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A Multifunctional Nanostructured Hydrogel as a Platform
for Deciphering Niche Interactions of Hematopoietic Stem
and Progenitor Cells

Anita Ludwig-Husemann, Peter Schertl, Ananya Shrivastava, Udo Geckle,
Johanna Hafner, Frank Schaarschmidt, Norbert Willenbacher, Uwe Freudenberg,
Carsten Werner, and Cornelia Lee-Thedieck*

For over half a century, hematopoietic stem cells (HSCs) have been used for
transplantation therapy to treat severe hematologic diseases. Successful
outcomes depend on collecting sufficient donor HSCs as well as ensuring
efficient engraftment. These processes are influenced by dynamic interactions
of HSCs with the bone marrow niche, which can be revealed by artificial niche
models. Here, a multifunctional nanostructured hydrogel is presented as a 2D
platform to investigate how the interdependencies of cytokine binding and
nanopatterned adhesive ligands influence the behavior of human
hematopoietic stem and progenitor cells (HSPCs). The results indicate that
the degree of HSPC polarization and motility, observed when cultured on gels
presenting the chemokine SDF-1𝜶 and a nanoscale-defined density of a
cellular (IDSP) or extracellular matrix (LDV) 𝜶4𝜷1 integrin binding motif, are
differently influenced on hydrogels functionalized with the different ligand
types. Further, SDF-1𝜶 promotes cell polarization but not motility. Strikingly,
the degree of differentiation correlates negatively with the nanoparticle
spacing, which determines ligand density, but only for the cellular-derived
IDSP motif. This mechanism potentially offers a means of predictably
regulating early HSC fate decisions. Consequently, the innovative
multifunctional hydrogel holds promise for deciphering dynamic HSPC-niche
interactions and refining transplantation therapy protocols.
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1. Introduction

Stem cell niches are highly specialized mi-
croenvironments that regulate stem cell
behavior via biophysical and biochemical
signals.[1,2] The term “niche” was coined by
Schofield for the hematopoietic system in
1978.[3] Hematopoietic stem cells (HSCs)
give rise to all blood cell types via differ-
entiation. Their self-renewal is crucial to
maintain the HSC pool over the entire life-
time. Both processes are tightly regulated
by the microenvironment of HSCs in the
bone marrow via soluble factors, cell–cell
and cell–matrix interactions.[1,4,5] Adhesion
molecules present on niche cells and in
the extracellular matrix (ECM) retain HSCs
in their niche. Integrins are a main re-
ceptor family for HSC-niche interactions.
They are heterodimers of one 𝛼 and one
𝛽 chain. Among them, 𝛼4𝛽1 integrin is
one of the best studied and seems to be
necessary for HSC retention in the bone
marrow.[6]
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Primary biological ligands of integrin 𝛼4𝛽1 are the ECM
molecule fibronectin and the cellular ligand vascular cell adhe-
sion molecule-1 (VCAM-1).[7,8] Fibronectin is a ubiquitous ECM
molecule found throughout the bone marrow. In the niche, it is
produced by a variety of cells including endothelial cells, stromal
cells, and osteoblasts.[4,9] Fibronectin promotes HSC adhesion,
migration, homing, proliferation and differentiation.[9,10] HSCs
express a variety of fibronectin receptors,[9] beside 𝛼4𝛽1,[8,11] in-
tegrin 𝛼5𝛽1,[12] 𝛼4𝛽7,[13] 𝛼9𝛽1,[14] and 𝛼V𝛽3.[15] While the classi-
cal fibronectin receptors 𝛼5𝛽1 and 𝛼V𝛽3 bind mainly to the RGD
binding motif of fibronectin,[16] 𝛼4𝛽1 has several binding sites in
different segments of fibronectin. Among them LDV in the con-
necting segment 1 is the most prominent motif, which is bound
with high affinity by 𝛼4 integrins.[17]

VCAM-1 is presented by endothelial and stromal cells as well
as osteoblasts in the HSC niche.[18a,b,19] The cell–cell interaction
of HSCs via integrin 𝛼4𝛽1 to VCAM-1 expressing cells in the
niche was described to enable progenitor function maintenance
as well as homing and retention of HSCs in bone marrow.[20–22]

Like fibronectin, VCAM-1 contains several integrin-specific bind-
ing motifs. The minimal sequence IDSP of VCAM-1 is a se-
quence homologue to LDV in fibronectin[23] and mediates a dy-
namic intercellular adhesion.[24]

Among the soluble factors, cytokines produced by cells in the
niches contribute to control HSC functions including mainte-
nance and differentiation. The chemokine stromal derived factor-
1 (SDF-1) or CXCL-12, which is recognized by the receptor
CXCR4, takes a central role in niche function by promoting not
only HSC quiescence but also HSC migration and homing to the
bone marrow niche.[25a–h,26–28]

In the niche, SDF-1 is mainly produced by perivascular cells,
but also by endothelial cells or stromal cells, although to a lesser
extent.[28,29] Upon secretion, SDF-1 can be bound by the ECM in
the niche, more precisely by heparan sulfates. Heparan sulfates
are important glycosaminoglycans of the bone marrow ECM. Be-
sides acting in HSC retention and homeostasis, their binding of
SDF-1 yields SDF-1 gradients that stimulate directed migration
and homing of hematopoietic cells to the bone marrow.[30]

HSCs are regulated not only by the biochemical constituents
but also the biophysical properties of the niche. For instance,
it is well known that hematopoietic stem and progenitor cells
(HSPCs) are sensitive to the mechanical properties of their
environment.[31] The bone marrow is a heterogeneous tissue
with elastic moduli in the range of 0.25–24.7 kPa in the central
marrow[32] and 2–100 kPa at the inner bone surface.[33] Stiffer re-
gions resembling the endosteal part of bone marrow favor HSC
maintenance and early progenitors, while softer substrates re-
sembling perivascular regions promote rather proliferation and
differentiation.[34,35]

Similarly, the nanostructure of the environment was shown
to influence HSPC adhesion, proliferation and differentiation by
using nanofibrous scaffolds[36] and substrates patterned via block
copolymer micelle nanolithography (BCML) that allow precise
control of the lateral spacing of ligands.[37–40]
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Overall, HSC niches provide an intricate network of biochem-
ical and biophysical signals that control HSC behavior. Thereby,
the various signaling cues do not operate independently but
rather in concert. This is exemplified by the crosstalk of inte-
grin 𝛼4𝛽1 and CXCR4 signaling, where, SDF-1 enhances 𝛼4𝛽1-
mediated hematopoietic cell adhesion to both fibronectin and
to VCAM-1.[41–43] This synergistic crosstalk is coupled to the in-
fluence of the biophysical properties of the presented signals,
i.e., the stiffness of the matrix presenting the adhesion ligands,
lateral spacing of adhesive motifs or the presentation and re-
lease of chemokines from the matrix. Therefore, the goal of
the present work was to develop a multifunctional platform
that mimics the niche in terms of parameters known to in-
fluence HSPCs: mechanical properties, release of soluble fac-
tors, and nanostructured presentation of adhesive ligands. For
this purpose, a nanopatterned, cytokine-releasing hydrogel was
developed. The hydrogel matrix was based on biohybrid star-
shaped poly(ethylene glycol) (sPEG)-heparin hydrogels[44] that
were shown before to efficiently bind and release cytokines and
to be suitable for HSPC culture.[45] The hydrogels were nanopat-
terned with gold nanoparticles (AuNPs) via BCML, which allows
to produce AuNP arrays with quasi-hexagonal order, in which
the interparticle distance on the nanometer scale can be tuned
by controlling the production parameters.[46] The AuNPs at the
gel surface were functionalized with the minimal integrin 𝛼4𝛽1
recognition motifs LDV and IDSP of fibronectin and VCAM-1, re-
spectively. The hydrogel matrix was adjusted to mimic bone mar-
row stiffness and loaded with SDF-1𝛼. This carefully character-
ized platform allows for the first time to investigate the crosstalk
of the integrin 𝛼4𝛽1 and CXCR4-signaling cues in dependency
of biophysical parameters on HSPC behavior in terms of cell po-
larization, motility, proliferation, and differentiation (Figure S1,
Supporting Information).

Using these nanostructured hydrogels, we demonstrate that
the two explored ligand types affect the degree of polarization
and motility of HSPCs differently with IDSP exhibiting more pro-
nounced effects than LDV. The chemokine SDF-1𝛼 provided by
the gel enhanced polarization but not motility, indicating inde-
pendently regulated mechanisms. Finally, we show for the first
time an IDSP ligand density-dependent differentiation effect on
HSPCs, highlighting the exceptional function of integrin 𝛼4𝛽1
acting as a receptor for both, cell–matrix and cell–cell interac-
tions, with a finely graduated microenvironmental sensory abil-
ity. Overall, we conclude that our newly established multifunc-
tional hydrogel is particularly suited for systematic studies of
HSPC niche parameters.

2. Results

2.1. Characterization of the Hydrogel

2.1.1. Successful Nanostructuring of Hydrogels for Precise Ligand
Immobilization

The biohybrid hydrogels were nanostructured by the transfer
of an already self-assembled AuNP array from the solid sub-
strate, on which it was produced, to the hydrogel. We applied
block copolymer micelle nanolithography to create regular AuNP
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Figure 1. Representative scanning electron microscopy (SEM) images of gold nanoparticle (AuNP) arrays of defined interparticle distance (d) on glass.
Using different diblock copolymer compositions of polystyrene (PS) and poly(2-vinylpyridine) (P2VP) in fabrication resulted in a quasi-hexagonal AuNP
pattern of four non-overlapping d. Scale bar = 100 nm.

patterns on glass coverslips, as intermediate carriers of the
nanostructure.

In order to control the lateral distribution and density of
AuNPs, we utilized four different diblock copolymers (Table S1,
Supporting Information), abbreviated as PS154, PS288, PS1058,
and PS3365. The polymer chain length contributes significantly
to an increase in the distance between the AuNPs.[47] The specific
parameters for producing AuNP arrays with these four copoly-
mers on glass substrates are listed in Table S2 in the Supporting
Information.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) provided evidence that the resulting nanos-
tructure presents a quasi-hexagonal arrangement of the AuNPs,

which are of roughly uniform diameters (Figure 1; Figure
S2, Supporting Information). The four AuNP array types on
the glass substrates are characterized by significantly differ-
ent mean particle distances 〈d〉, as verified by using t-tests.
From three independent measurements as listed in Table 1
we determined a mean 〈d〉 of 25.7 ± 1.2 nm (PS154), 37.0 ±
2.6 nm (PS288), 77.7 ± 8.4 nm (PS1058), and 124.3 ± 14.5 nm
(PS3365). Those directly correspond to mean particle densities
〈n〉 ranging from ≈1755 μm−2 down to 75 μm−2 (Table 1),
i.e., covering more than one order of magnitude in n with a
maximum difference of a factor 23.5. The four mean parti-
cle distances do not overlap with respect to their scattering
(Table 1), yet they are arranged adjacently in a manner that

Table 1. Particle densities of AuNP arrays on glass as characterized for three gold salt-loaded micellar solutions per polymer.

