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Screening Arrays of Laminin Peptides on Modified
Cellulose for Promotion of Adhesion of Primary Endothelial

and Neural Precursor Cells

Richard Wetzel, Sandra Hauser, Weilin Lin, Peggy Berg, Carsten Werner, Jens Pietzsch,

Gerd Kempermann, and Yixin Zhang*

Neural precursor cells (NPC) are primary cells intensively used in the context
of research on adult neurogenesis and modeling of neuronal development in
health and diseased states. Substrates that can facilitate NPC adhesion will be
very useful for culturing these cells. Due to the presence of laminin in basal
lamina as well as their involvement in differentiation, migration, and adhesion
of many types of cells, surfaces modified with laminin-derived peptides are
focused upon and compared with the widely used fibronectin-derived Arg-Gly-
Asp (RGD) peptides. An array of 46 peptides is synthesized on cellulose paper
(SPOT) to identify laminin-derived peptides that promote short-term adhe-
sion of murine NPC and human primary endothelial cells. Various previously
reported peptide sequences are re-evaluated in this work. Initial adhesion
experiments show NPC preferred several laminin-derived peptides by up

to 5-time higher cell numbers, compared to the well-known promiscuous
integrin binding RGD peptide. Importantly, screening of cell adhesion has
revealed a synergetic effect of filamentous matrix, peptide sequence, surface
property, ligand density, and the dynamic process of NPC adhesion.

Cultures of primary and stem cells are fundamental tools for
cell biology and medical research as well as for clinical applica-
tions.l! Biomaterials specifically tailored for different cell types
hold great promise for recapitulating stem cell niches and thus
supporting the cultures of particular sensitive cells.>

Biomaterials can be prepared from
natural substances such as proteins or
extracts of the extracellular matrix (ECM)
with Matrigel being a most frequently
applied product.>®l Alternatively, syn-
thetic materials can also be employed./'%
While proteins or ECM extracts can enable
effective cell adhesion and most faithfully
mimic the cellular microenvironments,
synthetic materials offer more defined
substrates with low batch-to-batch varia-
tion facilitating their applications espe-
cially for clinical purposes.!>'4

Many primary and stem cells are
anchorage-dependent cell types and
require a certain degree of adhesion to
a solid culture support to ensure cell
survival, growth, and development in
vitro.'%15-1 To enable cell adhesion, syn-
thetic materials can be modified with pep-
tides ligands, which are specific adhesion
sequences derived from ECM proteins.
The first reported and most frequently used sequence Arg-Gly-
Asp (RGD) has been identified by Ruoslahti and colleagues in
1984.11811 However, the RGD-based biomaterials are neither uni-
versal, nor cell type-specific substrates.l'”2%] In the past decades,
libraries of polymers and peptide-modified substrates have been
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created and screened to promote cell attachment for a large
variety of cell types like cancer cell lines, 22 mesenchymal
stromal cells,?*] embryonic stem cells,??l induced pluripotent
stem cells, 28] hepatic cells,?”) or microglial.l*%

Neural precursor cells (NPC) are primary cells intensively
studied in the context of research on adult neurogenesis and
modeling of neuronal development in health and diseased
states.?132l NPC are strongly dependent on laminin as cul-
ture support.*¥l Consequently, peptides from various laminin
subtypes have been the focus of many researches.>*3% It has
been shown that NPC can be expanded on surfaces coated with
laminin-derived IKVAV and YIGSR peptides.**-*1 However,
reports and results differ from each other, as the peptides were
displayed on different substrates,3! and cell lines®*! as well as
primary neurons* have been used in the different studies.
In this study, we applied the SPOT technology as a medium-
throughput array synthesis and screening approach to compare
different NPC-adhesion peptide sequences.

