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Hematopoietic stem cells (HSCs) are blood forming cells which possess the ability to

differentiate into all types of blood cells. T cells are one important cell type HSCs can

differentiate into, via corresponding progenitor cells. T cells are part of the adaptive

immune system as they mediate cellular immune responses. Due to this crucial function,

in vitro differentiated T cells are the subject of current studies in the biomedical field

in terms of cell transplantation. Studies show that the density of the immobilized

Notch ligand Delta-like 1 (DLL1) presented in HSCs’ environment can stimulate their

differentiation toward T cells. The development of reliable synthetic cell culture systems

presenting variable densities of DLL1 is promising for the future expansion of T

cells’ clinical applications. Here we introduce bifunctional polyethylene glycol-based

(PEG-based) hydrogels as a potential instructing platform for the differentiation of human

hematopoietic stem and progenitor cells (HSPCs) to T cells. PEG hydrogels bearing

the cell adhesion supporting motif RGD (arginyl-glycyl-aspartic acid) were synthesized

by UV-light induced radical copolymerization of PEG diacrylate and RGD modified

PEG acrylate. The hydrogels were furthermore nanostructured by incorporation of gold

nanoparticle arrays that were produced by block copolymer micelle nanolithography

(BCML). BCML allows for the decoration of surfaces with gold nanoparticles in a

hexagonal manner with well-defined interparticle distances. To determine the impact

of DLL1 density on the cell differentiation, hydrogels with particle distances of ∼40

and 90 nm were synthesized and the gold nanoparticles were functionalized with DLL1.

After 27 days in culture, HSPCs showed an unphysiological differentiation status and,

therefore, the differentiation was evaluated as atypical T lymphoid differentiation. Cluster

of differentiation (CD) 4 was the only tested T cell marker which was expressed clearly in

all samples. Thus, although the applied nanopatterned hydrogels affected two important

signaling pathways (integrins and Notch) for T cell differentiation, it appears that more

functionalities that control T cell differentiation in nature need to be considered for

achieving fully synthetic in vitro T cell differentiation strategies.
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INTRODUCTION

Hematopoietic stem cells (HSCs) are the stem cells of the
blood system and provide the human body constantly with
fresh blood cells over the course of the entire life cycle. This
process of hematopoiesis occurs through the differentiation
of HSCs into the individual mature blood cells via the
corresponding progenitor cells (Ogawa, 1993). HSCs possess
a multipotent potential for hematopoiesis, which means that
they can differentiate into any type of blood cells but not
into any other cell types (Schütt and Broeker, 2011). T cells
are an important type of blood cells which can be formed by
differentiation of HSCs. This cell type is an essential part of
the adaptive immune system and mediator of cellular immune
responses against extraneous structures. T cells are characterized
by the presence of an antigen-specific T cell receptor (TCRα/β)
expressed at the outer cell surface, which forms a complex with
the also presented differentiationmarker cluster of differentiation
3 (CD3). Associated with additional differentiation markers
CD4 or CD8, the entire complex serves as the cell’s “eye,”
recognizing both extraneous and endogenous antigens and
initiating intracellular signal transductions (Murphy et al., 2002;
Rink et al., 2015).

The ability to detect and eliminate extraneous structures
renders T cells highly interesting for biomedical applications
(Moss and Rickinson, 2005). Treatments for diseases of
the hematopoietic system (e.g., leukemia) often involve the
elimination and replacement of the entire hematopoietic
system by means of irradiation or chemotherapy followed by
a hematopoietic stem cell transplantation (HSCT). Due to
differentiation, migration and maturation processes, T cells need
∼100 days to be formed after the HSCT (Lewin et al., 2002;
Bahceci et al., 2003) causing a rather long and risky period
of immune deficiency for the patient. But since the T cells
differentiate and mature in the recipient’s body, they learn to
recognize endogenous antigens which circumvent the occurrence
of autoimmune reactions (Dumont-Girard et al., 1998; Douek
et al., 2000; Roux et al., 2000). An alternative approach provides
immediate immune response after HSCT by infusing donor’s T
cells along with the HSCs (Grob et al., 1987; Boland et al., 1992).
The major disadvantage of this approach is the occurrence of
the Graft-vs.-Host-Disease (GvHD) in which the donor T cells
react against recipient’s cells (Shlomchik, 2007; Ferrara et al.,
2009; Anasetti et al., 2012). However, a weakened version of
this disease in form of the so called Graft-vs.-Tumor (GvT)-
effect is absolutely desirable. Here, the transplanted T cells
react toward remaining pathological cells that otherwise might
initiate a recurrence (Kolb et al., 1990; Carlens et al., 2001;
Moss and Rickinson, 2005; Schmid et al., 2006; Welniak et al.,
2007; Ferrara et al., 2009). Thus, one is dealing with a tricky
balancing act of suppressing the harmful GvHD but maintaining
the desired GvT effect after a HSCT. In order to overcome these
problems, various studies focus on the effects of the infusion
of in vitro differentiated progenitor T cells in addition to the
HSCs (Donor-Lymphocyte-Infusion). The reconstitution of the
cellular immunity proceeds faster in comparison to a T cell-free
HSCT, and in addition, the occurrence of GvHD is reduced and

simultaneously the GvT-effect is enabled. Furthermore, in vitro
differentiated T cells are utilized in Donor-Lymphocyte-Infusion
to prevent opportunistic infections of patients with eliminated
or heavily impaired immune system (Moss and Rickinson, 2005;
Park et al., 2006).

The utilization of mature T cells and T cell progenitors in cell-
based immunotherapies goes along with the reinforcement of T
cell development. Efforts to induce T cell differentiation in vitro
have been limited mainly due to the fact that the thymus, the
organ in which T cells develop, is a complex three-dimensional
network of epithelial cells (Holländer et al., 2006). This thymic
microenvironment determines T cell lineage commitment via
signals critical for T cell generation mediated for instance by
Notch ligands Delta-like1 (DLL1) and DLL4, interleukin 7 (IL-
7), FMS-like tyrosine kinase 3 ligand (Flt3L), and stem cell factor
(SCF) (Pawelec et al., 1998; Besseyrias et al., 2007; Hozumi et al.,
2008). Among others, Notch signaling plays an essential role in
T cell development. Since it was discovered that HSPCs express
Notch receptors (Milner et al., 1994; Varnum-Finney et al., 1998),
it was found that Notch1 receptor-mediated signaling is unique
in its ability to induce T lineage specification in the thymus
while excluding B cell lineage commitment (Radtke et al., 1999;
Besseyrias et al., 2007; Hozumi et al., 2008; Koch et al., 2008).
There are four Notch receptors (Notch1, 2, 3, and 4) and five
structurally related, single-pass transmembrane Notch ligands
(DLL1, 3, and 4 and Jagged1 and 2) known so far in mammals
(Weber and Calvi, 2010). Notch signaling is based on the
direct contact between adjacent cells in which Notch-activating
ligands are detected by Notch receptors. In consequence of
stimulation by DLL1, the intracellular part of the single-pass
transmembrane Notch receptor is first cleaved before migrating
to the nucleus where the gene expression is manipulated, which
in turn influences proliferation and differentiation behavior.