Diblock copolymer PS(x)-b-P2VP(y) da) [nm] SDd/d [%] 𝜓6
b) nc) [μm−2]

PS(154)-b-P2VP(33) 24.9 ± 2.1 8.4 N/A 1862.39

26.2 ± 2.0 7.6 N/A 1682.16

25.9 ± 2.2 8.5 N/A 1721.35

37.7 ± 9.4 24.9 N/A 812.43

PS(288)-b-P2VP(81) 36.8 ± 4.5 12.2 N/A 852.66

36.6 ± 3.4 9.3 N/A 862.00

80.7 ± 14.6 18.1 0.55 177.31

PS(1058)-b-P2VP(495) 76.3 ± 14.8 19.4 0.58 198.34

76.1 ± 14.0 18.4 0.57 199.39

124.0 ± 28.0 22.6 0.52 75.10

PS(3365)-b-P2VP(1114) 125.2 ± 25.4 20.3 0.56 73.66

123.8 ± 22.7 18.3 0.57 75.34
a)

particle distance with standard deviation SDd;
b)

hexagonal order;
c)

particle density.
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Figure 2. Transferred AuNP structure on the hydrogel surface. A) Repre-
sentative photograph to qualitatively detect the hydrogel surface trans-
ferred AuNPs. Detaching (outlined arrow) the gel disc from the nanos-
tructured coverslip transferred the AuNP array from the square carrier sub-
strate (top) to the hydrogel surface (bottom). Immersion into an aqueous
solution of Au3+ and [NH3OH]Cl visualized AuNPs, whose particle diam-
eter enlarged by surface-catalyzed reduction of Au3+. Particle growth leads
to altered surface plasmon resonance and reflection of light – here violet.
Violet colored areas indicate bound AuNPs (edge region of the coverslip
and entire hydrogel surface). Coverslip size = 18 × 18 mm. B,C) Represen-
tative SEM images of an AuNP array B) on a glass substrate before transfer
(d ≈ 78 nm) and C) after transfer on the hydrogel surface. Irregular and
reduced interparticle distances of the AuNPs on the gel are procedural
artifacts due to massive shrinkage during dehydration and drying. Scale
bar = 200 nm.

establishes a relatively continuous distance scaling from about
26–124 nm.

AuNPs on glass are bound to the hydrogel surface by
thiol groups of sPEGthiol simultaneously as the gel matrix
forms through the thiol-Michael addition reaction of heparin-
maleimide (HM) and sPEGthiol. The AuNP array is transferred to
the gel surface when detaching the swollen gels from the nanos-
tructured glass coverslip. The electroless deposition of elemental
gold on AuNPs of swollen gels visually confirms this successful
transfer from the glass to the hydrogel (Figure 2A).

The gels used for cell experimental settings in this study have
an initial solid content of ≈5% (HM+sPEGthiol relative to the
prepolymer solution). In order to rule out any significant impact
of the volumetric swelling of the gels on the AuNP distances on
the gel surface, we determined a conservative limit on the radial
size increase of gels with slightly lower solid content of 3.8%.
The lower number of matrix crosslinking points at lower solid
content implies a greater volumetric swelling compared to 5%
solid content. For the 3.8% gels, volume swelling of the initial
formed hydrogel network increased the radius by ΔLradial ≤6.0%

Table 2. Mechanical properties of the hydrogels.

Initial solid contenta) [%]

3.8 5.0

pristine sterilized pristine sterilized

𝜉 [nm] 13.1 ± 0.4 12.7 ± 2.9 9.3 ± 1.7 8.4 ± 1.2

G0 [kPa] 1.9 ± 0.2 2.1 ± 1.0 5.3 ± 2.5 7.3 ± 0.3

E [kPa]b) N/A N/A 25.5 ± 2.6 23.6 ± 1.6
a)

HM+sPEGthiol;
b)

determined in uniaxial compression of swollen gels.

and is less than the relative error of d (SDd/d), which is lowest for
the smallest distance (d ≈ 26 nm, SDd/d ≥ 7.6%, Table 1). Hence,
we confirmed that volumetric gel swelling has a negligible impact
on the AuNP distribution on the hydrogel surface for the used
solid contents. Thus, the determined particle density of the arrays
on glass coverslips approximates that on the hydrogel surface.

SEM imaging (Figure 2B,C) was applied to prove the regular
pattern of AuNPs on the hydrogel surface. Due to the high-water
content and accordingly massive shrinkage of the gels upon dry-
ing that is required for SEM analysis, only hydrogels decorated
with an AuNP array of larger particle distances, such as those of
≈78 or ≈124 nm, could be visualized. Figure 2C clearly shows
that the nanostructure is present in a uniform manner on the
dry gel surface.

Additionally, time-of-flight secondary ion mass spectrometry
(ToF-SIMS) analysis of dried gels with the smallest AuNP dis-
tances (d ≈ 26 nm) could also confirm bound gold on the gel
surface (Figure S3, Supporting Information). Thus, the attach-
ment of the AuNP pattern to the gel surface generates homo-
geneously distributed anchor points for targeted biofunctional-
ization, in this study integrin 𝛼4𝛽1 peptide ligands. Most likely
more than one peptide molecule (≈1.3 kDa) is bound by a single
AuNP (diameter < 15 nm[48,49]). Due to the similar diameter of
an AuNP and an integrin molecule (8–12 nm[50]), one integrin
receptor binds theoretically to one peptide functionalized AuNP.
Hence, the variation in AuNP density simultaneously reflects a
variation in the density of potentially activated receptors in the
cell membrane, and therefore allows us to study HSPC integrin
𝛼4𝛽1 receptor density effects.

2.1.2. Gel Elasticity Mimics the In Vivo Bone Marrow Niche

The influence of the initial solid content and the theoretically ex-
pected number of cross-links determine the mechanical charac-
teristics summarized in Table 2. A higher initial solid content
of 5.0% creates a higher number of covalent cross-links, and
therefore a denser network with smaller mesh size (𝜉 = 9.3 ±
1.7 nm) and higher bulk elastic plateau shear modulus G0 (5.3 ±
2.5 kPa) compared to a lower initial solid content of 3.8% (𝜉 = 13.1
± 0.4 nm, G0 = 1.9 ± 0.2 kPa). Because sterility is crucial for
subsequent cell culture studies, the gels were sterilized in 80%
v/v ethanol (EtOH). This sterilization process includes matrix
shrinking and swelling, but had a negligible impact on the inves-
tigated mechanical properties, though sterilized gels revealed a
slightly higher G0 than the corresponding pristine gels (Table 2).

Adv. Healthcare Mater. 2024, 13, 2304157 2304157 (4 of 21) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Immobilization and release of SDF-1𝛼 by hydrogels. A) Amount of SDF-1𝛼 immobilized per gel at different incubation concentrations (30,
60, or 90 μg mL−1 SDF-1𝛼 in PBS), linear regression, R2 = 1. B) Cumulative release of SDF-1𝛼 in cell culture medium from loaded hydrogels over the
course of 14 d at different time points. Gels and, for comparison, 1% w/v BSA-coated TCP were incubated for 22 h with 30, 60, or 90 μg mL−1 SDF-1𝛼 in
PBS. The amount of SDF-1𝛼 in the medium supernatant after 6 h, 24 h, 7 d, and 14 d was quantified by ELISA. At measuring time points medium was
completely exchanged. Arrows indicate possible higher concentrations due to reaching the upper detection limit of the ELISA. All data are presented as
mean of two technical replicates.

In oscillatory shear, storage moduli dominate over loss moduli
in the frequency range from 0.2 to 30 rad s−1 (Figure S4, Support-
ing Information), considered as typical elastic gel behavior. As we
used the more rigid gels for cell culture studies, their bulk as well
as local viscoelastic properties were examined. Uniaxial compres-
sion tests of the swollen bulk gel revealed a Young’s modulus E
of 25.5 ± 2.6 kPa (pristine) and 23.6 ± 1.6 kPa (sterilized), respec-
tively.

This bulk elasticity value can be found in vivo in the region
between bone marrow (0.1 kPa) and inner bone surfaces (2–
100 kPa[33]) and is close to the value of in vitro secreted osteoid
matrix of cultured human osteoblasts (E ∼ 27 ± 10 kPa[51]). Thus,
the elastic Young’s modulus of the hydrogel corresponds to the
physiological elastic modulus of bone marrow in the osteoblast-
rich endosteal zone.

For HSPCs and their cell scale of a few microns, local ma-
trix elasticity is assumed to be the more relevant parameter for
cell matrix interaction at the surface than the bulk elasticity. Mi-
crorheological examination of pristine non-swollen gels deter-
mined a local elastic plateau modulus of G0,MPT = 9.0 ± 3.6 Pa,
which is 600 times smaller than the macrorheologically deter-
mined plateau shear modulus G0 of 5.3 ± 2.5 kPa (Table 2).

Multiple particle tracking (MPT) measurements furthermore
visualized homogeneously distributed tracer particles of both
fractions all over the field of view (Figure S5, Supporting Informa-
tion). Tracers can freely spread in both liquids prior to crosslink-
ing and are not limited to their initial phase (HM or sPEGthiol),
indicating the formation of a homogeneous elastic network with-
out macropores despite rapid gelation and manual mixing during
production. The mean square displacement (MSD) of all tracer
particles is constant over time, clearly showing that all tracers are
embedded in an elastic environment. The local elastic modulus
being almost three orders of magnitude smaller than the bulk
elastic modulus, however, indicates that on a microscopic level
densely crosslinked regions exist which are not accessible for the
tracer particles.[52]

2.1.3. Matrix Loading with SDF-1𝛼 for Sustained Cytokine Delivery

The multifunctional gel system contains heparin as the natural
matrix component. Heparin is structurally related to heparan sul-
fate. Heparin carries multiple negative charges due to sulfated
groups, which electrostatically interact with clusters of positively
charged amino acid residues of SDF-1𝛼.[53] In this way, SDF-
1𝛼 can be immobilized to the gel and released into the culture
medium over time and at the same time, it is presented on the hy-
drogel surface. According to network mesh size of 8.4 ± 1.2 nm,
(see Table 2) the small protein SDF-1𝛼 (about 8 kDa and 5 nm in
diameter[54]) is expected to be able to penetrate the hydrogel net-
work. We assume a homogenous distribution of SDF-1𝛼 within
the hydrogel like previously shown by Prokoph et al. (2012).[67]