SPOT is a variation of the classical solid phase peptide syn-
thesis (SPPS) developed for synthesizing peptide arrays directly
on cellulose paper for screening experiments such as epitope
mapping.*# By using this method, Toepert and colleagues
screened more than 10 000 variants of a 38-mer WW protein
domain with different dye-labeled proline-rich peptides.[*]
Cellulose has further been successfully applied to directly
screening materials in cell culture. Whitesides and colleagues
have developed a multilayer paper-based assay. Cancer cells
were cultured within droplets of Matrigel spotted on cellulose
sheets, which could be stacked to reassemble 3D tissue for drug
testing.*®% Deiss et al. generated an array of 96 peptides on a
Teflon-patterned paper using a flow-through synthesis method
and applied breast cancer cells to validate their method.?Y Kaur
and co-workers have developed a peptide array-based on SPOT
and applied this method for screening up to 70 peptides origi-
nated from p160 or EGFR for their cell binding capacities.[?%>%
Cellulose has also been approved for culturing induced pluri-
potent stem cells.’!! Therewith, SPOT technology can offer an
efficient strategy to prepare peptide libraries for screening cell
adhesion peptides.l?>?l The peptide synthesis on PEG-amine-
modified cellulose offers the advantage of generating high
peptide density of up to 10 wmol cm™ (400 nmol cm™ in this
study®) exceeding surface concentration realizable on glass
(e.g., <10 pmol cm™2 for a streptavidin coated surface).2?! With
SPOT, peptide densities can be tuned and included as variable
in the synthesis and screening.

In the present study, we evaluated 46 reported peptides origi-
nated from Fibronectin, Laminin, as well as Cadherins for their
potency to support adhesion of NPC using SPOT technology.
As reference and setup control, primary endothelial cells have
been used. Endothelial cells such as human umbilical vein
endothelial cells (HUVEC) or human dermal microvascular
endothelial cells (HDMEC) have high affinity to fibronectin
coated surface.>*>% Therefore, these cells recognize and adhere
to various RGD-modified materials. In contrast, NPC were
expected to prefer laminin-derived sequences.

We aimed to probe the selectivity of peptide spots with cells
in direct comparison based on their functional properties
(e.g., sequence, ligand density, and surface charge). The pep-
tides were synthesized on cellulose membranes and tested by
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submerging into cell suspension. Cells were incubated for 3 or
24 h before being subjected to washing steps, fixation, staining,
imaging, and finally automated cell counting (Figure 1A; Figure
S1, Supporting Information)

The peptides were synthesized on amino-PEG-functional-
ized cellulose paper using SPOT synthesis®! (Figure S1A,B,
Supporting Information). Acetylation reaction is used to cap
unreacted N-terminal after each coupling cycle, in order to pre-
vent the generation of deletions in resulting sequences, also
resulting in acetylated amino-PEG chain in all peptide-free area
(Figure S2, Supporting Information). Every spot had a diameter
of 3 mm with a center-to-center distance of 6 mm and each
array contained 4 x 9 peptide spots. 2—4 different peptide densi-
ties were used in the screening. The peptide synthesis on cel-
lulose has been validated by adding a photo-cleavable linker at
the C-terminal. The peptides could be released from cellulose
membrane by photolysis and characterized by mass spectrom-
etry (Table S1 and Figure S9, Supporting Information).

We further developed an imaging and image analysis pro-
tocol, to evaluate and compare cell number, size, and shape
for each spot (Figure S1C, Supporting Information). The setup
was validated by seeding NPC and HUVEC on the SPOT array
of RGD peptides. The cells adhered specifically to the peptide
spots and aligned along the cellulose fibers (Figure 1A). More-
over, neither HUVEC nor NPC adhered to the peptide-free area,
creating a strong contrast between peptide spots and back-
ground of unmodified cellulose substrate. Cell counts on non-
peptide modified areas were used as background adhesion for
data analysis

Arrays of 3 different RGD peptides (R1-R3) in 4 different
densities (Figure 1) were generated using SPOT synthesis. In
addition, pre-synthesized cyclic-RGD peptide (R4) containing a
cysteine residue was conjugated to maleimide-modified spots
via Michael-type addition in 4 different densities (Figure 1B,C;
Figure S3, Supporting Information). The strength of initial
adhesion of NPC or HUVEC was evaluated by a standardized
washing procedure after 3 h of incubation with cells, followed
by fixation, staining, and imaging for nuclei and cell body
(Figure 1B,C).