Immobilized Delta-like1 (DLL1), either cell-bound (Schmitt
and Zúñiga-Pflücker, 2002; La Motte-Mohs et al., 2005; Awong
et al., 2009; Van Coppernolle et al., 2009) or substrate-bound
(Fernandez et al., 2014), specifically induces the Notch signaling
cascade (Varnum-Finney et al., 2000). Several studies were
published focusing on the application of this concept in cell
culture systems. While DLL1 expressing animal feeder cell-based
co-culture systems such as OP9-DLL (mouse stromal cells) and
FTOC (fetal thymus organ culture) show promising results in
terms of Notch ligand-mediated T cell differentiation, the systems
lack clinical applicability which requires the use of pure human
T cells (Schmitt and Zúñiga-Pflücker, 2002, 2006; Smedt et al.,
2004, 2011; Besseyrias et al., 2007; Mohtashami et al., 2010; Van
De Walle et al., 2013). Montel-Hagen & colleagues developed
an artificial thymic organoid (ATO) system. Therein, DLL1-
expressing murine stromal cells are aggregated with human
HSPCs to form a 3D-organoid supporting robust differentiation
and maturation of human CD3+ CD8+ and CD3+ CD4+ T cells
from CD34+ HSPCs (Seet et al., 2017). But the use of murine
stromal cells in the ATO system still restricts this application
to non-clinical ones. Feeder-free systems involving substrate-
immobilized recombinant Notch ligands on synthetic surfaces
have also been utilized to induce the differentiation of HSPCs
into early T cells (Ikawa et al., 2010; Reimann et al., 2012;
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Fernandez et al., 2014). Those systems often require the addition
of large amounts of fetal bovine serum and, therefore, suffer
from non-robustness due to serum batch-to-batch variations
(Gstraunthaler et al., 2013). The addition of animal-based serum
furthermore excludes them from clinical applications.

So, the key concept for a Notch-directed stem-cell
differentiation into lymphocytes would be a synthetic
biomaterial-based system, free of feeder cells and serum. A
system recapitulating a minimal thymic niche was developed by
Shukla et al. (2017) which is composed of surface-bound DLL4
co-presented with vascular cell adhesion molecule 1 (VCAM-
1) in a serum-free medium. The study revealed a threshold
concentration of adsorbed DLL4 higher than 7.5µg/mL to
significantly increase the frequency of late stage proT cells after
7 days HSPC culture. Earlier studies on HSPCs revealed a DLL1
concentration dependent proliferation behavior of HSPCs in
the context of available cytokines in the ex vivo culture. While
lower densities of DLL1 in combination with primitive HSPC
cytokines promote HSPC expansion on a multi-log scale (Ohishi
et al., 2002; Delaney et al., 2005, 2010), higher densities of DLL1
combined with lymphoid cytokines result in T cell lineage
commitment and differentiation (Varnum-Finney et al., 2003;
Dallas et al., 2005, 2007). Employing a DLL1-functionalized
hydrogel system, our group has determined a minimal amount
of ∼43,000 DLL1 molecules per cell that is necessary to enhance
the proliferation of human umbilical cord blood (UCB)-derived
CD34+ HSPCs (Winkler et al., 2017).

To gain ligand-density control of DLL1 presentation toHSPCs
and therefore to promote differentiation into T cells, we now
present nanostructured bifunctional polyethylene glycol-based
(PEG-based) hydrogels as a potential instructing platform for
the differentiation of human HSPCs to T cells. Hydrogels are
particularly suitable for applications in the field of mammal cell
culture due to their structural similarities to the extracellular
matrix in terms of water content, soft consistency, and porosity
(Nguyen and West, 2002; Drury and Mooney, 2003; Bae et al.,
2011). Especially PEG-based hydrogels have been proven to be
suitable for cell culture applications (Fairbanks et al., 2009; Aydin
et al., 2010; Platzman et al., 2013). PEG-based hydrogels applied
in cell culture often require additional functionalization steps
in order to interact with the cells. The amino acid sequence
arginine-glycine-aspartic acid (RGD) is a cell adhesion motif
which is found in many proteins of the extracellular matrix, for
example fibronectin (Klein, 1995). Incorporated in PEG-based
polymeric networks, the RGD motif has shown to support the
adhesion of multiple cell types, such as KG-1a, (Platzman et al.,
2013), HSCPs (Muth et al., 2013) and human fibroblasts (Hern
and Hubbell, 1998) under maintaining their adhesion potential
during cell culture. Two-dimensional nanopatterning by means
of block copolymer micelle nanolithography (BCML) provides
an elegant way to gain control over the density of immobilized
molecules (Altrock et al., 2012; Platzman et al., 2013). On the one
hand, loading block copolymer-based micelles can be applied for
controlled drug delivery applications (Zheng et al., 2017; Zhang
et al., 2018a,b), while on the other hand—in case of BCML—it
allows also for the decoration of surfaces with gold nanoparticles

(GNPs) in a hexagonal manner with well-defined interparticle
distances. The subsequent transfer of the nanoparticles into
the hydrogel followed by a further particle functionalization
equips the biomaterial with the desired chemical functionality.
This concept was already successfully applied in our group to
enhance the proliferation of human CB-derived CD34+ HSPCs
by presenting immobilized DLL1 in different densities (Winkler
et al., 2017). We now expand the application of this promising
class of biomaterial and introduce nanostructured, RGD/DLL1
functionalized PEG-based hydrogels as potential instructing
platform for the differentiation of human HSPCs to T cells.
GNP arrays produced via BCML were transferred to PEG-based
hydrogels bearing the cell adhesion supporting motif RGD that
were synthesized by free radical polymerization. Subsequently the
GNPs were functionalized, resulting in nanostructured hydrogels
with immobilized DLL1 in defined densities. To determine the
impact of DLL1 density on the cell differentiation of HSPCs,
hydrogels with particle distances of ∼40 and 90 nm were applied
in cell culture studies.

MATERIALS AND METHODS

Chemicals and Biological Material
Solvents, reagents and chemicals were purchased from Acros,
ABCR, Alfa Aesar, Merck, Carl Roth, Sigma-Aldrich, or
VWR, unless stated otherwise. All solvents, reagents, and
chemicals were used as purchased, unless stated otherwise.
Diblock copolymers for BCML were purchased from Polymer
Source Inc., Dorval, Canada. DNA dye (Gel RedTM) was
purchased from Biotum, Hayward, USA. AbCTM capture beads
(“positive beads”) and “negative beads” were purchased from
Invitrogen AG, Carlsbad, USA. Agarose (TopVisionTM) was
ordered from Fermentas GmbH, St. Leon-Rot, Germany.
Hepes buffer (99%) was ordered from Amresco LLC, Solon,
USA. HPC expansion media, lymphocyte separation media
and cytokine mix E were purchased from PromoCell GmbH,
Heidelberg, Germany. RGDSK-PEG-acrylate was synthesized
and provided by Hubert Kahlbacher, University of Tuebingen,
Germany. Medium for T cell differentiation (X-VIVOTM10)
was purchased from Lonza Group AG, Basel, Switzerland.
Loading buffer for gels and buffer for the qualitative PCR
were ordered from Peqlab Biotechnologie GmbH, Erlangen,
Germany. EDTA-Solution (1% in PBS, without Ca2+ and Mg2+)
was ordered from Biochrom GmbH, Berlin, Germany. NTA-
thiol was given by Max Planck Institute for Intelligent Systems,
Stuttgart, Germany. Trypan blue (0.4% for cell culture) was
purchased from Amresco, Cleveland, USA. Ultrapure water
was in-house manufactured and sterilized using an autoclave.
Solvent mixtures are understood as volume/volume. Human
CD34+ cells were isolated from donor UCB provided by
cord blood banks der Deutschen Knochenmarkspenderdatei,
Dresden, Germany, and Deutsches Rotes Kreuz, Mannheim,
Germany after prior written, informed consent of the donors
and approval by the local ethics committee (B-F-2013-
111). CD34-MicroBeads (conjugated with monoclonal murine
IgG1-anti CD34-antibody) were purchased from Miltenyi
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Biotec, Bergisch-Gladbach, Germany. Bovine serum albumin
(Fraktion V, pH 5.2) was purchased from PAA Laboratories
GmbH, Pasching, Austria. The following components were
purchased from Miltenyi Biotec, Bergisch-Gladbach, Germany:
anti-CD3-antibody (human, PE-conjugated), anti-CD4-antibody
(human, FITC-conjugated), anti-CD7-antibody (human, PE-
conjugated), anti-CD8-antibody (human, PerCP-conjugated),
anti-TZRα/β-antibody (human, PE-conjugated), IgG2a-antibody
(murine, FITC-, PE- or PerCP-conjugated), IgG2b-antibody
(murine, VioBlue-conjugated), Interleukin-2 (IL-2, human,
improved sequence), Interleukin-3 (IL-3, human), Interleukin-
7 (IL-7, human), Fc-receptor blocking reagent (FcR, human),
stem cell factor (SCF, human). Human-delta-like-1 protein
(DLL1, human, six-fold histidine tag at the carboxy terminus,
produced in the cell line NS0) was purchased from R&D
Systems, Minneapolis, USA. Fetal bovine serum (FBS, filtered
sterile) was purchased from Sigma Aldrich GmbH, München,
Germany. The following components were purchased from
Invitrogen AG, Carlsbad, USA: IgG1-antibody (murine, FITC-
, PE-conjugated); anti-CD34-antibody (human, PE-conjugated).
Anti-CD19-antibody (human, PE-conjugated) and anti-CD2-
antibody (human, FITC conjugated) were purchased from
ImmunoTools GmbH, Friesoythe, Germany.