The ability of the hydrogel matrix to bind and release SDF-1𝛼
was detected after several time intervals, by detecting concentra-
tions of released SDF-1𝛼 in the supernatants of the hydrogels by
ELISA. Gels were loaded with SDF-1𝛼 by applying different incu-
bation concentrations (30, 60, or 90 μg mL−1). Within the tested
concentration range, the amount of immobilized SDF-1𝛼 follows
a perfect linear correlation and therefore did not reach the satu-
ration of binding (Figure 3A). The release profile monitored over
the course of two weeks was driven by the concentration gradient
between matrix-bound SDF-1𝛼 and the initially SDF-1𝛼-free su-
pernatant (exchanged cell culture medium). Figure 3B illustrates
that the higher the incubation concentration – corresponding to
more immobilized SDF-1𝛼 in the gel, the higher the amount of
SDF-1𝛼 released per time. In contrast to the release of SDF-1𝛼
adsorbed on BSA-coated TCP that reaches a desorption plateau
after 24 h, SDF-1𝛼 is continuously released from the gel into the
overlaying medium over the monitored time frame. Due to the
high SDF-1𝛼 binding capacity of the hydrogel, more than 99.96%
SDF-1𝛼 still remains in the gel after two weeks regardless of the
initially applied concentration (Figure S6, Supporting Informa-
tion). This sustained release of SDF-1𝛼 from the hydrogel reser-
voir into the supernatant over an extended period (of at least two

Adv. Healthcare Mater. 2024, 13, 2304157 2304157 (5 of 21) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Variety of HSPC morphologies on nanostructured biohybrid hydrogels. Cells were cultured for 8 d on a nanostructured (d ≈ 26 nm) and LDV
peptide functionalized gel and prepared for shown SEM. A) Overview indicating the typical morphology of polarized cells with front pole (arrowhead) and
uropod (star). B–E) Morphological stages between spherical and polarized. B) A completely spherical cell, C) a partially spherical cell with membrane
protrusions approximating the gel surface, D) a compactly polarized cell, E) an elongated polarized cell next to a partially polarized cell. Scale bar= 10 μm.

weeks) enables permanent SDF-1𝛼 availability for HSPCs with-
out impact of depletion or the need for regular supplementation.

2.1.4. Cell Viability on the Hydrogels

Cytocompatibility of the hydrogel was demonstrated by three
complementary viability assays using the human hematopoietic
model cell line KG-1a, which has a similar cell surface receptor
repertoire as human HSPCs.[55] Cells were cultured for 24 h and
analyzed for cell viability and functionality. In all three assays, the
hydrogels proved to be at least as cytocompatible as standard cul-
ture surfaces such as TCP or glass (Figure S7A–C, Supporting
Information).

2.2. Hematopoietic Stem and Progenitor Cell Behavior on
Nanopatterned Biohybrid Hydrogels

2.2.1. The Dependency of HSPC Polarization and Motility on 𝛼4𝛽1
Integrin Ligand Type

Human HSPCs cultured on the nanopatterned hydrogels adopt
different morphological phenotypes that were indicative for the
direct interaction with the surface. Figure 4 shows a SEM analy-
sis of cell morphologies of HSPC and their progeny after 8 d of
culture on a nanostructured LDV peptide functionalized hydro-
gel. Cells of different shapes can be seen, which can be primarily
classified as spherical or polarized (elongated along the plane cul-
ture surface). Among them are cells in a polarized morphology
that is typical for migrating HSPCs (Figure 4A): The front pole of
the cells’ long-axis is characterized by flat membrane protrusions
approaching the gel surface, the lamellipodia. This is followed by
the raised cell mass center and a foot-shaped tapering membrane
outgrowth, the uropod, forming the rear pole. As polarization of
HSPCs is a dynamic process originating from and terminated by
the spherical cell shape [representative video included in the Sup-
porting Information], observed cells were of different morpho-
logical stages. Accordingly, HSPC culture showed in parallel cell
morphologies which are completely spherical (Figure 4B), spher-
ical with some planar membrane protrusions at the substrate-
facing side (Figure 4C), compactly polarized (Figure 4D), and

elongated polarized (Figure 4E). All polarized morphologies in-
crease their contact area with the underlying gel surface. It can
therefore be assumed that any cell flattening up to polarization is
accompanied by increased surface interaction, which potentially
also has an adhesive character.

Cell polarization meaning a directional movement with the
front pole ahead is a prerequisite for migration.[56] In order to
describe the dynamics of cell surface interaction in terms of cell
motility and whether chemokine SDF-1𝛼 stimulation facilitates
motility, HSPC migratory behavior on hydrogels 48 h post seed-
ing was recorded using time-lapse video [representative video in-
cluded in the Supporting Information] and cellular tracking.

In a first step, we quantified the number of polarized cells
present on the respective surface in the given time frame of
20 min. The percentage of polarized cells was below 50% on most
surfaces. A tendential increase in polarized HSPCs on the control
surface TCP (30,5 ± 4.7%) was detected by addition of SDF-1𝛼 at
a final concentration of 90 ng mL−1 (34.9 ± 4.8%; Figure 5A).
Similarly, SDF-1𝛼 had a positive effect on the polarization of the
HSPC populations observed on the IDSP peptide functionalized
gels (40.1 ± 5.6% vs 45.6 ± 5.2%; Figure 5B). On the LDV peptide
functionalized gels, the percentage of polarized cells was slightly
increased (40.4 ± 6.2% vs 43.0 ± 3.9%) when gels were loaded
with SDF-1𝛼, although not statistically different. The type of pep-
tide used for functionalization (IDSP vs LDV) had no significant
influence on the percentage of polarized cells (Figure 5B).

While the enhancing effect of SDF-1𝛼 on polarization tended
to be observed for hydrogels without nanoarrays (unstructured
hydrogels “non” in Figure 5C,D), the peptide ligand density based
on the 4 different nanostructure types on the hydrogel surface did
not numerically affect the polarization of the respective HSPC
culture (Figure 5C,D). Consequently, the availability of SDF-1𝛼
already promotes the number of polarized HSPCs after 48 h cul-
ture, while the tested integrin 𝛼4𝛽1 peptide ligand densities are
not a driver for governing polarization.

For cell motility analysis, only polarized cells which moved
on the surface for the entire time period were examined. The
migratory behavior of the HSPCs is described by a background
flux corrected velocity vector, termed as the mean corrected ve-
locity. To prove whether the HSPCs were migratory responsive
for SDF-1𝛼, HSPCs on TCP were stimulated with 90 ng mL−1

Adv. Healthcare Mater. 2024, 13, 2304157 2304157 (6 of 21) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Proportion of polarized HSPCs influenced by SDF-1𝛼 after 48 h on different surfaces. A) Effect of SDF-1𝛼 supplementation (90 ng mL−1) on
the proportion of polarized HSPCs on TCP. Indicated is the mean ± SD from 6 independent experiments, same symbols indicate same experiments
with cells from same donors. B) Proportion of polarized HSPCs on functionalized hydrogels. Functionalization with IDSP or LDV peptide with (+SDF-
1𝛼) and without SDF-1𝛼 loading of the gels. Boxplots summarize the data from all hydrogels displayed in (C) and (D) that were incubated with the
respective peptides from 3 independent experiments of each peptide functionalization. C,D) Proportion of polarized HSPCs on different functionalized
nanostructured and nonstructured hydrogels. Hydrogels with AuNP arrays (PS*) and nonstructured (non) hydrogels without AuNP array, all treated with
C) IDSP or D) LDV peptides with (+SDF-1𝛼) and without SDF-1𝛼 load. Plots indicate mean ± SD from 3 independent experiments. B–D) Same symbols
indicate experiments performed with cells from same donors, colors indicate the different gel types. Statistical significance was determined via post hoc
tests based on linear mixed effect models. An asterisk * indicates p < 0,05. For 0.05 < p < 0.1 the value of p is indicated as number.

Adv. Healthcare Mater. 2024, 13, 2304157 2304157 (7 of 21) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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SDF-1𝛼 that reduced significantly the mean corrected velocity
(0.10± 0.01 μm s−1 for TCP, 0.08± 0.01 μm s−1 for TCP+SDF-1𝛼,
Figure 6A).

Grouping the gels according to their peptide ligand function-
alization, those without SDF-1𝛼 loading showed a tendency to-
wards higher mean corrected velocity of cells on IDSP peptide
functionalized gels (0.08 ± 0.01 μm s−1) than on LDV peptide
functionalized gels (0.07 ± 0.01 μm s−1, Figure 6B). This differ-
ence in velocity between both integrin 𝛼4𝛽1 ligand types was not
observed, when gels were loaded with SDF-1𝛼. While a difference
of 0.01 μm s−1 appears small, it corresponds to 0.6 μm min−1,
which means that the difference sums up to roughly one HSPC
diameter within 10–15 min. Thus, within this timeframe the
faster cell would have migrated one cell length further. Contrary
to HSPCs on TCP, released SDF-1𝛼 from the loaded gels did
not reduce the mean corrected velocity, which was similar to the
group of same peptide functionalization without SDF-1𝛼 load
(Figure 6B).

Most of the different nanostructures of the gel surface and the
concomitant different peptide ligand densities had no direct ef-
fect on the mean corrected velocity of migrating HSPCs when
comparing each peptide ligand density (−/+SDF-1𝛼) with the
respective unstructured control (Figure 6C,D). Only the PS154-
structured IDSP peptide gel with SDF-1𝛼 load revealed a signif-
icant increase (0.091 ± 0.008 μm s−1) of the corrected migra-
tion velocity compared to the SDF-1𝛼 loaded PS288-structured
gel (0.075 ± 0.004 μm s−1) and the control (0.073 ± 0.008 μm s−1,
Figure 6C).

2.2.2. IDSP Ligand Density Affects the Degree of Differentiation

HSPC and their progeny expressed CD49d (integrin 𝛼4) at a sta-
ble high level over the culture period of 12 d (≈99% D0, ≈100%
D6, ≈98% D12) independent of the culture conditions (Figure
S8, Supporting Information). Thus, the cells were potentially re-
ceptive to both integrin 𝛼4𝛽1 specific adhesion motifs (IDSP or
LDV) at any time of the culture period. In contrast to the stable
expression of the 𝛼4 integrin subunits, the proportion of CD184+

(CXCR4) cells in freshly isolated HSPCs varied widely with 71.5±
21.4% (n = 6) and decreased continuously on all culture surfaces
to less than 45% after 12 d (Figure S8, Supporting Information).
This suggests that the whole HSPC population is more receptive
for SDF-1𝛼 stimulation at earlier time points. To enable a pos-
sible intertwining between the addressed integrin and cytokine
signaling pathway in HSPCs, co-expression of both membrane
receptor molecules would be required. Therefore, we determined
CD34+CD49d+CD184+ cell frequency and additionally the mean
fluorescence intensity (MFI) of CD184-APC of this subpopula-
tion via flow cytometry in order to infer the CXCR4 response by
SDF-1𝛼 binding. Frequency and MFI were significantly reduced
on gels with SDF-1𝛼 loading compared to gels without SDF-1𝛼
loading for the IDSP peptide series of experiments and tended to
be reduced for the LDV peptide series of experiments (D6, Figure
S9, Supporting Information).

