Life Technologies, Carlsbad, CA) for
overnight with nuclei counterstained with Hoechst (1:1000) for 1 hour at
room temperature on next day. For immunostaining, fixed samples were
first permeabilized with 0.1% Triton X-100 for 30 min and then blocked
with 5wt% goat serum in 0.01% Triton X-100 for 3 h, followed by incu-
bating with primary antibody (laminin: 1:500 rabbit polyclonal to laminin
(Abcam, ab23753); CD31: 1:500 mouse monoclonal anti-CD31 I (Abcam,
ab9498)) overnight and secondary antibody (1:1000 Alexa Fluor 567 goat
anti-rabbit IgG (H+ L) (Life Technologies) and 1:1000 Alexa Fluor 488
goat anti-mouse IgG (H + L) and) simultaneously for 1 h at 4 °C. Fluor-
escent images were acquired using a Leica SP8 laser scanning confocal
microscope (Leica Microsystems) with a Leica HC FLUOTARL 25x/0.95 W
VISIR or a Leica HCX APO L 10x/0.30 W U-VI objective. Composite
images were acquired in spatial sequence using equal laser intensity and
detector gain. Unless otherwise specified, images are manually processed
and presented as maximum intensity projections using Image].

Statistics and reproducibility

Statistical analysis was performed in GraphPad Prism 7, where data were
first tested for normality using the Shapiro-Wilk test before performing one-
way ANOVA, followed by Tukey-HSD post-hoc test on all datasets. Dual
group analysis was performed using an unpaired Student’s t-test. For
experiments involving angiogenic sprouting assay, multicellularity vascular
network formation experiments, and in vivo tissue vascularization char-
acterization, results are presented in scatter blot plots containing mean +
standard deviation, # > 4 samples were analyzed. Statistical significance is
indicated by *, **, *** or **** which corresponds to P values < 0.05, 0.01,
0.001 or 0.0001, and n. s. stands for statistically insignificant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated or analyzed to support the findings of current study are
included in this published article and its supplementary information files.
Numerical source data underlying all figures in the manuscript can be found
in supplementary data file.
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