Characterization and Technical Devices
Cells were analyzed by flow cytometry using Attune R© Acoustic
Focusing Cytometer with Attune R© Cytometric Software v2.1
by Thermo Fisher Scientific Inc., Waltham, USA. The analysis
software FlowJo_V10 was purchased from FlowJo, Ashland,
USA. Solid substrates were cleaned and activated in oxygen
plasma or hydrogen plasma using a Pico PCCE device by
Diener electronic GmbH and Co. KG, Ebhausen, Germany.
Nanostructured BCML glass substrates were analyzed by
scanning electron microscopy (SEM) using Merlin by Carl Zeiss
SMTGmbH, Oberkochen, Germany. The glass samples were first
sputtered with a carbon layer of ∼15 nm thickness. The SEM
images were captured on three different locations on each surface
with 50,000-fold magnification using a backscattered electrons
(BSE) detector. The transfer of the GNPs from the glass substrates
into the hydrogel as well as the CD34+ cells on hydrogels
were also visualized using SEM. SEM images were analyzed
using ImageJ 1.50i by Wayne Rasband, National Institutes of
Health, Bethesda, USA and the ImageJ plugin dot analyse2. The
plugin dot analyse2 was developed by Max Planck Institute for
Intelligent Systems, in Stuttgart for the analysis of structures
formed by nanoparticles on surfaces. This plugin measures the
interparticle distance between each gold nanoparticle and the
surrounding nanoparticles, followed by a calculation of the
average particle distance as well as the deviation. Additionally,
the plugin is able to verify and evaluate the quality of hexagonal
arrays based on a mathematical algorithm described by Williges
et al. (2013).

Ψ6 =

∣

∣

∣

∣

1

Nbonds

∑

j

∑

k
ei6θjk

∣

∣

∣

∣

(1)

Equation 1. Equation according to Williges et al.

96 is called the 6-fold orientational order parameter and its
value evaluate the accuracy of the hexagonal structure formed
by GNPs. θ is the angle between a central nanoparticle and its
two nearest neighboring nanoparticles. 1/Nbonds normalized
the calculated value of Ψ6. Samples were freeze-dried using a
Christ Alpha 1-4 by B. Braun Biotech International, Melsungen,
Germany. MACS R©-Mixer (MACSmixTM tube rotator) by
Miltenyi Biotec, Bergisch-Gladbach, Germany was used for HSC
isolation. Ultrapure water (Typ 1 according to the American
Society for Testing and Materials) was obtained from Arium R©

pro System by Sartorius AG, Göttingen, Germany. Spin-coated
samples were coated using a WS-650MZ-23NPP by Laurell
Technologies Corporation, North Wales, USA. Reactions and
solutions were stirred using a Variomag R©Poly Komet magnetic
stirrer by Thermo Fisher Scientific Inc., Waltham, USA. Small
amounts of water-based mixtures were transferred using
Eppendorf Research Plus pipettes by Eppendorf, Hamburg,
Germany. Solid substances were weighed out using a SI-234
balance by Denver Instruments, Sartorius Corporation, Bohemia,
USA. Light-sensitive reactions were conducted using a Vilber
Lourmat VL8.L, 8 Watt and 365 nm UV lamp by Vilber, Maren
La Vallee, France. Samples which needed ultrasonic treatment
were processed in Ultrasonic Cleaner by VWR International
GmbH, Radnor, USA. Some samples were centrifuged using
a Hereaus Multifuge X3R by Thermo Fisher Scientific Inc.,
Waltham, USA and Centrifuge 5415 D, 5415 R, or 5418 R by
Eppendorf, Hamburg, Germany, respectively. All work with
mammalian cells was performed on a sterile bench with laminar
air flow. The cells were only in contact with sterile materials. The
cultivation took place in sterile cell culture flasks or sterile cell
culture plates in incubators at 37◦C, 5% CO2 and 95% humidity.

Methods
Block Copolymer Micellar Nanolithography (BCML)
BCML was used to generate PEG-based hydrogels with
hexagonally ordered arrays of GNPs in which the nanoparticles
are equally spaced over the entire surface area. The overall
process involved several steps including the deposition of inverse
diblock copolymer micelles, which were loaded with a gold
precursor salt, on glass substrates and the subsequent transfer of
the reduced GNPs into the hydrogel (Spatz et al., 2000; Lohmuller
et al., 2011).

Initially, several glass substrates bearing nanostructured
GNPs with different interparticle distances were produced. For
this purpose, diblock copolymer solutions with a concentration
of 5 mg/mL in ortho-xylene were prepared. For nanoarrays
with an average interparticle distance of 40 nm, a block
copolymer consisting of 288 styrene subunits and 119 2-vinyl
pyridine subunits (PS288-b-P2VP119, Ð* = 1.06) was employed.
Nanoarrays with an average particle distance of 90 nm were
produced by applying a block copolymer consisting of 1,056
styrene subunits and 671 2-vinyl pyridine subunits (PS1056-
b-P2VP671, Ð* = 1.09). The polymer solutions were stirred
overnight at 300 rpm in order to provide sufficient time for
the inverse micelles to be formed. After 24 h, the precursor
tetrachloro-auric(III)acid trihydrate (HAuCl4

.3 H2O) was
added to the polymer solutions to start the micellar loading
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process. In the presented study, the target loading factor
L of the polymer micelles was 0.3, which is defined as the
amount of precursor salt compared to the amount of 2VP
repeating units [L = n(HAuCl4

. 3 H2O)/n(RU2VP)]. The
loading factor defines the particle size of the GNPs on the final
glass substrate. The calculation of the corresponding amount
of precursor salt was performed according to Equation 2.

m
(

HAuCl4 • 3H2O
)

=
m

(

polymer
)

×M
(

HAuCl4 • 3H2O
)

× repeating units 2VP × loading factor

M (polymer)
(2)

Equation 2. Calculation of the amount of precursor salt used in BCML.

The gold precursor salt was weighed out using a glass spatula
to avoid the undesired reduction of the Au(III) species. After
adding the gold salt, the mixture was stirred for additional 24 h at
300 rpm in the dark. Thereafter, the solution was filtered through
a polytetrafluoroethylene syringe filter with a pore size of 0.2µm.
Square-shaped glass slides with a size of 18mm x 18mm were
used as substrates in the BCML process. These were initially
cleaned and activated by putting them in Caro’s acid (1 part H2O2

and 3 parts H2SO4) for 1 h. Afterwards, the glass slides were
washed with ultrapure water in an ultrasonic bath and dried in
a nitrogen flow. In the next step, the activated glass slides were
spin coated with the polymer micelle solution. The spin coating
process was conducted in a static mode for 1min with 2,500
rpm for PS1056-b-P2VP671 and 7,000 rpm for PS288-b-P2VP119,
respectively. After reaching the desired rotation speed, 25 to 50
µL of the corresponding polymer solution was dropped onto the
rotating sample from a distance of 3 cm. The interaction between
the activated glass surface and the polar micelle cores leads to a
self-assembled monolayer of micelles in a quasihexagonal array.
In the final step, hydrogen plasma was used to simultaneously
remove the organic copolymer micelles and reduce the gold
precursor salt to elemental GNPs. For this purpose, the spin
coated samples were placed in the plasma chamber for 45min at
0.4 mbar and 100% performance which corresponds to ∼200W
with the used plasma device.