The expansion of HSPCs determined as total cell number on
IDSP or LDV peptide functionalized gels and their respective
controls is very similar and shows a steeper slope for the first
6 d of culture (D6) than for the subsequent second period of 6 d

(D12) leading to ≈1000-fold expansion in total (Figure S10, Sup-
porting Information). This indicates that HSPC proliferation was
independent from the ligand nanostructure. The extent of differ-
entiation of cultured HSPCs was immunophenotypically char-
acterized by flow cytometry. Thereby, CD34 protein expression
alone is not an accurate measure of the stem cell potential of
HSPCs because the majority of cells are not multipotent progeni-
tors (MPP).[57] For this reason, we distinguished HSPCs and their
progeny according to their phenotype in CD34+CD38−CD45RA−

cells as a population with high stem cell potential (HSC and
MPP) and CD34+CD38+ cells as committed progenitors (Figures
S11–S13, Supporting Information). Analytically, a phenotypic dif-
ferentiation level was determined as the ratio of CD34+CD38+

to CD34+CD38−CD45RA− cell frequency, termed differentiation
quotient Q. This was further normalized (Qnorm) to the differen-
tiation level of the population cultured on gels with highest in-
tegrin 𝛼4𝛽1 ligand density (PS154) to specifically test any depen-
dency on ligand density.

The mean Qnorm increased from day 6 (D6, mean = 0.87) to
day 12 (D12, mean = 1.34) on gels with IDSP peptide function-
alization significantly (Figure 7A). This is because, for the IDSP
cultures after 6 d, the normalization surface PS154, which has
the highest IDSP ligand density and no SDF-1𝛼 loading, exhib-
ited the highest HSPC culture differentiation. However, after 12
d of culture, this same surface showed the lowest degree of dif-
ferentiation (Figure 7B). For LDV peptide functionalized gels, the
normalization surface of PS154 was the culture with the second
highest degree of differentiation on analysis day 6 (Figure 7C,
left). Unlike the IDSP gels, the degree of differentiation of the
normalization surface PS154 remained high compared to the
other surface cultures after 12 d of culture (Figure 7C, right), so
that on average there was no significant difference between D6
and D12 (Figure 7A). As a result, the mean Qnorm for the cultures
after 12 d on IDSP gels was significantly different from that on
LDV gels (Figure 7A).

A closer look at the degree of differentiation of the HSPC cul-
tures after 6 d on the surfaces with IDSP peptide functional-
ization reveals that the lowest degree of differentiation was ex-
hibited by the PS3365 culture. This low degree of differentia-
tion was statistically significant with respect to the PS154 culture
(Figure 7B, left). Other low degrees of differentiation were exhib-
ited by the non+SDF-1𝛼 culture, PS1058, and TCP culture. Ad-
ditional loading of SDF-1𝛼 into PS154 nanostructured gels with
IDSP peptide functionalization (PS154+SDF-1𝛼), as well as the
functionalization of PS154 nanostructures with the control pep-
tide (PS154+scr), both resulted in a similar decrease in differen-
tiation compared to the pronounced differentiation observed on
the PS154 IDSP gel (Figure 7B, left).

For the differentiation levels of the HSPC cultures after 6 d on
the surfaces with LDV peptide functionalization, it was observed
that the TCP and non+SDF-1𝛼 cultures showed the lowest differ-
entiation levels (Figure 7C, left). The lowest mean differentiation
on TCP was significantly decreased compared to the two high-
est mean differentiations on PS154 and PS154+SDF-1𝛼. SDF-1𝛼
loading of PS154 nanostructured gels with LDV peptide function-
alization (PS154+SDF-1𝛼) caused no discernible change in the
degree of differentiation in comparison to the unloaded PS154
gel. However, in comparison to the unstructured SDF-1𝛼-loaded
gel, the differentiation was significantly increased. Noticeable
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Figure 6. Influence of SDF-1𝛼 on the mean corrected velocity of migrating HSPCs on different surfaces. Time-lapse microscopy was recorded 48 h after
cell seeding. Phase contrast microscopic image sequences were recorded at intervals of 30 s over a period of 20 min. For the TCP control with SDF, SDF-
1𝛼 was added to the culture medium. Medium was not exchanged in the 48 h of observation. A) Effect of SDF-1𝛼 supplementation (90 ng mL−1) on mean
corrected velocity of migrating polarized HSPCs on TCP. Indicated is the mean ± SD from 5 independent experiments, same symbols indicate same
experiments with cells from same donors. B) Mean corrected velocity of migrating polarized HSPC on functionalized hydrogels. Functionalization with
IDSP or LDV peptide with (+SDF-1𝛼) and without SDF-1𝛼 loading of the gels. Boxplots include structured hydrogels with the 4 different functionalized
AuNP surfaces (PS154, PS288, PS1058, PS3365) and the nonstructured hydrogel (without nanoarray) from 3 independent experiments of each peptide
functionalization. C,D) Influence of the nanostructure on the mean corrected velocity of migrating HSPC on different functionalized nanostructured and
non-structured hydrogels. Hydrogels with AuNP arrays (PS*) and non-structured (non) hydrogels without AuNP array, all incubated with C) IDSP or D)
LDV peptides with (+SDF-1𝛼) and without SDF-1𝛼 load. Plots indicate mean ± SD from 3 independent experiments. B–D) Same symbols indicate
experiments performed with cells from same donors, colors indicate the different gel types. For all subfigures, statistical significance was determined
via post hoc tests based on linear mixed effect models.*p < 0,05, **p < 0,01, ***p < 0005. For 0.05 < p < 0.1 the value of p is indicated as number.

Adv. Healthcare Mater. 2024, 13, 2304157 2304157 (9 of 21) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. Degree of differentiation of HSPCs after 6 (D6) and 12 (D12) days of culture on functionalized nanostructured and unstructured hy-
drogels. Shown is the normalized differentiation quotient Qnorm, which is defined as the ratio Q of the relative frequencies of CD34+CD38+ to
CD34+CD38−CD45RA− cells, normalized to the Q of the PS154 gel. A) Boxplots include data from 9 different surfaces (TCP, non, non+SDF-1𝛼,
PS154+SDF-1𝛼, PS154+LEV, PS154, PS288, PS1058, and PS3365 shown in (B) and (C)) from 3 independent experiments of each peptide function-
alization. B,C) Degree of differentiation of HSPCs cultured for 6 or 12 d on the different functionalized nanostructured and unstructured hydrogels.
Hydrogels with AuNP arrays (PS*) and non-structured (non) hydrogels without AuNP array, all treated with IDSP or LDV peptide or the respective con-
trol peptide (scr, LEV), if necessary with SDF-1𝛼 load (+SDF-1𝛼). Dot plots display the mean ± SD from 3 independent experiments of each peptide
functionalization. A–C) Same symbols indicate experiments performed with cells from same donors, colors indicate the different substrates and gel
types. Statistical significance was determined via post hoc tests based on linear mixed effect models.*p < 0,05, **p < 0,01, ***p < 0005.
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Figure 8. Correlation of the mean Qnorm and the mean AuNP distances (d) of nanostructured hydrogels. HSPCs were cultured for 6 d (D6) on nanos-
tructured hydrogels with defined mean AuNP distances, nanostructure was functionalized with IDSP peptide (left) or LDV peptide (right). Shown is
the mean of the normalized differentiation quotient Qnorm, which is dependent on d and thus on the peptide ligand density. Qnorm is defined as the
ratio Q, the relative frequencies of CD34+CD38+ to CD34+CD38−CD45RA− cells, normalized to the Q of the PS154 gel. Error bars represent the SD
of d and Qnorm in x and y directions, respectively. The blue graph indicates the linear fit with x-error and shows a negative correlation for IDSP peptide
functionalization (left) but not for LDV peptide functionalization (right); r = Pearson correlation coefficient.

differences with respect to the degree of differentiation after 12
d of culture were not evident for either peptide functionalization
(Figure 7B right, Figure 7C right).

Furthermore, it was evaluated whether the variation of the
peptide ligand density on the hydrogel surface exerts an effect
on the degree of differentiation of the HSPC culture. The de-
pendency of the normalized degree of differentiation (Qnorm) on
the particle distance (d) of the nanostructure is graphically pre-
sented in Figure 8. Using a linear fit with x-error and York re-
gression, a strong negative correlation (Pearson correlation co-
efficient r = −0.94) between Qnorm and d was confirmed af-
ter 6 d of culture on hydrogels with IDSP peptide function-
alization. The higher the IDSP-functionalized particle distance
and thus the lower the IDSP peptide density on the hydrogel,
the less pronounced was the differentiation of HSPCs after 6
d of culture. Such a correlation could not be found for LDV
peptide functionalization with respect to the degree of differ-
entiation of D6 HSPC culture (Pearson correlation coefficient
r = −0.26).

Along with the degree of differentiation showing significant
differences only for D6, but no longer for D12, a similar observa-
tion was made with respect to myeloid differentiation of cultured
cells (Figure 9). Applying the colony forming unit (CFU) assay,
which allows the retrospective enumeration of early myeloid pro-
genitors in cell populations, revealed for D6 of the LDV peptide
experimental series that the total colony number of cells cultured
on the SDF-1𝛼-loaded gels (non+SDF-1𝛼; PS154+SDF-1𝛼) sig-
nificantly increased compared to the unstructured unloaded gel
(non). Beyond D6, the numbers of colonies markedly decreased
until D12 irrespective of the peptide functionalization (IDSP or
LDV).

3. Discussion

In the present work, we developed a multifunctional nanostruc-
tured hydrogel platform that allows to study interdependencies
of adhesive ligands, cytokine binding and nanopatterning. As a
proof of principle, we investigated the influence of the integrin

𝛼4𝛽1 and CXCR4 in dependency of nanopatterning at biomimetic
stiffness on the behavior of HSPCs.

Self-renewal and differentiation of a stem cell are influenced by
physical forces,[58] hence one important property of a cell culture
matrix is its stiffness. The bone marrow niche stiffness, charac-
terized by the elastic Young´s modulus E, ranges from very soft
in the marrow (E = 0.25 kPa[32]) to very stiff at the bone inner sur-
face (E = 100 kPa[33]). Therefore, we utilized a sPEG-heparin gel
and varied the molar ratio to adjust the matrix elasticity.[44] We
adapted the elasticity of the bulk to a constant physiological value
of about 24 kPa, thus comparable to the osteoblast-rich endosteal
zone of the bone marrow (≈27 ± 10 kPa[51]). This choice is based
on the observation that “seeded” HSCs preferentially localize to
endosteal regions as revealed by transplant studies.[59]

Interestingly, via microrheological examination the gels’ lo-
cal elasticity (local plateau modulus G0,MPT) was determined 600
times smaller than the macrorheologically determined shear
plateau modulus G0. Such a discrepancy is already known for
other gel systems.[60,61] One potential explanation could be that
the stretched chain segments of the polymer were out of their
equilibrium upon crosslinking. This localized absence of elastic
restoring forces were not accessible for the tracer particles, but
contributed to the macrorheologically determined elasticity. The
MPT microrheological method additionally revealed a homoge-
neous distribution of both matrix components HM and sPEGth-
iol as indicated by a uniform distribution of tracer particles em-
bedded in the gel.