All four peptide types and densities promoted adhesion for
HUVEC (Figure 1B). While neither sequence nor density of
R1, R2, or R3-modified spots caused significant difference, the
adhesion to R4-modified spots was shown to be concentration
dependent, decreasing with decreasing ligand density. Surpris-
ingly, the adhesion of NPC to R1, R2, and R3-modified cellu-
lose increased upon lowering the ligand density, whereas the
adhesion to R4-modifed cellulose decreased (Figure 1C). This
effect can be explained by the dilution strategy: Dilution of the
peptide concentration was achieved by mixing the first building
block glycine-Fmoc with glycine-Boc at the given ratios (Figure
S2, Supporting Information). After completion of the synthesis,
the Boc group was removed in the TFA deprotection step. Low-
ering the densities of R1, R2, and R3 on cellulose spots is thus
accompanied with the increase of free amino groups (PEG-Gly-
NH,), whereas the cellulose grafted with R4 does not possess
free amino group (Figures S2 and S3, Supporting Information).
The RGD peptides and PEG-Gly-NH, on cellulose could cause
a synergistic effect on NPC adhesion. To demonstrate this,
glycine-modified cellulose spots were generated (Figure S5A,

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 1. Peptide array on cellulose for cell-based screening. Al) Peptide spots can be visualized by UV light. A2-A4) NPC, attached to the peptide
spots or laminin on the cellulose membrane, were stained for actin and imaged with fluorescent microscopy. A5) Scanning electron microscopy
illustrated the location of the NPC on the cellulose fibers. B) HUVEC and C) NPC were seeded on the membrane functionalized with three different
SPOT synthesized RGD peptides or grafted with cyclic RGD (cRGD) using thiol-maleimide addition, in four different densities. After 3 h of incubation
surfaces were washed and cells were fixed. Cell counting was facilitated by automated image analysis of the fluorescent images. n = 2 biological with

3 technical replicates each. Mean = SEM.

Supporting Information). The amino-rich matrix showed a
moderate effect to promote NPC adhesion. In sum, different
cell types responded differently to the adhesion ligands as well
as ligand density and surface property. This suggests including
not only different peptide sequences but also ligand densities
as variables in a screening setup.

Endothelial cells interact with fibronectin-derived cell
binding sequence RGD, and are also capable to interact with
other adhesion peptides. We investigated the effect of 3 RGD
peptides and 4 short non-RGD peptides (derived from various

Adv. Biology 2021, 5, 1900303 1900303 (3 of 8)

ECM proteins, Supporting Information), either as separate or
as fused sequences on the adhesion of primary endothelial
cells (Figure 2; Figure S4, Supporting Information). The adhe-
sion of two different primary endothelial cells, HUVEC and
HDMEC were investigated. All short non-RGD peptides have
shown minor effects on promoting cell adhesion as compared
to peptide-free area, while both endothelial cell types can attach
strongly to the RGD peptide-modified spots.

We then investigated whether the non-RGD peptides would
show a synergetic effect when fused with an RGD peptide

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 2. Adhesion test (3 h) for endothelial cells. HDMEC were seeded on cellulose array and fibronectin coated cell culture plastic. n = 3 technical
replicates, mean £ SD. A) Analysis of cell numbers with one-way ANOVA F(15, 32) =48.3 with p < 0.0001 and Dunnett's post-hoc test and comparison to
negative control sequence ALREDN. B) Analysis of cell area with one-way ANOVA F(15, 32) =11.8 with p < 0.0001 and Dunnett's post-hoc test and com-
parison to negative control sequence ALREDN. C) Analysis of form factor with 1 indicating a perfect circle and 0 a straight line. One-way ANOVA F(15,
32) =17.1 with p < 0.0001 and Dunnett's post-hoc test and comparison to negative control sequence ALREDN. *p <0.01, “*p < 0.001, “**p < 0.0001.