Synthesis of Hydrogels
PEG700-DA and ultrapure water were mixed in equal parts. The
polymerization at a mixing ratio of 1:1 resulted in hydrogels
with a swelling ratio of approximately 1 and, therefore, no
further swelling occurred in the final hydrogel and the distortion
of the nanostructure could be prevented (Aydin et al., 2010).
The photoinitiator Irgacure 2959 was dissolved in 70% ethanol
so that the concentration was 100 mg/mL. Then, the Irgacure
2959 solution was added to the polymer solution to achieve
a concentration of 0.5mg Irgacure 2959 per mL PEG700-DA.
To this mixture, RGDSK-PEG-acrylate was added to achieve
a concentration of 32µM. The crosslinkable polymer solution
of PEG700-DA, Irgacure 2959 and RGDSK-PEG-acrylate was
centrifuged with 100 rcf for 6min. The molds for the hydrogel
formation were constructed from microscope slides (Figure 1B).
Initially, a glass cover slip of the size 18mm x 18mm was fixated
in the middle of the microscope slide. A glass cover slip of the size
24mm x 60mmwas subsequently placed across two 500µmhigh

spacers to bridge the central section. Then, 100µL of the polymer
solution was pipetted into the gap between the central cover slip
and the overlying cover slip. This way, thicknesses of the resulting
hydrogels ranged from 0.34 to 0.37mm. The polymerization was
conducted at 14.8 mW/cm² UVA irradiation with a wavelength
of 365 nm for 12min. The resulting PEG hydrogels were washed
three times with ultrapure water at 4◦C for at least 2 h in order to

remove potentially remaining non-polymerized monomer which
acts toxic toward mammalian cells. Finally, the gels could be
stored in ultrapure water at 4◦C over the course of several months
if necessary.

Synthesis of Nanostructured Hydrogels
A 1mM solution of N,N’-bis(acryloyl)cystamine (BAC) in
ethanol was prepared and placed in an incubator shaker at 400
rpm and 21◦C overnight in the dark. The nanostructured glass
surfaces were then incubated in the BAC solution for 1 h in
the dark in order to form thiol-gold bonds. Following that,
the surfaces were washed three times with ethanol for 10min,
dried in nitrogen stream and used immediately for a hydrogel
synthesis as described in chapter Synthesis of Nanostructured
Hydrogels. The transfer of the nanoparticles was accomplished
by replacing the 18 × 18mm glass slide in the mold used for the
regular hydrogel synthesis (chapter Synthesis of Nanostructured
Hydrogels) with the corresponding glass substrate bearing
BAC-functionalized GNPs. This approach resulted in hydrogels
equipped with both the cell adhesion motif RGD and the surface-
bound quasi-hexagonally arranged GNPs.

Qualitative Verification of the Transfer of GNPs
An aqueous solution (ultrapure water) of 0.1% HAuCl4 in
0.2mM hydroxylamine was prepared. The solution was then
brought into contact with the nanostructured side of the hydrogel
for 5min. In this process hydroxylamine acts as reducing agent
for the dissolved gold cations. The resulting elemental gold is
favored to deposit onto the GNPs. After a sufficient growth
period, the gold particles could be observed by the appearance of
a violet coloration typical for gold colloids appearance (Everett,
1992).

Biofunctionalization of Hydrogels With DLL1
Hydrogels were punched out using a wad punch with a diameter
of 15mm. All following steps were conducted under sterile
conditions: The gels were sterilized for 30min in 70% ethanol.
Afterwards, they were briefly dipped three times in 100% ethanol
in order to remove water residues for the subsequent reaction
step. Afterwards, the samples were put in a petri dish which
was placed in a humid chamber. Right after, 50 µL of a 1
mg/mL NTA-thiol solution in ethanol was pipetted onto the
hydrogels. A piece of plastic foil which was sterilized with ethanol
was affixed bubble-free across the hydrogels to ensure uniform
distribution of the solution and as protection against evaporation
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FIGURE 1 | Preparation of GNP-hydrogels. (A) SEM image of quasi-hexagonal GNP-40 glass substrates before the transfer process, (B) experimental set-up for the

preparation of GNP-hydrogels by UV-light induced free-radical copolymerization of PEG700-DA, RGDSK-PEG-acrylate and N-(2-mercapto-ethyl) acrylamide linker,

and (C) SEM image of GNP-hydrogel after the transformation process.

of ethanol. The humid chamber was closed off airtight and
the hydrogels were incubated with in NTA-thiol solution for
1 h in the dark. Following this, the gels were briefly swiveled
in 100% ethanol and then washed with 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)-buffered saline (HBS
solution: ultrapure water + 20 mmol/L HEPES + 150 mmol/L
sodium chloride, pH adjusted to 7.4 and autoclaved) for∼2min.
Subsequently the hydrogels were transferred into fresh petri
dishes to be incubated in 1mL of 25µM nickel chloride solution
(HBS solution + 0.1% NiCl2 stem solution; NiCl2 stem solution
=HBS solution+ 25 mmol/L NiCl2 stem solution) for 15min in
the dark. The nickel solution was then removed by washing with
HBS another 2min. The hydrogel was then placed in phosphate-
buffered saline (PBS) for 15min in the dark. Eventually the
hydrogel was transferred into a new petri dish in a humid
chamber and evenly covered with 50 µL of a 5µg/mL DLL1
solution in PBS by affixing a sterilized piece of foil across
bubble-free. The humid chamber was closed off airtight and the
hydrogel was incubated in the DLL1 solution at 4◦C overnight
in the dark. After incubation, the cover foil was removed by the
addition of PBS. The hydrogels were placed in a cell culture 24-
well plate (diameter 15.6mm) with the biofunctionalized side
pointing upwards. The hydrogels were washed twice with PBS
and then incubated in 1mL cell specific medium in an incubator.
Thereafter, cells could be seeded onto the hydrogels.

Homogenous gold surfaces were also functionalized with
DLL1 in order to obtain control samples for the cell culture

experiments. The functionalization of the gold surfaces was
done analogously to the above described functionalization of the
hydrogels. The resulting gold surfaces were furthermore coated
with fibronectin after incubation with DLL1 in order to introduce
the RGD motif: gold surfaces were washed twice with PBS and
put in a petri dish which was placed in a humid chamber. Fifty
microliter of a 5µg/mL fibronectin solution in PBS were pipetted
onto the surfaces and evenly distributed by affixing a sterilized
piece of foil across bubble-free. The humid chamber was closed
off airtight and the surfaces were incubated for 2 h in the dark.
Following this, the gold samples were treated the same way as the
biofunctionalized hydrogels after DLL1 incubation.

Preparation of Hydrogels With Semi-adherent Cells

for Scanning Electron Microscopy
CD34+ cells were incubated in expansion medium
(HPC expansion medium + 1% cytokine mix E + 1%
penicillin/streptomycin) overnight on a nanostructured hydrogel
with an average interparticle distance of ∼40 nm. The cells were
then fixated on the hydrogel in 2.5% glutaraldehyde solution
for 2 h. The sample was then dewatered by suspending it in 50,
70, 90, 95, and 100% ethanol for 10min each. Following this,
the hydrogel was stored at −80◦C in 100% ethanol overnight,
then lyophilized and eventually stored in a desiccator until
SEM analysis was conducted. In the current study, the adherent
cells on GNP-40 samples were imaged representatively. Cells
seeded on DLL1-functionalized GNP-90 hydrogels with equal
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concentrations of RGD peptides copolymerized into the PEGDA
hydrogels exhibit an equivalent adhesive behavior as shown in a
previous study (Winkler et al., 2017).

Isolation of CD 34+ Cells From Human Umbilical

Cord Blood
CD34+ cells were isolated from human UCB according to
manufacturer‘s instructions (CD34 MicroBead Kit, human,
Miltenyi Biotec, Bergisch Gladbach, Germany). The UCB was
processed within 48 h after collection. Purity of CD34+ cells was
checked by flow cytometry and was always >99% for cell culture.