Cells sense their environment at the microscale. Therefore,
mechanical properties at the microscale rather than the bulk
macroscale are relevant for what cells feel in contact with their
matrix.[62] Given that HSPCs have a cell size of a few microns
and that they adhere rather weakly to their surroundings,[63]

the dimensions that they can probe lie also within the micron
range. This assumption is reflected in the tight regulation of
HSPCs by their microenvironment which occurs with microm-
eter precision.[35] Accordingly, we assume that local elasticity as
measured by microrheology is more meaningful than bulk mea-
surements for what HSPCs sense in contact to their matrix.
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Figure 9. Myeloid colony-forming potential as determined by a colony-forming unit (CFU) assay of freshly isolated CD34+ cells (D0) and the 6 d (D6)
and 12 d (D12) culture on the indicated surfaces. Nonstructured (non) and nanostructured (PS*) hydrogels treated with IDSP or LDV peptide or the
respective control peptide (scr, LEV), are shown. Samples loaded additionally with SDF-1𝛼 are labeled with “+SDF-1𝛼”. TCP is shown for comparison.
Indicated are the absolute values of counted colony types (BFU-E; CFU-GM/G/M; CFU-GEMM) as stacked columns, which in sum indicate the total
colony count, given the same seeding cell count per condition. All data are presented as mean ± SD from 3 independent experiments of each peptide
functionalization. Tested for statistical significance via Tukey test of a one-way ANOVA with repeated measures within the same peptide functionalization
with indicated significant differences in total colony count (black), number of CFU-GM/G/M (purple), and number of BFU-E (bright red). *p < 0,05,
**p< 0,01, ***p< 0005; colony-forming unit-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM); burst-forming unit-erythroid (BFU-E);
colony-forming unit-granulocyte, macrophage (CFU-GM), -granulocyte (CFU-G), -macrophage (CFU-M).

The gels’ cytokine binding function resulted from the biolog-
ical compound heparin. The heparin chain is highly negatively
charged and thus the molecule prominently interacts with clus-
ters of positively charged basic amino acids on proteins.[64] In that
way a variety of cytokines can be bound, which makes heparin a
favored component of growth factor releasing cell culture gels
with advanced medical application as cytokine releasing and/or
binding grafts.[65a–g,66,67] Based on the electrostatic interactions
between the polyanionic heparin and SDF-1, which has an overall
positive charge of+8,[68] SDF-1𝛼 shows a high affinity for heparin
(Kd = 27.7 × 10−9 m[53]) resulting in an enormous binding capac-
ity of heparin (up to 6 molecules of SDF-1𝛼 bound by a single
9 kDa heparin[53]). The efficient and fast binding of SDF-1𝛼 to the
sPEG-heparin biohybrid hydrogels observed in the current study
reflects this high affinity of heparin to SDF-1𝛼 as shown previ-

ously for similar hydrogels.[67] The specific interaction of SDF-1𝛼
with heparin was determined to be reversible for our hydrogels,
whereby the SDF-1𝛼-loaded gels are able to provide SDF-1𝛼 per-
manently to cells in long-term culture (tested for a period of 2
weeks).

Beside immobilization of soluble molecules by the matrix,
many heparin gels harbor covalently conjugated cell-adhesive
peptides such as the RGD motif to successfully attach anchor-
age dependent cells.[66,67,69,70a–c] However, to gain control on the
density of adhesive sequences in the developed hydrogel plat-
form, we equipped it additionally with a nanostructure for the
presentation of adhesive ligands. Here, we focused on the pre-
sentation of binding sequences that derived from VCAM-1 and
fibronectin, a cellular and an extracellular ligand of integrin 𝛼4𝛽1,
respectively. For highly motile cells such as HSPCs, the 𝛼4𝛽1
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integrin is the essential adhesion receptor that in orchestration
with the chemokine SDF-1 contributes to retention and homing
to the bone marrow niche.[22,71] Although the cellular (IDSP) and
the extracellular (LDV) 𝛼4𝛽1 integrin binding motifs are homol-
ogous sequences, we could show that these 𝛼4𝛽1 integrin ligand
types are not equivalently influencing HSPC behavior. Accord-
ingly, the mean velocity of polarized HSPCs revealed a tenden-
tial ligand type dependence with faster movements on gels with
IDSP motif irrespective of SDF-1𝛼 availability. Integrin activa-
tion is regulated by the interaction with extracellular ligands that
preferentially bind to the extended-open conformational state,
termed outside-in signaling. One explanation for the observed
ligand type-dependent effects can be the large difference between
both ligands in their intrinsic affinity for open 𝛼4𝛽1. The intrinsic
affinity of open 𝛼4𝛽1 for a fragment of human VCAM contain-
ing domain 1 and thus the motif IDSP is 14-fold higher than for
the LDV motif as part of the connecting segment III of human
fibronectin.[72] Further, the high-affinity, extended-open confor-
mation of 𝛼4𝛽1 is indispensable for cell adhesion to VCAM as
shown for leukemia cell lines.[72] Likewise, lymphoblasts with-
stand applied shear force better when adhered to VCAM-1 than
to fibronectin,[73] though full fibronectin includes additional inte-
grin binding motifs, such as for 𝛼5𝛽1, whose affinity in the open
state is markedly higher compared with the open 𝛼4𝛽1.[72] On the
developed multifunctional gels, a higher binding affinity for the
IDSP motif compared to the LDV motif potentially compensates
for the elastic nature of the gel matrix leading to a better “grip”
to transmit HSPC cytoskeletal force and facilitate the movement
on nanostructured gels.

Whereas the SDF-1𝛼 gel loading did not affect the motility of
polarized HSPCs, the relative number of polarized HSPCs was
clearly enhanced by SDF-1𝛼 availability on gels with IDSP motif.
This finding fits previous reports showing that immobilized SDF-
1𝛼 on substrates with physiological densities of VCAM-1 pro-
motes firm integrin 𝛼4𝛽1-mediated HSPC adhesion and does on
endothelial cells not necessarily lead to transmigration.[43,74] An-
other example of HSPC interactions involving the co-stimulation
of 𝛼4𝛽1 integrin and CXCR4 is the contact with osteoblasts, SDF-
1-expressing niche cells, which leads to HSPC polarization by for-
mation of a protrusion, termed magnupodium. This is character-
ized by co-localization of 𝛼4𝛽1 and the SDF-1 receptor CXCR4 at
the point of contact.[75] A physical contact with osteoblasts that
involves among others the engagement of 𝛼4𝛽1 is found to be
one crucial parameter to ensure the survival of HSPCs in vitro.[20]

Moreover, polarized cell migration is proposed to be regulated by
𝛼4𝛽1 clustering at the cell’s leading edge and the activation of a
protein complex that also includes CXCR4.[76]

In addition to the outside-in model, molecular interactions
with integrin cytoplasmic tails can regulate integrin activation,
termed inside-out signaling, a process in which cytokine and in-
tegrin signaling converge. Several putative crosstalks between
the signaling pathways mediated by 𝛼4𝛽1 and CXCR4 have been
reported.[41,42,77a,b] A synergy of activated chemokine and inte-
grin signaling is for example well known for T-lymphocyte adhe-
sion. In T-lymphocytes, SDF-1 stimulation leads to a rapid and
transient 𝛼4𝛽1 activation and further transiently potentiates re-
stricted lateral diffusion of 𝛼4𝛽1 given the prerequisite of immobi-
lized VCAM-1.[78] Interestingly, only the copresentation of SDF-
1 and VCAM-1 in their immobilized form is sufficient to stim-

ulate rapid T-lymphocyte tethering under shear flow and, more-
over, only surface-bound SDF-1 triggers 𝛼4𝛽1 clustering.[79] In the
physiological niche, the ECM serves as an immobilizer and reser-
voir for the soluble SDF-1. In vitro, matrix bound SDF-1 is recog-
nized and internalized only by HSPCs interacting with the ECM,
hence the adherent HSPCs.[80] The hydrogels presented here pos-
sess the inherent ability to bind specifically SDF-1𝛼 using hep-
arin, in addition to featuring a nanostructured presentation of
the VCAM-1 derived binding motif IDSP and the fibronectin-
derived motif LDV. The enhanced degree of polarization of the
HSPC population on SDF-1𝛼 loaded IDSP gels compared to non-
loaded gels suggests the necessity of a surface-bound presenta-
tion of both ligands in a juxtaposition to trigger a synergistic cell
response that is more pronounced for the IDSP motif than for
the LDV sequence.

While SDF-1𝛼 showed an effect on cell polarization, its in-
fluence on cell differentiation was marginal in the presented
setting. The observed trend of decreased HSPC differentiation
on the nonpatterned IDSP- and SDF-1𝛼-treated hydrogels, visi-
ble in a reduced Qnorm and enhanced colony formation in com-
parison to the gels without SDF-1𝛼, aligns with the described
function of CXCR4/SDF-1 in maintaining HSPCs in a quiescent
state.[26,27] Whether the effect of SDF-1𝛼 availability was medi-
ated by the matrix-bound or soluble form of SDF-1𝛼 or the simul-
taneous presence of both forms remains open. In vitro, soluble
SDF-1 supplemented to the culture medium was shown to in-
crease colony frequencies of cultivated HSPCs, whereas soluble
VCAM-1 in the medium reduced colony frequencies of HSPCs
after 8 d.[19] These opposing effects on the maintenance and self-
renewal of HSPCs may similarly apply to the surface-bound form
of the ligands, as provided by our hydrogels. Interestingly, the
MFI of CD184 in CD34+CD49d+CD184+ cells was significantly
reduced on unstructured gels with SDF-1𝛼 loading compared to
unstructured gels without SDF-1𝛼 loading for the IDSP peptide
experiment series and tended to be reduced for the LDV pep-
tide experiment series. As it is known that SDF-1 can trigger
CXCR4 internalization after receptor activation,[81] we assume
that CXCR4 is activated by SDF-1𝛼 binding on SDF-1𝛼-loaded
gels and the receptor-ligand complex is internalized. Using de-
cellularized ECM scaffolds, Kräter et al. (2017) could show before
that adherent human HSPC internalize ECM-bound SDF-1.[80]

The nanostructured IDSP and LDV gels of highest ligand den-
sity increased the degree of differentiation of HSPCs in compari-
son with unstructured SDF-1𝛼 loaded gels. Hence, while SDF-1𝛼
and 𝛼4𝛽1 integrin ligands both synergistically enhance HSPC po-
larization they seem to act antagonistically in terms of differen-
tiation with SDF-1𝛼 slightly decreasing and the integrin ligands
increasing the differentiation degree. Particularly concerning the
cellular ligand IDSP, the regulation of ligand density could serve
as a fast mechanism for adjacent niche cells to swiftly adjust 𝛼4𝛽1
integrin signaling in HSPCs, thereby modulating cell fate deter-
mination. For a cellular ligand, exemplary shown for the Notch
ligand DLL1, ligand density rather than nanopatterning is the im-
portant feature to regulate HSPC responses.[40] In this context,
we observed a strong negative correlation between the normal-
ized degree of differentiation and particle spacing after 6 d of
culture on IDSP gels. The higher the IDSP density on the hy-
drogel, the more pronounced was the differentiation of HSPCs.
To our knowledge, this striking dependency of differentiation on
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Figure 10. Schematic representation of the observed effects of the multifunctional nanostructured hydrogel on HSPCs. The gel provides essential niche-
like functionalities: (I) Nanostructured presentation of the cellular IDSP or the extracellular LDV integrin 𝛼4𝛽1 ligand immobilized on AuNP of defined
density, (II) elasticity of the hydrogel matrix transduced via AuNP-peptide-𝛼4𝛽1 integrin axis, (III) Availability of SDF-1𝛼 bound and released from the
matrix. These functionalities have either an increasing (green arrow) or reducing (red link) effect on the cell behavior in terms of polarization, cell motility,
and degree of differentiation.