(Figure 2; Figure S4, Supporting Information). The six fused
sequences did not provide increased numbers of adhered cells
(Figure 2A; Figure S4B, Supporting Information), however,
show remarkable effects on cell morphology (Figure 2B,C;
Figure S4C,D, Supporting Information). While F2, F4, and
F5 promoted spreading of HDMEC, all six fused sequences
caused elongation of both HUVEC and HDMEC morphology
with reduced form factors. It can be concluded that the
fused sequences provide multiple biochemical cues to better
mimic the basal lamina, resembling the cell morphology on
fibronectin-coated surfaces.

Different from endothelial cells, adhesion of NPC was
known to be highly dependent on laminin proteins, rather than
the simple RGD ligand. Therefore, we have included a collec-
tion of 34 laminin-derived NPC adhesion peptides reported in
literatures (L1-L19, L21-L35) in array design. Further, 9 pep-
tides with Cadherin-derived sequences (C1-C9), two RGD ref-
erences (R3), and a negative control (R5) have been included
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in the screening. Cadherins are adhesion proteins involved
in cell-cell interaction and are important to modulate cellular
behavior.l*’!

High-density arrays of 46 peptides were synthesized
(Figure 3). NPC were seeded on the arrays and tested for adhe-
sion. While the RGD peptide R3 gave an adhesion of 2080 +
226.6 cells per area, a remarkable difference among the 46 pep-
tides was found. Laminin peptides L1 and L2 provided more
than fivefold increased numbers of attached cells as compared
to R3 (12 188 + 576.3 and 11 617 * 588.1, respectively). A few
laminin peptides were less potent than R3. The negative control
R5 did not show countable cells, demonstrating that cell adhe-
sion was sequence specific. Interestingly, all cadherin peptides
did not promote NPC adhesion either and were thus excluded
from further analyses.

A low-density array (1/125) containing 29 laminin-derived
sequences was synthesized to compare with the high-density array
(Figure S5B, Supporting Information). The number of counted

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 3. Screening of 46 peptides on cellulose for promotion of NPC adhesion. Cell counts are provided as cells per cm?. A-E) Representative
images of NPC on peptide spots. In addition to cell counts, the peptide sequences, the corresponding sequence IDs, as well as peptide net charge
and hydrophobicity are provided. N = 6-9. Mean + SEM. Black bars indicate differences to ALRGDN (white bar, sequence in red) by one-way ANOVA

and Dunnett's post-hoc test at p < 0.01.

NPC was doubled on the low-density L22, L27, 128, and 129 spots
as compared to the high-density spots, whereas the opposite effect
has been observed for L3 and L4 peptides. Therefore, the syner-
gistic effect of cell adhesive ligand and free amino group on NPC
attachment is dependent on the peptide sequences. In general,
the relatively weak adhesive sequences for NPC benefit more
from the synergetic effects of the cellulose matrices.

To investigate the contribution of physical or chemical
properties to the cell-material interaction, we analyzed the
potential correlation between cell adhesion and net charge as
well as hydrophobicity of peptides (Figure 3). While hydro-
phobicity did not correlate with cell adhesion, NPC showed a
preference to neutral and positively charged peptides as adhe-
sive substrates over negatively charged sequences (Figure 3;
Figure S6, Supporting Information). We have found that
laminin peptides can provide superior adhesion properties for
NPC than the RGD peptide. While different binding prefer-
ences have been found in the library of laminin sequences,

Adv. Biology 2021, 5, 1900303 1900303 (5 of 8)

loading density, and physical property of peptides can also
affect NPC adhesion.