Flow Cytometry
The isolated as well as cultivated cells were analyzed by flow
cytometry. The expression of markers was examined with
the specific antibodies against CD34 for HSPCs, against CD2
and CD7 for early T cells, against CD3, CD4, CD8, and
TZRα/β for late T cells, and against CD19 for B cells. For
this, 2 × 104 to 1 × 105 cells in 50 µL PBS with 0.1%
FBS and 21% FcR blocking reagent were stained with 2.5 µL
antibody solution or the respective isotype control at 4◦C in
the dark for up to 1 h. Following this, the cells were fixed with
3.7% formaldehyde and stored at 4◦C in the dark until they
were analyzed. Additional information regarding the various
marker molecules are listed in the supporting information
(Supplementary Table 1). Mononuclear blood cells from UCB
were used as positive control samples for the flow cytometric
antibodies. Those were present in the elution volume after
magnetic separation during the CD34+ cell isolation.

T Cell Differentiation of Cluster of Differentiation 34+

Cells on DLL1-Functionalized Nanostructured

Hydrogels

The serum-free medium (X-VIVO
TM

10) was supplemented
with 10 ng/mL FMS-like tyrosine kinase (Flt)3-ligand, 300 ng/mL
interleukin (IL)-2, 100 ng/mL IL-3 and 1 ng/mL stem cell factor
(SCF), and 100 ng/mL IL-7. Hereafter, this medium will be
denoted as T cell differentiation (TCD) medium. Cells were
grown in TCD medium and 1% penicillin/streptomycin. The
exact function of the various cytokines is described in the
supporting information (Supplementary Table 2). CD34+ cells,
isolated from UCB, were seeded on DLL1 nanostructured
hydrogels with a cell number of 2 × 104 cells per surface. In
initial experiments CD34+ cells were also cultured in expansion
medium composed of HPC expansion medium supplemented
with 1% cytokine mix E and 1% penicillin/streptomycin. The
cultivation of CD34+ cells on the hydrogels was conducted over
a period of 27 days whereby the medium was exchanged twice a
week. At the same time, the number of cells was determined and,
if necessary, reduced so that the number of cells did not exceed 5
× 105 cells per sample. The total volume was increased to 2mL
after 14 and 17 days, respectively. Half of the volume (1mL) was
replaced by fresh TCD medium on the following day.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 6
Software. When comparing two means of data, statistical

significance was determined by the unpaired two-tailed Student’s
t-test and a set α-level at 0.05.

RESULTS AND DISCUSSION

Nanostructuring and Functionalization of
PEG-Based Hydrogels
In order to study the effects of surface-attached Notch ligand
DLL1 in different densities on the differentiation of HSPCs
to T cells, hydrogels with hexagonally ordered arrays of
GNPs in which the nanoparticles are equally spaced over the
entire surface area were manufactured. The overall process
involved several steps including the deposition of inverse,
gold precursor-loaded diblock copolymer micelles on glass
substrates via BCML and the subsequent transfer of the
reduced GNPs onto the hydrogel (Spatz et al., 2000; Lohmuller
et al., 2011). Initially, quasi-hexagonal arrays of GNPs with
two different interparticle distances were prepared on glass
substrates following an established BCML preparation strategy.
The interparticle distances of the GNPs on the glass substrates
determines the density of the Notch ligand DLL1 in the
manufactured hydrogels. The interparticle distance could be
controlled by varying the molecular weight of the applied
block copolymer and by varying the fraction ratio between the
two blocks. Quasi-hexagonal arrays of GNPs with an average
interparticle distance of 42.47 ± 1.41 nm were prepared by
employing a block copolymer consisting of 288 styrene subunits
and 119 2-vinyl pyridine subunits (PS288-b-P2VP119, Ð* = 1.06)
whereas an average interparticle distance of 90.55 ± 2.23 nm
could be reached by employing a block copolymer consisting
of 1,056 styrene subunits and 671 2-vinyl pyridine subunits
(PS1056-b-P2VP671, Ð* = 1.09). The two resulting array types
will be referred to in the following as GNP-40 and GNP-90.
Nanostructured glass substrates were analyzed by SEM in order
to assess the interparticle distance as well as the degree of order of
the deposited GNPs (Figure 1A and Supplementary Figure 1).
For this purpose, the resulting SEM micrographs were analyzed
using a custom-made ImageJ plugin in which a mathematical
definition of hexagonallity defined by Williges (Williges et al.,
2013) was applied (see section Characterization and Technical
Devices). Here, the resulting hexagonal order parameter Ψ6

is equal to one in case of perfect hexagonal ordering and
approaches zero the more random the considered structure
becomes. Calculations gave a Ψ 6 value of 0.52 ± 0.01 in case of
GNP-40 arrays and a Ψ6 value of 0.54 ± 0.03 for GNP-90 arrays.
Both values are acceptable to describe the obtained structures as
quasi-hexagonal.

In the following step, the GNPs were transferred from the glass
substrates into the PEG-based hydrogels via a copolymerization
step. The GNPs had to be equipped with a polymerizable group
prior to the polymerization in order to accomplish the transfer.
Nanostructured hydrogels applied in this study were synthesized
by UV-light induced free-radical copolymerization of PEG-
diacrylate with a molecular weight of 700 g/mol (PEG700-DA),
RGDSK-PEG-acrylate and N,N’-bis(acryloyl)-cystamine (BAC).
The latter one links the GNPs covalently to the hydrogels during
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the reaction. The RGD sequence which was also incorporated in
the hydrogels is a minimal cell adhesion motif that is found in
many proteins of the extracellular matrix (ECM), for example
fibronectin (Klein, 1995). It is commonly used in cell culture
applications as it is able to mimic the adhesive properties of the
ECM as its structure is recognized by integrin receptors on cell
membranes (Winkler et al., 2017). For the purpose of the transfer,
the GNPs on the glass substrates were first functionalized with
BAC by taking advantage of the strong affinity between elemental
gold and thiol groups. Thiolate-gold bonds were formed between
BAC and the GNPs during an incubation period upon reduction
of BAC to N-(2-mercaptoethyl) acrylamide (Aydin et al., 2010).
The surface attached linkers were then available to participate in
the free-radical copolymerization of PEG700-DA and RGDSK-
PEG-acrylate via their terminal acrylate groups presented on
the glass nanoarrays enabling the covalent incorporation of
the particles in the hydrogels. Thiolate-gold bonds have strong
binding energies between 170 and 200 kJ/mol compared to the
relatively weak electrostatic interactions between the GNPs and
the glass surfaces. After polymerization and careful detachment
of the produced hydrogel from the functionalized glass substrate,
the GNPs were successfully transmitted into hydrogels while
maintaining their well-defined quasi-hexagonal order as well
as their interparticle distances almost completely (Aydin et al.,
2010). Experimentally, this was accomplished by employing
a custom-made setup which is displayed in Figure 1B. The
BAC-functionalized glass substrates were placed in a self-made
glass mold consisting of microscopy slides and glass cover
slips (for technical details see chapter 2.3). The polymerization
solution was then pipetted into the resulting gap followed
by irradiation with UV-light. In addition, monofunctional
unstructured hydrogels consisting only of (PEG700-DA) and
RGDSK-PEG-acrylate were synthesized and used as control
sample in cell test experiments.