IDSP density has not been reported before. However, an integrin
𝛼4𝛽1 ligand density dependency is well known for differentiated
cells such as lymphocytes on VCAM-1 coated surfaces, demon-
strated by an increased tether frequency with increasing VCAM-
1 densities above a threshold (180 sites μm−2)[79] and a VCAM-
1 density optimum for their migration across VCAM-1 coated
membranes.[73] Lymphocyte trafficking is highly regulated by ad-
hesion and migration and can be sufficiently guided by a gradient
in VCAM-1 density presented on cells. It seems conceivable that
for immature cells such as HSPCs, differentiation can also be

gradually regulated by a VCAM-1 density range, particularly with
mean IDSP densities ranging from 75 to 1755 μm−2 as identi-
fied in this work on nanostructured hydrogels with a defined bulk
elasticity of about 24 kPa. In this regard, it is also interesting to
note that a correlation of the differentiation degree and the par-
ticle spacing, respectively ligand density, as seen for the cellular
derived IDSP motif was not observed for the ECM-derived LDV
motif. Several approaches with nanopatterned surfaces which
were functionalized with the extracellular integrin binding mo-
tif RGD demonstrated how different ligand densities influence
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HSPC adhesion, lipid raft clustering and receptor distribution
in the membrane.[37,39,82] Numerous ECM proteins encompass
the RGD-motif, which is recognized by eight integrin subtypes[83]

among them 𝛼5𝛽1. During cell cycle transit of HSPCs, 𝛼5𝛽1 pri-
marily mediates firm adhesion, whereas 𝛼4𝛽1 supports migra-
tion where both processes are inversely related to each other.[84]

Apparently, the role of 𝛼4𝛽1 in balancing adhesion and deadhe-
sion contributes to the complex motile behavior of HSCs in the
niche that is characterized by dynamic interactions with niche
factors including stromal cells.[85] Given the high abundance of
stromal cells in the bone marrow,[86] HSCs are likely in a perma-
nently alternating, transient physical contact with adjacent niche
cells, mediated by ligand-receptor pairs, such as VCAM-1/𝛼4𝛽1, a
complex with a special kinetic binding profile.[24] The anticipated
dynamic interaction of HSPCs within the niche allows multiple
niche factor interactions in a short time frame. Therefore, a mul-
tifunctional culture platform providing several adjustable param-
eters at once is necessary to investigate their interdependencies
and combined impact on the HSPCs behavior.

In conclusion, we successfully established a multifunctional
nanostructured hydrogel as a platform to test HSPCs behavior in
relation to the elasticity of the matrix, the binding and release of
cytokines, and the nanoscale-defined density presentation of lig-
ands. As a proof-of-principle we applied the platform to culture
HSPCs on gels with a constant elasticity of about 24 kPa, while
also providing the chemokine SDF-1𝛼 and presenting one of two
𝛼4𝛽1 integrin ligands in a nanostructured manner. As discussed
and summarized in Figure 10, we found that these functionali-
ties have either increasing or decreasing effects on cell functions
in terms of their polarization, motility, and degree of differen-
tiation. Notably, the cellular 𝛼4𝛽1 integrin motif IDSP showed
more pronounced increasing effects than the extracellular motif
LDV, which might be explained by the large difference in intrin-
sic binding affinity for the open conformation of integrin 𝛼4𝛽1.
In addition, the SDF-1𝛼 release enhanced the relative number
of polarized HSPCs, but also revealed a trend towards reduced
differentiation of HSPCs. The striking correlation of the HSPC
differentiation degree with the IDSP motif density may provide a
mechanism to regulate early HSC fate decisions in a predictable
way. We conclude that our newly established multifunctional hy-
drogel is particularly suited for a systematic study of single HSPC
niche parameters in combination and with controlled settings.

4. Experimental Section
Block Copolymer Micelle Nanolithography: Gold nanoparticles

(AuNPs) were deposited onto glass coverslips (18×18 mm, thickness 1,
Carl Roth, Karlsruhe, Germany) as a temporary carrier substrate in order
to achieve uniform nanostructures of the AuNPs by block copolymer
micelle nanolithography (BCML),[48,87] as described previously in Kratzer,
2019.[38] Nanopatterns with an inter-particle distance of about 26, 37,
78, and 124 nm were generated by using diblock copolymers of different
molecular weights (Table S1, Supporting Information) and the production
parameters summarized in Table S2 in the Supporting Information.
Samples from each batch of nanostructured glass coverslips were char-
acterized by SEM with a Zeiss Merlin (Carl Zeiss SMT AG, Oberkochen,
Germany) upon coating with a conductive layer of carbon of 6–10 nm
thickness (Leica EM ACE600 sputter coater, Leica Microsystems GmbH,
Wetzlar, Germany). The SEM images were analyzed using the ImageJ

(Fiji) plug-in dot analyse2 (kindly provided by the Max- Planck-Institute
for Medical Research, Department of Cellular Biophysics, Heidelberg)
to precisely determine the interparticle distances and ensure the quasi-
hexagonal structure. For imaging of the bound AuNP structure on the gel
surface, samples of the nanostructured gels were dehydrated first in 80%
v/v EtOH, then in absolute EtOH. After complete air-drying, the gels were
carbon coated as described above before being subjected to SEM.

Atomic Force Measurements of AuNP Arrays on Glass Coverslips: AuNP
arrays on glass coverslips were imaged with an atomic force microscope.
Images were obtained in air using a TESP-V2 cantilever with Bruker JPK
NanoWizard4 in Tapping Mode. The images were made at a setpoint am-
plitude of 4 nm, and sampling rate of 512×512 pixels with a scan rate of
1.5 Hz.

Synthesis of Heparin-Maleimide Conjugate: The synthesis protocol for
the heparin-maleimide conjugate (HM) is a modified protocol based on
the protocol of Tsurkan et al. 2013.[88] In brief, 1 g porcine heparin (MW
15 000 ± 2000, Merck KGaA, Darmstadt, Germany) solution was dis-
solved in 3.5 mL ddH2O. Afterwards sulfo-NHS (147 mg, 0.678 mmol,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and EDC hydrochlo-
ride (270 mg, 1.408 mmol, Sigma-Aldrich), each dissolved in ddH2O
(500 μL), were added to the heparin solution. After 20 min under con-
stant stirring on ice, N-(2-aminoethyl)maleimide trifluoroacetate (115 mg,
0.452 mmol, Sigma-Aldrich), dissolved in ddH2O (500 μL), was added.
The substitution reaction on the sulfo-NHS heparin ester was carried out
under constant stirring overnight at room temperature (RT). Subsequently
the HM was purified by dialysis using dialysis tubes (high purity, regener-
ated cellulose, MWCO 8000) (Repligen Corporation, Rancho Dominguez,
CA, USA). Dialysis was first performed against sodium chloride solution
(1.8 L of 1 m), 3× for 1 h each. Afterwards four additional dialysis steps
were performed with ddH2O (1.8 L), with the first step overnight and all
subsequent steps for 1 h. After snap-freezing the HM in liquid nitrogen, it
was freeze-dried overnight and stored at −20 °C. The degree of maleimide
functionalization was determined by nuclear magnetic resonance (NMR)
spectroscopy using an Avance 400 MHz Spektrometer (Bruker Corpora-
tion, Billerica, MA, USA) and analyzed using MestReNova (Mestrelab Re-
search, Santiago de Compostela, Spain).

Preparation of Nanostructured Hydrogels: For the preparation of the
prepolymer solution, sPEGthiol (4arm PEG Thiol, MW 10 000, JenKem
Technology, Peking, China) as well as the HM were dissolved in phosphate
buffer (0.1 m, pH 6.4). Two different concentrations of the HM (1.5 and
2 nmol μL−1) were used for the prepolymer solution. Depending on the
degree of functionalization of the HM – on average 5 maleimide groups
per heparin molecule – the amount of sPEGthiol was calculated in such
a way that maleimide and thiol groups were stoichiometrically balanced.
Equal volumes of HM and sPEGthiol were used to prepare a 160 μL pre-
polymer solution. Immediately after mixing, the solution was pipetted in a
self-made casting mould. Each component of the casting mould was made
of glass and simply cohered to each other by wetting the surface with a
small water droplet. The spacer consisted of two coverslips (thickness 5,
0.5–0.6 mm), one above the other. Two of these spacers were placed on
a microscope slide (76×26 mm) leaving an area in between to fix a pre-
pared nanostructured coverslip (with nanostructure pointing upward) or
a blank coverslip (thickness 1, 0.13–0.16 mm) as control. The cover for the
mould consisted of a long coverslip (26×40 mm, thickness 1) and a fixed
round coverslip (diameter 15 mm, thickness 1) in the center. This cover
was placed on top of the spacers such that the round coverslip faced to the
formed gap. The prepolymer solution was pipetted in the space between
the two small coverslips in the middle of the mould (≈0.8 mm thickness)
until the round coverslip was fully covered. After 10 min polymerization at
RT the casting mould was submerged in a petri dish filled with phosphate
buffered saline (PBS). Within PBS, the casting mould could be easily dis-
assembled. The two small coverslips on both sides of the gel remained
attached to it. The gels were swollen overnight in PBS in a humidified in-
cubator at 37 °C and 5% CO2. After removing both coverslips from the gel
disc, the diameter was adjusted by using a wad punch (diameter 15.5 mm)
to fit in a 24-well cell culture plate.

The successful transfer of the AuNP arrays to the hydrogel surface was
onetime verified by SEM (as described before) and ToF-SIMS and regularly
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for each batch by the NH2OH/Au3+ seeding.[89] In short, an aqueous so-
lution of 0.1% w/v HAuCl4 and 0.2 × 10−3 m [NH3OH]Cl was applied, in
which the hydrogels were completely immersed. Successful AuNP growth
was visible by a violet coloration.