We then investigated whether the screening results could
be confirmed by grafting peptides synthesized by conventional
SPPS to cellulose matrix (Figure 4A). Five peptides, L1, L8,
L16, R3, and negative control R5 were synthesized using SPPS.
To achieve covalent coupling to the maleimide functionalized
cellulose, a cysteine residue was added to the C-terminals of
sequences, while cysteine residues in the original sequences
were replaced by methionine residues. Mass spectroscopy con-
firmed the correctness of the synthesized sequences (Figure
S10, Supporting Information ). It is important to note that
the grafting method cannot achieve the high ligand density
as SPOT synthesis. L1, L8, and L16 modified surfaces have
shown enhanced adhesion to NPC, as compared with the RGD
peptide. Although the cell adhesion is relatively lower on the
grafted surfaces, the selectivity is in good agreement with the
screening array (Figure 3) generated by SPOT. In comparison

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 4. Analysis of NPC adhesion on peptide-grafted substrates. SPPS synthesized peptides were grafted to A,B) cellulose and C) PEMA-function-
alized glass. NPC were seeded on the peptide arrays of 3 selected candidate peptides and 2 control sequences. ALREDNG was chosen as negative
control and ALRGDNG as positive control. NPC were analyzed for cell numbers 3 h (A,C) and 24 h (B) post seeding. N = 3. Whiskers indicate the 2nd
percentile and the 98th percentile. One-way ANOVA with Dunnett's post-hoc test comparing to ALREDNG, “*p < 0.001.

with the grafting approach, the SPOT approach is more time-
efficient and flexible, generating materials with high peptide
density, thus particularly suitable for primary screening.

The screening described above focused on the effective ini-
tial adhesion within 3 h after seeding. However, optimal con-
ditions for cellular reorganization could differ from the initial
adhesion tests. To investigate this relationship, we have seeded
and incubated the cells over the time course of 24 h on cellulose
paper grafted with L1, L8, L16, R3, or R5 peptides. Interestingly,
remarkable changes were unveiled in cell number and mor-
phology (Figure S7, Supporting Information). The RGD peptide
R3 exhibited weak interaction with NPC after 3 h incubation in
comparison to the laminin-derived peptides. After 24 h, R3, L1,
and L8 modified celluloses have shown similar attachment to
NPC (Figure 4B). Furthermore, the NPC showed elongated and
stretched phenotype as indicated by a smaller form factor and
larger area per cell on R3 (Figure S7, Supporting Information).
This result underlines that the adhesion of NPC to cellulose
materials is a dynamic process with different ligands contrib-
uting in different types of interaction over time. While laminin
peptides enable effective adhesion in initial adhesion tests,
RGD sequence promoted enhanced spreading of the cells.

We then investigated the application of these identified
laminin peptides to other type of matrix (Figure 4C). Glass slides
were coated with polyethylene maleic-anhydride copolymer
(PEMA) and the functionalization with maleimide enables cou-
pling of peptides by Michael-type addition. The grafting process
was monitored by quartz crystal microbalance and ligand den-
sity can be tuned by varying concentration of Cys-containing
peptide (Figure S8, Supporting Information). The L1 and L8
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grafted PEMA surfaces have shown higher adhesion to NPC as
compared to the RGD peptide, which is in line with the observed
preferences on cellulose. However, the overall cell numbers were
remarkably lower than on the corresponding cellulose surfaces.
NPC adhered poorly to L16-grafted PEMA surface. These results
indicate that the high surface concentrations possible on cellu-
lose and its fibrous structure contribute to the adhesion of NPC
on the SPOT array. While the peptide-modified cellulose surfaces
would have great potential to improve the culturing condition of
NPC, grafting the same peptides to other polymer surface such
as PEMA has shown limited use in this study of NPC culture.

In this report, we screened SPOT array for the property
to promote NPC adhesion, to re-evaluate various previously
reported peptides sequences and to develop cellulose-based
materials for NPC culture. The candidate matrices were selected
by their adhesion-promoting properties and confirmed by post-
screening validation. Through this systematic screening, we
confirmed several laminin peptides outperforming RGD in
a short-term adhesion assay. Interestingly, NPC showed an
increased spreading on the RGD reference after 24 h of culture
indicating differential requirements for adhesion and cellular
reorganization of these particular cells. In the future, long-term
culture of NPC will be investigated on these cellulose-based
materials, while the technology will also be applied to support
adhesion and guidance of differentiation of stem cells.

Experimental Section

Details of the materials and experimental methods are provided as
Supporting Information.
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Supporting Information

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