The efficient incorporation of the RGD-sequence in the
hydrogel was shown in a previously published study of our
group by fluorescence measurements using a FITC-tagged RGD-
PEG-acrylate as well as time-of-flight secondary ion mass
spectrometry (Winkler et al., 2017). Electroless gold deposition
was utilized as indirect verification method to assess the quality
of the nanoparticle transfer. The process involved the reduction
and subsequent deposition of dissolved gold cations on the
surface-attached GNPs in the presence of hydroxylamine as
reducing agent, whereby the GNPs act as crystallization nuclei.
In doing so, the resulting elemental gold is favored to deposit
on the GNPs as this process is thermodynamically preferred
as opposed to the formation of new gold particles in solution
(Stremsdoerfer et al., 1988; Brown and Natan, 1998; Lohmueller
et al., 2008). As a result of the remarkable increase of the GNP
size, the color of the hydrogel appeared violet after sufficient
immerging time, which is typical for the presence of gold
colloids (Everett, 1992). The corresponding glass substrate, on
the other hand, remained almost colorless after equal treatment
indicating that most of the GNPs were transferred into the
hydrogel (Supplementary Figure 2). The successful transfer was
furthermore verified by SEM analysis of the hydrogel surfaces.
Figure 1C clearly shows the presence of GNPs on the hydrogel
after the transfer process while keeping the quasi-hexagonal

order. It is obvious from SEM images, however, that the quality
of the quasi-hexagonal order as well as the interparticle distances
slightly decreased after the reaction. This effects most likely
occurred due to deformation and shrinking of the hydrogels
during the drying process prior to SEM analysis. Additional
curvature of the hydrogel surface could be caused by the electron
beam itself. According to Aydin et al. hydrogels made of PEG700-
DA possess a degree of swelling which is equal to 1 when the
polymerization solution consists of equal volume fractions of
water and PEG (Aydin et al., 2010). We therefore presumed that
the degree of order as well as the interparticle distances of GNPs
on regularly swollen hydrogels are comparable to those on the
corresponding glass substrates. The nanostructured hydrogels
were furthermore functionalized with the human Notch ligand
DLL1 in order to target the Notch pathway of the applied cells
and to induce their differentiation into T cells. The incorporated
GNPs served as anchor points for the attachment of the ligand
and determined the density of DLL1 in the final product. At
first, the thiol-functional linker nitrilotriacetic acid (NTA-thiol)
was attached to the GNPs via the formation of a thiol-gold
bond. The free carboxylic acid groups of the surface-bound NTA
were then used to form a chelate complex with nickel ions.
DLL1 was attached in the subsequent step by taking advantage
of the strong binding affinity between the nickel complex and
the nitrogen atoms of imidazole rings provided by a six-fold
histidine sequence (His6-tag) on the C-terminus of DLL1. This
binding strategy via the His6-Tag to decorate nanostructures with
proteins proved also in other studies to be efficient and specific
(Aydin et al., 2009; Deeg et al., 2013; Ericsson et al., 2013;Wegner
and Spatz, 2013). In this way, the protein could be immobilized
in a specific orientation ensuring that the receptor binding side
was available for the cells as also shown in previous studies by
the Spatz group (Glass et al., 2003; Deeg et al., 2013). Extensive
investigations of the binding of DLL1 to gold surfaces in general
as well as on to gold nanopatterned hydrogels in particular
were shown in a previously published study of our group by
QCM-D measurements and immunofluorescent staining using
a DLL1 specific antibody, respectively (Winkler et al., 2017). In
the current study, homogenous gold surfaces functionalized with
DLL1 and the cell adhesive, RGD containing protein fibronectin
were prepared and used beside the nanopatterned hydrogels.
These samples served as control to investigate the differences
in T cell differentiation between DLL1 presented in a defined
order and density and DLL1 presented in an unordered manner
at higher density.

Adhesion of CD34+ Cells on
Nanostructured DLL1-Functionalized
Hydrogels
In order to induce the differentiation of primary HSPCs into T
cells, CD34+ cells were seeded on DLL1 functionalized hydrogels
in the established in vitro T cell differentiation system. Initially,
the interactions of the cells with the nanostructured bifunctional
hydrogels were investigated by SEM to ensure that the cells
actually adhered on the RGD containing hydrogels, allowing
an interaction between surface immobilized Notch ligand DLL1
and the Notch receptors of the CD34+ cells. Figure 2 shows
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FIGURE 2 | Representative SEM micrographs with different magnifications displaying the adhesive behavior of CD34+ cells seeded on a DLL1/RGD functionalized

hydrogel with an average interparticle distance of 40 nm. In the upper row (A,C,E) representative images showing one entire cell are depicted. The encircled areas

(white rectangles) are magnified in the images displayed in the lower row (B,D,F). (B) shows the magnification of the encircled area of (A), (D) of (C) and (F) of (E).

Scale bars (A,C,D,E,F): 1µm; (B): 200 nm.

representative SEM images of CD34+ cells which were incubated
on a DLL1 hydrogel with an average interparticle distance
of 40 nm. The cells were seeded onto the hydrogel directly
after CD34+ isolation. In order to provide sufficient time for
cell adhesion, cell culture was conducted overnight in the
corresponding expansion medium for CD34+ cells. The images
clearly show the formation of cellular protrusions which are in
contact with the surface, proving the adhesion of the cells to the
bifunctional hydrogel. Furthermore, it could be shown that the
adhered cells retained their physiological spherical morphology
and, therefore, the bifunctional hydrogel can be considered
adhesive for the applied cell type.

Proliferation of CD34+ Cells on
Nanostructured DLL1-Functionalized
Hydrogels
Human UCB-derived CD34+ cells were cultured for 27
days either on DLL1-nanostructured RGD-hydrogels with an
interparticle spacing of ∼40 and 90 nm, respectively, compared
with non-structured no-ligand RGD-hydrogel controls, or
cultured on gold substrates biofunctionalized with DLL1 and
fibronectin. Whereas, the latter culture substrate presents the
DLL1 in a randomly ordered distribution in high density
as incubated with 5 µg DLL1 ml−1, the gold nanoparticle
bound-DLL1 is exposed in a quasi-hexagonal fashion with
lower densities, ∼722 molecules DLL1 µm−2 for 40 nm
interparticle spacing and 141 molecules DLL1 µm−2 for the
90 nm interparticle spacing (calculated via the Lagrange densest
circle packing as described in Winkler et al. (2017). During
the long-term culture of CD34+ cells, cell expansion was

examined by counting cells twice a week. The total number of
cells continuously increased over the course of 27 days on all
investigated surfaces (Figure 3) indicating ongoing proliferation.
The proliferation promoting effect of our hydrogel system
with and without Notch-ligand in comparison to the DLL1-
fibronectin-gold and tissue culture plastic (TCP) became first
visible after 14 days of culture (Figure 3). On day 24/25 the
total cell count of the 90 nm DLL1-functionalized RGD-hydrogel
culture was significantly elevated compared to the DLL1-
fibronectin-gold surface as well as standard culture substrate
TCP. This difference regarding TCP surface kept significant
also after 27 days of culture (Figure 3). At any analyzed time
point, no clear difference in total cell number was evident
between cells cultured on the DLL1-nanostructured hydrogels
with interligand distances of ∼40 and 90 nm and it was also not
strikingly different from pure RGD-hydrogel. Hence, the overall
proliferation capacity of the total cell population originating from
HSPCs was not reduced by induction of Notch signaling by
DLL1 at the densities provided by the nanostructured hydrogels.
On the basis of a successful protocol for extrathymic human
T cell differentiation in vitro we used a serum-free medium
supplemented with a defined cytokine cocktail as recommended
in Pawelec et al. (1998), including additional IL-7 as it has been
shown to enhance early T cell differentiation (Ohishi et al.,
2002; Varnum-Finney et al., 2003; Ikawa et al., 2010). The
absence of serum is a prerequisite for manufacturing of T cells
and chemically defined serum replacements are meanwhile as
efficient as human or fetal bovine serum for T cell expansion
(Smith et al., 2015). Serum-free medium is suggested to provide
an even better T cell proliferation environment as recently
reported by Xu et al. (2018). We initially tested the total
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cell expansion of an identical donor derived CD34+ starting
population on TCP in the presence of either HPC expansion
medium or TCD medium. Cultures in HPC expansion medium
reached ∼10-fold higher cell numbers than cultures in TCD
medium after 21 culture days (Supplementary Figure 3). Use of
the TCD medium for differentiation analysis on the different
surfaces resulted in the expansion of the entire cell population
to a maximum factor of 39 after 27 days on the pure RGD
hydrogel that is ∼2.4-fold higher than TCP (Figure 3). The total
cell expansion efficiency of HSPCs after 27 days in TCD medium
on our bifunctional hydrogel system (32-fold on 40 nm and 30-
fold on 90 nm DLL1-RGD-hydrogel) was far below efficiencies
reached in a feeder cell-based system in which, e.g., the total
cell number of UCB-derived HSPC in OP9-DLL1 coculture
increased more than 10,000-fold after a comparable time period
of around 4 weeks (Smedt et al., 2011). However, in stromal cell
coculture conditions the exact cytokine composition (excreted
by the supporting feeder cell layer) is largely undefined and not
stable over time. Thus, such not fully defined systems are not
suitable for clinical settings.