For cell culture experiments the gels were sterilized with the nanostruc-
tured surface facing up in a petri dish by immersion in 80% v/v EtOH twice
for 20 min each. After complete removal of the ethanol mixture, sterile PBS
was slowly added to swell the gels for ≈20 min, followed by further swelling
2× for at least 20 min in PBS and transfer into a 24-well plate.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS): Hydro-
gels were dehydrated in a series of acetone solutions of increasing con-
centration (30% v/v, 50% v/v, 70% v/v, 80% v/v, 90% v/v, 100% (v/v)).
To prevent swelling, PBS was used as a solvent for ≤50% v/v acetone. To
prevent crystallization of the buffer salts on the surface, water was chosen
as solvent for >50% v/v acetone. The dehydrated gels were subjected to
critical point drying (Leica EM CPD300, with CO2).

ToF-SIMS was performed on a TOF.SIMS5 instrument (ION-TOF
GmbH, Münster, Germany) with a Bi cluster primary ion source
and a reflectron type time-of-flight analyzer. UHV base pressure was
<7×10−8 mbar. For high mass resolution the Bi source was operated in
“high current bunched” mode providing short Bi+ primary ion pulses at
25 keV energy, and a target current of 0.18 pA at 200 μs cycle time. The
short pulse length of 1.1 ns allowed for high mass resolution. The pri-
mary ion beam was scanned across a 200×200 μm2 field of view on the
sample, and 128×128 data points were recorded. For charge compensa-
tion an electron flood gun providing electrons of 21 eV was applied and
the secondary ion reflectron tuned accordingly. To remove top layers an in
vacuo sputter cleaning was performed. Therefore, an argon cluster source
was used (Ar1200, 2.5 keV energy, 1 nA beam current, eroding a concentric
350×350 μm2 field of view).

Swelling Measurements: Gels subjected to volumetric swelling degree
determination were swollen for 3 d in PBS at 4 °C. The initial radius Ri
directly after gel preparation (non-swollen, relaxed gel) as well as the final
radius Rs after swelling were determined using photographs of the gels
placed on a calibration slide with 100 μm-scale (Media Cybernetics, Inc.,
Rockville, MD, USA). Images were analyzed with ImageJ software (Fiji).
From the radii determined, the radial swelling Sradial was determined and
the change in length ΔLradial was calculated: Sradial =

Rs
Ri

and Δ Lradial =
Rs−Ri

Ri
× 100.

Macrorheology: Small amplitude oscillatory shearing measurements
were performed on swollen gel discs of 1.2 mm thickness using a rota-
tional rheometer (MCR 501, Anton Paar, Graz, Austria) with a plate-plate
geometry (diameter 10 mm). Frequency sweeps were performed at 37 °C
in the linear viscoelastic regime at a shear stress amplitude 𝜏 of 1 Pa, cov-
ering the frequency range of 0.1–100 rad s−1. Both storage G′ and loss
modulus G′′ were measured as a function of frequency and mean val-
ues were calculated. For each gel type, the arithmetic mean was calculated
from three technical replicates. To characterize the crosslink density, the
network mesh size 𝜉 was calculated according to[69,61] using the following
equation

𝜉 =
(

G0

kb T

)−1∕3

(1)

where G0 is the elastic plateau modulus, determined as the value of 𝐺′

where it exhibits a constant plateau, kB is the Boltzmann constant, and T
is the temperature.

For uniaxial compression testing, gels of ≈10 mm diameter and
4 mm thickness were prepared using a cut 2 mL disposable syringe with
plunger (NORM-JECT, Henke Sass Wolf GMBH, Tuttlingen, Germany).
The swollen samples were tested in a tensile testing machine (Texture An-
alyzer TA.XTplus, Stable Micro System, Godalming, UK) by compression
up to 30% strain at a compression speed of 0.5 mm s−1. The strain 𝜖 was
calculated as the ratio of the length change ΔL during compression and
initial height L0. From this, the elastic Young´s modulus E was determined

as the slope of the initial linear stress-strain curve in the strain region 0–
10%.

Microrheology: Mechanical and structural properties of the hydrogel
matrix were analyzed by multiple particle tracking (MPT) as explained in
detail in[61] and summarized here briefly. The MPT setup used is based
on an inverted fluorescence widefield microscope (Axio Observer D1, Carl
Zeiss) equipped with a Fluar 100× objective (numerical aperture 1.3, 100×
magnification, oil immersion lens, Carl Zeiss). Green and red fluorescent
non-functionalized polystyrene microspheres of 0.2 μm diameter with den-
sity 1.06 g cm−3 were used as tracer particles (Bangs Laboratories, USA).
2D images (field of view 127×127 μm, frame rate 50 frames s−1) of the
fluorescent particles were recorded using a sCMOS camera Zyla X (Andor
Technology). Movies of the fluctuating microspheres were analyzed using
a custom MPT routine incorporated into the software Image Processing
System (Visiometrics iPS)[90] which locates the center of mass [x(t), y(t)]
of each particle in every picture and allows the construction of particle tra-
jectories. From these trajectories, individual time-averaged mean square
displacements (MSD) were calculated using a self-written Matlab program
based on the widely used Crocker and Grier tracking algorithm[91] with
〈Δr2(𝜏)〉 = 〈[x(t + 𝜏) − x(t)]2〉 + 〈[y(t + 𝜏) − y(t)]2〉 where 𝜏 is the time
lag and t the elapsed time. Tracer particles trapped in an elastic network
exhibit a time-independent MSD directly related to the local elastic plateau
modulus G0,MPT of the matrix via the relationship[92]

G0,MPT =
2kBT

3𝜋a
⟨
Δr2 (𝜏)

⟩ (2)

with a being the tracer particle radius, kB the Boltzmann constant, T the
temperature and 〈Δr2(𝜏)〉 the constant MSD value.

Peptide Functionalization of the Nanostructure: Surface bound AuNPs
were functionalized with integrin 𝛼4𝛽1 peptide ligands, which were con-
structs containing the adhesive LDV (C-PEG6-EILDVPST) or IDSP (C-
PEG6-TQIDSPLN) motif. The respective control sequences were LEV
(C-PEG6-EILEVPST) and a scrambled peptide (scr, C-PEG6-QNLSPITD;
all purchased from EMC Microcollections GmbH, Tübingen, Germany).
AuNP-structured and nonstructured gels were incubated with 10 × 10−6

m peptide solution in PBS (400 μL per well) for 3 h at RT. Unbound pep-
tides were removed by washing with PBS three times for 20 min each.

Immobilization and Release of Soluble SDF-1𝛼: SDF-1𝛼 loading of the
gels was carried out after gelation. For release experiments, non-fixed hy-
drogel discs in 24-well culture plates previously passivated with 1% w/v
BSA (Sigma-Aldrich) in PBS were incubated with 30, 60, or 90 μg mL−1 re-
combinant human SDF-1𝛼 (BioLegend Inc., San Diego, CA, USA) in PBS
for 22 h in the cell incubator (37 °C, 5% CO2, up to 95% relative humidity
(RH)). The gels and control wells (BSA-coated TCP) were washed twice
with PBS to remove unbound SDF-1𝛼 and RPMI 1640 medium (400 μL,
Sigma Aldrich) were added. After 6 h, 24 h, 7 d and 14 d under cell cul-
ture conditions (37 °C, 5% CO2, 95% RH), the supernatant was collected
and exchanged with fresh medium. All samples were stored at −80 °C
until analysis using Human SDF-1𝛼 enzyme-linked immunosorbent assay
(ELISA) Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) according
to the manufacturer’s instructions.

It is observed that the gels did not reach saturation of loading and
the release profiles were similar in the incubation concentration range of
30–90 μg mL−1. Therefore, for cell culture experiments, gels were loaded
with 30 μg mL−1 SDF-1𝛼 in PBS overnight (37 °C, 5% CO2, 95% RH),
washed once with PBS for 20 min and equilibrated for 1 h in cell-specific
medium under standard cell culture conditions directly before cell seed-
ing. For TCP motility experiments we used culture media supplemented
with 90 ng mL−1 SDF-1𝛼 as this is the concentration measured in bone
marrow aspirates of healthy subjects.[93]

Isolation of HSPCs from Human Umbilical Cord Blood: Human um-
bilical cord blood samples for research were obtained from DKMS Stem
Cell Bank gGmbH (Dresden, Germany) after written informed consent of
the mothers in accordance with the approval by the local ethics commit-
tee (Ethik-Kommission bei der Landesärztekammer Baden-Württemberg,
B-F-2013-111). Mononuclear cells were isolated in less than 48 h after
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blood collection by density gradient centrifugation with lymphocyte sep-
aration medium (PromoCell GmbH, Heidelberg, Germany). HSPCs were
obtained by positive selection of CD34+ cells via magnetic activated cell
sorting (MACS, Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Ger-
many) according to the manufacturer’s instructions. The purity was as-
sessed by flow cytometry using CD34-VioBright 515 REAfinity antibody
(Miltenyi Biotec) and met ≥95% CD34+ cells when used for cell experi-
ments. CD34+ cells were not pooled and originated from one cord blood
sample (donor) per experiments. The donors for the IDSP and LDV exper-
iments are different due to the limited number of cells isolated from one
donor.

Cell Culture: HSPCs were maintained in Hematopoietic Progenitor
Cell Expansion Medium DXF with 1% v/v Cytokine Mix E (both Promo-
Cell GmbH, Heidelberg, Germany), referred as expansion medium. HSPCs
were subjected to experimental settings immediately after isolation and
cultured on the surface of the polymerized and functionalized hydrogels.
For seeding the cells on top of the gels, gels were equilibrated for 1 h
(37 °C, 5% CO2, 95% RH) in expansion medium. Medium was removed
and cells were seeded with a density of 2 × 104 cells in a total volume
of 1 mL fresh expansion medium. On day 3 and 9 of culture, expansion
medium (500 μL per well) was added. On day 6, all cells were collected for
analysis and reseeded with a density of 2 × 104 cells mL−1 fresh expan-
sion medium. The number of living cells were counted with a Neubauer
chamber (VWR International, Radnor, USA) after staining with 0.4% v/v
trypan blue (Sigma Aldrich). The human leukemia cell line KG-1a was
used as a model cell line for HSPCs and utilized to establish protocols
and to measure cell viability on the gels. They were purchased from the
Leibniz Institute DSMZ (German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany) and cultured in RPMI 1640 medium
(Sigma Aldrich) with heat-treated fetal bovine serum (FBS; 20% v/v; Sigma
Aldrich). All cells were cultured under standard cell culture conditions
(37 °C, 5% CO2, 95% RH).