T Cell Differentiation of CD34+ Cells on
Nanostructured DLL1-Functionalized
Hydrogels
At day 27, we determined if patterned surface-immobilized DLL1
on RGDhydrogels is capable of directing T lineage differentiation
and generating early or late T lymphocytes. Therefore, cultures
were analyzed for the presence of CD7 as an early T cell surface
marker, as well as CD2, CD3, TCRα/β, CD4, CD8, CD4, CD8
which define sequentially later stages of T cell development
(Awong et al., 2009; Meek et al., 2010; Fernandez et al., 2014;
Famili et al., 2017). Additional information regarding the various
marker molecules are listed in the supporting information
(Supplementary Table 1). By day 27, themajority of cells from all
surface conditions were CD34− as the frequency of CD34+ cells
decreased from a starting population of more than 99% down to
<10% of the total population (Figure 4A) indicating progressive
differentiation. Additionally, we could exclude differentiation
toward the B cell lineage as the number of CD19+ cells was
very low on all investigated surfaces, and even significantly lower
on 90 nm-DLL1-RGD-hydrogels in comparison to the RGD-
hydrogel control (Figure 4B). Although detectable after 27 days
culture, neither CD7+, nor CD2+ cell frequencies were affected
by the presentation of immobilized DLL1 (Figures 4C,D). Later
maturational stages of the T cell development are characterized
by the sequential expression of CD4+ and CD8+ as double
positive (CD4+CD8+) cells and high levels of CD3 and TCRα/β,
that are absolutely necessary for proceeding development into
fully mature single positive CD4+CD8− or CD4−CD8+ T cells
(Famili et al., 2017). The frequencies of CD4+CD8+, CD3+,
TCRα/β+, and CD3+TCRα/β+ cells at day 27 were found
to be very low (Figures 5A–D,F) and the results concerning
the expression of these markers by cells in Notch-induced
(DLL1) cultures did not differ from no-ligand controls. Of the
investigated antigens, only CD4 showed a clear expression (mean
> 5% among all surfaces; Figure 5E). An upcoming level of

CD4+ on the cell surface is in humans characteristic for an
intermediate single positive stage (ISP), before developing into
double positive CD4+CD8+ cells, and ultimately into mature
single positive CD4+ (Halkias et al., 2014). CD4 is also expressed
by monocytes/macrophages and NK cells (Kazazi et al., 1989;
Filion et al., 1990; Milush et al., 2009). However, the combination
of lymphoid cytokines in the TCDmediumwith Notch activation
via DLL1, which promotes lymphoid differentiation toward T
cells (Varnum-Finney et al., 2003; Dallas et al., 2007; Fernandez
et al., 2014), makes the induction of myeloid differentiation
highly unlikely. As we cannot exactly assign the maturational
stage of these generated CD4+ cells, which are at the same
time largely CD3− and TCRα/β−, we state that the obtained
cells represent a population that has passed an atypical T cell
differentiation which is slightly more pronounced on 90 nm
DLL1-RGD-hydrogels compared to 40 nm DLL1- or even pure
RGD-hydrogels (Supplementary Figure 4). However, the 90 nm
DLL1-RGD-hydrogel (with 141 molecules DLL µm−2) showed
the most promising results in terms of T cell differentiation
from UCB-derived HSPCs in combination with the serum-free
and cytokine defined TCD medium in comparison to the 40 nm
DLL1-hydrogels (722 molecules DLL1 µm−2) and the even more
densely packed DLL1-fibronectin gold substrates. Thus, it seems
that for T cell differentiation, stimulation by rather low DLL1
surface densities is favorable.

The impact of Notch on T cell differentiation is highly
dependent on the respective T cell subpopulation one is looking
for. In other studies which also utilized non-cell membrane
immobilized DLL1 for T cell differentiation they applied higher
densities to amaximumof 10µgml−1 for 28 days of HSC culture.
Analyzed cell populations were also characterized by the absence
of mature T cell marker such as CD3+ (Dallas et al., 2007)
or CD4+, CD8+, CD19+ (Varnum-Finney et al., 2003). They
generated a substantial amount of early T cells that were defined
by CD25+ and CD44+CD25+ phenotypes, respectively, that are
predominantly characteristic for the murine species but different
from the phenotype representing human T lineage commitment
(Halkias et al., 2014).

To study human T cell differentiation from HSPCs, UCB
is an easily available HSPC source that was also used in
our experimental design. Several studies investigated the effect
of DLL1 on the differentiation of UCB-derived HSPCs. All
these studies have in common to predominantly promote early
stages of T cell differentiation. Delaney et al. (2005) reported
a density-dependent effect of DLL1ext−IgG on the growth and
differentiation of hematopoietic cells. They demonstrated an
increase in the absolute number of CD7+ cells at DLL1ext−IgG

ligand concentrations ranging from 1.25 to 20 µg ml−1 and a
progressive increase in the proportion of CD34−CD7+ cells with
increasing concentrations of DLL1ext−IgG. In their experiments
they used a defined serum-free medium, whereas Fernandez et al.
(2014) successfully generated CD1a+CD7+ and CD4+CD8+

early T cells in OP9-DLL1 conditioned medium supplemented
with human recombinant Flt3L and IL-7 (5 ngml−1) on Fc-DLL1
(2.5 µg ml−1) coated plates after 25 days. Ohishi et al. reported
that the addition of IL-7 (100 ng ml−1) to a defined serum-
free medium promoted the generation of CD34−CD7+ cells and
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FIGURE 3 | Total number of cells cultured on bifunctional surfaces for 27 days. Cells were generated from 2 × 104 human UCB CD34+ cells on

DLL1-nanostructured and pure RGD-PEGDA hydrogels as well as DLL1-non-structured fibronectin (FN) gold substrates. Nanostructures define a DLL1 spacing of 40

and 90 nm, respectively. Viable cells were enumerated at the indicated time points. Standard culture surface is (TCP). Data represent mean (SD) cell numbers from N

= 6 samples from each surface type, executed in three independent experiments. Significant differences are indicated as follows: *P < 0.05; **P < 0.01.

CD25+CD7+ cells from CD34+CD38+ UCB-derived HSPCs
cultured for 3 weeks in the presence of immobilized DLL1ext−myc

(1 µg ml−1) (Ohishi et al., 2002). Notably, no cells expressing
surface CD3, TCRαβ, or TCRγδ, or CD19 were detected, an
observation that concurs with the very low frequencies of same
markers we used in our flow cytometer analysis. The above
mentioned effects of the combination of Notch ligand DLL1 and
IL-7 to enhance T cell differentiation is also to be seen in a dose
dependent manner as OP9-DLL1 cocultures with adult murine
hematopoietic progenitors revealed that only low doses (<5 ng
ml−1) of IL-7 increased the frequency of CD4+CD8+ T cells
(Huang et al., 2005) and a differentiation from double negative
to double positive CD4+CD8+ T cells is still Notch-dependent
but no longer IL-7-dependent (Balciunaite et al., 2005). Similar
effects were shown for humanHSPCs upon deprivation of IL-7 in
OP9-DLL1 cocultures, however only when followed by anti-CD3
stimulation (Patel et al., 2012).