Metabolic Activity Measurement of KG-1a by WST-1 Assay: Triplicates
of unstructured hydrogels were prepared (see “Synthesis of heparin-
maleimide conjugate”). The gels were placed in a 24-well plate prepared
with 1 mL culture medium (RPMI 1640 + 20% heat inactivated FBS) and
equilibrated for 30 min in an incubator (37 °C, 5% CO2, up to 95% RH).
After replacing the medium and incubating for additional 30 min, 700 μL of
medium was added per well. As control, TCP or wells with sterile coverslips
were used. After overnight incubation in the incubator, supernatants were
removed and used as culture medium for 2 × 104 KG-1a cells in 100 μL
in a 96-well plate. The cells were incubated for 24 h in the incubator. After
addition of water soluble tetrazolium-1 (WST-1, 10 μL per well), the cells
were incubated for 3 h in the incubator before measured in a plate reader
(Perkin Elmer Instruments Inc., Waltham, MA, USA) at 440 nm specific
wavelength and 670 nm reference wavelength. The triplicate values were
averaged. From the averaged specific absorbance value of each condition
the respective blank value was subtracted and reported relative to the TCP
condition.

FITC-Annexin V / SYTOX AADvanced Staining of KG-1a Cells Analyzed by
Flow Cytometry: Gels were prepared identically as described for the WST-
1 assay. After equilibration of the gels, 1.2 × 105 KG-1a cells in culture
medium (600 μL per well) were seeded and incubated overnight (37 °C,
5% CO2, 95% RH). Subsequently the cells were transferred to reaction
tubes and washed with annexin buffer (10 × 10−3 m HEPES, 140 × 10−3 m
NaCl, 2.5 × 10−3 m CaCl2, pH = 7.4). After centrifugation, the cells were re-
suspended in annexin buffer (100 μL) with SYTOX AADvanced (1 × 10−6

m, Invitrogen, Life Technologies Corporation, Eugene, OR, USA), added
by 10 μL FITC-Annexin V (100 μg mL−1, BioLegend Inc., San Diego, CA,
USA) and stained for 15 min at RT in the dark. The samples were diluted
by adding annexin buffer (200 μL) and subjected to flow cytometry anal-
ysis (BD FACSVerse, Becton Dickinson Inc., East Rutherford, NJ, USA).
Single stain controls, containing heat-treated and untreated KG-1a cells,
were used for compensation.

Live-Dead Staining of KG-1a for Fluorescence Microscopy: Gels were
prepared identically as described for the WST-1 assay. After equilibra-
tion of the gels, 2.5 × 104 KG-1a cells were seeded per well and incu-
bated for 24 h in medium (750 μL RPMI 1640 + 20% heat inactivated

FBS). Cells were stained with the cell viability imaging kit (Roche Diagnos-
tics GmbH, Penzberg, Germany) according to the manufacturer’s instruc-
tions. In brief, staining solution was added (250 μL per well) and incubated
for 30 min in the incubator. Then the samples were imaged using an Axio
Observer.Z1 microscope (Carl Zeiss AG, Oberkochen, Germany) and an-
alyzed by using ImageJ (reduction of the inhomogeneous background via
“Auto Local Threshold”; “Watershed”; “Analyze Particles” with 20 pixels
size minimum and 0.1–1.0 circularity).

Preparation of HSPCs on Hydrogels for SEM Imaging: CD34+ cells
were cultured for 8 d on hydrogels with the highest LDV peptide density
(PS154). For imaging HSPCs adherent on gels the cells were fixed with
0.625% v/v glutaraldehyde in PBS for 40 min. Subsequently the gel was
incubated with 50% v/v EtOH in PBS for 10 min and afterwards with 80%
v/v EtOH in H2O. The final dehydration was carried out in absolute EtOH.
The air-dried gel was coated with a carbon layer of about 7 nm thickness
(Leica EM ACE600 sputter coater) and subjected to SEM (Zeiss Merlin).

Analysis of Cell Polarization and Motility on Hydrogels: After 48 h of
seeding CD34+ cells on TCP, nanostructured and unstructured gels with-
out and with SDF-1𝛼 loading, cell polarization and motility was analyzed
over a period of 20 min at intervals of 30 s using an Axio Observer.Z1 (Carl
Zeiss AG) with an incubator (XL-5 2000; 5% CO2, 90% RH) and a heating
insert (M24 2000; 37 °C). Before starting microscopy, inter-well regions
were filled with sterile PBS to minimize the thermal gradient between the
well center and edge.[94] The SDF-1𝛼 availability for cells on TCP was ad-
justed to a final concentration of 90 ng mL−1 SDF-1𝛼 by adding SDF-1𝛼 so-
lution (1 μL of 90 μg mL−1) to the medium before analysis by microscopy.
Image analysis at time points 0, 10, and 20 min was performed by classi-
fying cells as either polarized or spherical based on their aspect ratio. For
this purpose, the algorithm Cellpose for cellular segmentation and the Fiji
plug-in “labels to ROI”[95,96] were applied. First, phase contrast images
were analyzed with Cellpose. For the segmentation, the pretrained cyto
model was used with built-in model estimation of the diameter of cells for
each image. For cells grown on TCP, the cyto3 model was used. Labels set
by Cellpose were saved as.png files which were further analyzed using the
Fiji plug-in “labels to ROI”. The aspect ratios were measured by Fiji us-
ing fitted ellipses to the regions of interest (ROI) where the length of the
major axis is divided through the minor axis. Cells were considered to be
polarized when having an aspect ratio of 1.3 or higher.

Cell motility was followed by time-lapse movies, in which 12 polarized
cells per movie were manually tracked with the ImageJ software using the
plug-in Manual Tracking. Subsequently the text file output was imported
into the Chemotaxis and Migration Tool 1.01 (Ibidi) for further analysis and
graphical display. In the motion track diagram, the cells clearly showed a
preferred migratory direction that was caused by a different background
flux for each surface. To make the measurements comparable, the mean
corrected velocity of the cells was determined. For this, the velocity of the
background flux (⃖⃖⃖⃖⃗vbf ) was subtracted from the measured velocity of the
individual polarized cells (⃖⃖⃗vi) of the motion profile at each timestamp (t)
according to the following equation

⃖⃖⃖⃖⃖⃖⃖⃗vi,cor (t) = ⃖⃖⃗vi (t) − ⃖⃖⃖⃖⃗vbf with ⃖⃖⃖⃖⃗vbf =
(

vbf ,x
vbf ,y

)
=

∑N
i=1

⟨
⃖⃗vi (t)

⟩
N

(3)

Flow Cytometry Analysis of HSPC Surface Marker Expression: On day 0
(D0), day 6 (D6), and day 12 (D12) of culture, HSPCs were washed and
first incubated in Viobility 405/452 (Miltenyi Biotec; diluted 1:200 in PBS)
for 10 min at RT in the dark. Subsequently, the cells were stained with a
mixture of either anti-human CD34-VioBright 515 (dilution 1:100), anti-
human CD38-APC (1:75), anti-human CD45RA-PE (1:75), or anti-human
CD34-VioBright 515 (1:100), anti-human CD184-APC (1:75), anti-human
CD49d-PE (1:75) (all REAfinity antibodies from Miltenyi Biotec) in staining
buffer (0.5% w/v BSA and 2 × 10−3 m EDTA in PBS) for 30 min at 37 °C
in the dark. In parallel, control staining comprising the respective isotype
controls and unstained samples were performed as well. Afterwards, the
samples were washed once with buffer and analyzed on a MACSQuant An-
alyzer 10 (Miltenyi Biotec). A manual compensation was run using com-
pensation beads (anti-REA, Miltenyi Biotec) and CD34-VioBright 515 or
CD45RA-PE, respectively. The acquired data were analyzed using FlowJo
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10.6.1 (Becton, Dickinson and Company). Thereby all intensity values that
were >99% of the isotype control intensity values were defined as posi-
tive signals, so that false positive signals were limited to 1%. By defining
CD34+CD38−CD45RA− cells as population with high stem cell potential
and CD34+CD38+ cells as committed progenitors, the differentiation ra-
tio Q = f34+38+∕f34+38−45RA− was chosen, where f is the relative frequency
of the respective population. Q is thus considered as a degree of differen-
tiation. Additional normalization to the Q of the PS154 gel resulted in a
normalized differentiation quotient Qnorm

Qnorm,IDSP (X) =
Q (X)

Q (PS154 + IDSP)
and Qnorm,LDV (X)

=
Q (X)

Q (PS154 + LDV)
(4)

Colony Forming Unit (CFU) Assay: To measure the myeloid differenti-
ation and proliferation ability of the hydrogel cultured HSPCs, CFU assays
were performed that allow the enumeration of early myeloid progenitors
in a cell population. In this assay, cells are seeded in a semisolid medium,
in which early myeloid progenitors give rise to colonies produced by differ-
entiation and proliferation from the individual input progenitor cells. The
colonies can be discriminated microscopically in different colony types,
which refer to different subtypes of myeloid progenitor cells.[97] For this,
1500 collected cells on culture day 0 (D0), 6 (D6), and 12 (D12) were re-
suspended in Iscove’s modified Dulbecco’s medium containing 2% FBS,
then mixed with MethoCult H4434 Classic (both Stemcell Technologies)
and plated as triplicates in a concentration of ≈500 cells per mL in a 35 mm
cell culture dish. After 10 (D0) or 14 (D6, D12) days under standard cell
culture conditions, the types of formed colonies were evaluated by light mi-
croscopy (Axio Vert.A1, Carl Zeiss AG) according to the “Atlas of human
hematopoietic colonies from cord blood” (Stemcell Technologies, 2010)
and enumerated manually by means of a gridded scoring dish.

Statistical Analysis: Data represent means ± standard deviation (SD)
of at least three independent experiments unless stated otherwise.

Statistical analysis of the percentage of polarized cells (Figure 5) and
mean corrected velocities (Figure 6) was performed by fitting linear mixed
effect models, in order to account for the three-factorial layout with re-
peated measurements obtained from the same donors. The models con-
tained the three factors gel type, SDF (with/without), peptide (IDSP, LDV)
and their interactions as fixed effects, and contained random effects for
factor donor and its interaction with factors gel type and SDF. Normal-
ized differentiation quotients (Qnorm; Figure 7) were log10 transformed
and analyzed in linear mixed effect models allowing for different variances
between day 6 and day 12. The model of the joint analysis of day 6 and
12 contained the three factors gel type, peptide (IDSP, LDV) and day (D6,
D12) and their interactions as fixed effects, and random effects donor, and
its interaction with day. For the residuals of each model, the assumptions
of normality and homogeneity of variance were checked using quantile–
quantile plots amended with confidence bands for the residuals. Based
on estimated means and standard errors obtained from these fitted mod-
els, pairwise mean comparisons (between levels of SDF and peptide) and
Tukey test (between gel types) were performed using Kenward–Roger de-
grees of freedom. The analysis was performed in R 4.4.0 (R Core Team,
2024), using the add-on packages lme4, nlme, hnp, emmeans, and gg-
plot2.

Remaining statistical analyses were (Figures 3,8, and 9; Figures S8 and
S9, Supporting Information) performed using OriginPro 2021 (Origin-
Lab Corporation, MA, USA). Statistical significance was tested within
the same peptide functionalization with Tukey tests following a one-way
ANOVA with repeated measures. Significant differences were indicated in
the figures with one to three asterisks as follows: *(p< 0.05), **(p< 0.01),
***(p< 0.005). For 0.05< p< 0.1, the value of p was indicated in the figure.

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