Beside an immediately controllable variation of
concentrations of soluble factors such as Flt3L or IL-7 the
adjustment of the amount of spatially fixed ligands in an
artificial thymic culture system is especially challenging because
tethered ligands represent a static environment, while T cell
development is a highly dynamic process. During maturation
in the thymus, T lymphocytes are migrating through different
thymic regions that provide stage-specific developmental signals
(Petrie and Zúñiga-Pflücker, 2007). On their way they are
sensing different Notch ligands (DLL1, DLL4, JAG1, and JAG2)
whose expression is spatially regulated and defines distinct
thymic Notch signaling niches (García-León et al., 2018). The
main site of T cell maturation is the thymus cortex (Griffith et al.,

2009). Analysis of the Notch ligand expression pattern in the
human post natal thymus visualized that DLL1 was expressed
in both cortical and medullary thymic epithelial cells, whereas
most cortical thymic epithelial cells lack DLL4 that is in contrast
to mouse (García-León et al., 2018). For mice it turned out that
DLL4 is indispensable for T cell commitment and maturation
(Hozumi et al., 2008; Koch et al., 2008; Mohtashami et al., 2010)
and mouse TCRαβ development requires continuous Notch
signaling (Schmitt et al., 2004). By contrast, human TCRαβ

development is dependent on the reduction of Notch activation
(Van De Walle et al., 2009). Complementary, a Notch1 signaling
strength hierarchy among the different Notch ligands has been
proposed, with JAG1 being the weakest activator, followed by
JAG2, DLL1, and DLL4 as the strongest (Van De Walle et al.,
2011). Furthermore, the human Notch1 receptor has shown
to be intrinsically selective for DLL4 over DLL1 (Andrawes
et al., 2013). Reimann et al. (2012) utilized this strong Notch
activation potential and cultured UCB-derived CD34+ cells
on immobilized DLL4-Fc (5 µg ml−1) whose progeny showed
increasing CD7 expression after day 7 that was correlated with
a decrease in CD34 expression. Recently, Shukla et al. (2017)
were able to set a concentration threshold >7.5 µg ml−1 of plate
immobilized DLL4 –Fc that supported early T cell (DN3) cell
generation from mouse HSPCs in serum-free medium after 7
d of culture. They further demonstrated with human CD34+

HSPCs derived from UCB that only the combination of DLL4
and VCAM-1 enabled increased expansion of CD7+CD34−

early T cells in comparison with DLL4 alone or DLL4 with
fibronectin or retronectin. This result pointed out that beside the
choice of ligand the combination of ligands is determinative to
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FIGURE 4 | Expression of cell surface markers indicating the stage of T cell differentiation from human UCB CD34+ cells. CD34+ cells were exposed to

DLL1-nanostructured and pure RGD-PEGDA hydrogels as well as DLL1-non-structured fibronectin gold substrates in culture of 27 days. DLL1 nanopattern defines

an intermolecular spacing of ∼40 and 90 nm, respectively. Cultured cells were analyzed by flow cytometry for surface expression of stem cell marker CD34 (A), B cell

marker CD19 (B), CD7 as early T cell marker (C) and for a later maturational stage CD2 (D). Data represent percentage of marker positive cells as box plots from N =

6 wells of identical surface types from three independent experiments. TCP, tissue culture plastic; FN, fibronectin. Significant differences are indicated *P < 0.05.

elicit synergistic effects for T cell commitment and maturation.
Since most Notch ligand-presenting stromal cells are of epithelial
nature in the thymus and therefore non-motile, it seems that
dynamic changes in the spatial availability of different Notch
ligands is tightly connected with the migratory behavior of
the T cells, among others regulated by differential expression
of integrins and modulation of integrin activation (Mojcik
et al., 1995; Savino et al., 2004). The ECM protein fibronectin
mediates firm cell adhesion as well as migration via α4β1
and α5β1 integrins in thymocytes shown in vitro with late
T cells (CD3+CD69+) (Crisa et al., 1996). Fibronectin is
expressed predominantly in the thymus medulla (Salomon et al.,
1997), whereas the cell surface ligand VCAM-1 is expressed
by cortical stromal cells in the thymus, also bound by α4β1
integrin and affecting the adhesion and migration of early
T cells (Prockop et al., 2002). Collectively, our bifunctional
hydrogels are combining Notch ligand DLL1 and the adhesive
RGD-sequence that is, among other integrins, bound by α5β1
(Humphries et al., 2006). Therefore, CD34+ cells exposed to

our bifunctional hydrogels were subjected to the cooperative
effect of a DLL1-induced Notch signaling and RGD-induced
integrin signaling. Thus, we artificially mimicked a thymic
Notch signaling niche located to the thymus medulla, where
mature single positive T cells are found. The atypical T cell
differentiation we demonstrated by the elevated fraction of single
positive CD4+ T cells observed on 90 nm DLL1-RGD-hydrogel
underpin the represented medullar-like condition.

CONCLUSIONS

In the current study, we tested a bifunctional PEG-based
hydrogel containing the cell adhesion supporting motif RGD
as well as the human Notch ligand DLL1 for its potential
as instructive platform for HSPC differentiation. The gold
nanoparticle bound DLL1 is presented in a quasi-hexagonal
manner with densities of ∼722 molecules DLL1 µm−2 at
interparticle distances of ∼40 nm and ∼141 molecules DLL1
µm−2 at interparticle distances of ∼90 nm, respectively. For
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FIGURE 5 | Expression of cell surface markers indicating the stage of T cell differentiation from human UCB CD34+ cells. CD34+ cells were exposed to

DLL1-nanostructured and pure RGD-PEGDA hydrogels as well as DLL1-non-structured fibronectin gold substrates in culture of 27 days. DLL1 nanopattern with

interparticle spacings of ∼40 and 90 nm were applied. Cultured cells were analyzed by flow cytometry for surface expression of late T cell markers CD3, TCRαβ, CD4,

and CD8 as single positive (A,B,E,F) or double positive population (C,D). Data presented as box plots showing the percentage of cells positive for the different

markers. Data from N = 6 samples of each surface type from three independent experiments are shown. TCP, tissue culture plastic; FN, fibronectin. Significant

differences are indicated by *P < 0.05.

the first time we applied the described biomaterials for the
differentiation of HSPCs to T cells. In vitro differentiated T
cells are extremely interesting for biomedical applications as
they possess a strong potential to reduce side effects and
complications arising from HSC transplantations. UCB HSPCs
were cultured for 27 days on the different hydrogels as well
as reference samples in order to assess their influence on the
proliferation and differentiation behavior of the applied cells.
Growing in defined serum-free conditions, the total number of
cells continuously increased during the culture period on all
tested surfaces. Beside the proliferation promoting effect CD 4
was the only examined T cell marker which was expressed in
a relevant amount in all samples. Based on these findings, we
propose an atypical T lineage differentiation after 27 days in
culture. Immobilization of RGD and DLL1 on bifunctionalized
hydrogels addressed two important signaling pathways (integrins
and Notch) for T cell differentiation, and were combined
with effects arisen from soluble components of the utilized
cytokine defined T cell differentiation medium. Although the T
lineage output was not significantly affected by the quantitative

differences in nanopatterned DLL1 presentation, our in vitro
system induced at least in parts T cell commitment shown
by a slightly elevated single positive CD4T cell fraction and
number of obtained CD4+ cells. Thus, it appears that the
applied biomaterials artificially mimicked a medullar-like thymic
Notch signaling environment. The herein presented culture
platform allows for the precise adjustment of tethered ligand
densities. However, our data clearly show that controlling the
spatial arrangement of the applied ligands is not sufficient for
efficiently directing in vitro T cell differentiation. In vivo, T cell
development is dependent on the synergy of multiple molecules,
whose expression in the thymus is tightly controlled not only
in space but also in time. Thus, our study highlights the need
for spatio-temporally adjustable biomaterials in order to achieve
bioinstructive platforms for in vitro T cell differentiation. In
other words, to potentiate the effect of ligand surface distribution,
the system needs to implement the dynamic changes in ligand-
receptor interaction as it occurs physiologically during T cell
development. Then it might contribute to the development of
feeder cell-free human T cell differentiation systems that are
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indispensable for future clinical applications of in vitro generated
T cells.
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