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Most cell functions, such as adhesion, growth, proliferation,
and differentiation, are affected by the way cells interact with
extracellular matrix (ECM).[ The ECM is a complex mixture
of nonliving material that surrounds most of the cells in
multicellular organisms and determines the physical proper-
ties of tissue by cell-matrix contacts. Apart from the
regulation of the intercellular communication, ECM is
responsible for the dynamic behavior of cells. In biomedical
research, functionalized nanostructured materials, such as
self-assembled monolayers (SAMs) of nanoparticles (NPs),
have been used as a model system of ECM.™ In the SAMs of
NPs, the functional groups anchored to the NPs offer a much
higher density than the same groups just covalently linked to
the surfaces or as a SAM on the substrate.?"* This effect leads
to a higher number of contact points between cells and
a surface, and so the information transfer between the living
cell and the biocompatible material can be improved and
controlled.

During the last decade it was shown that the interaction
between cells and nanostructured surfaces can be controlled
with bioactive ligands,” for example carbohydrates® or
peptides®® adsorbed or grafted to the surface,” thus introduc-
ing biocompatibility and enhancing cell adhesion and growth.
Since in nature enantiomers show different effects on
biological processes, both optical isomers of the respective
bioactive ligands must be considered for the design of
biocompatible nanostructured materials. In pioneering
work, Addadi etal. showed that epithelial cells on an
enantiomorphous calcium tartrate crystal surfaces have
different behaviors.®! Recently Sun et al. reported the inter-
action of living systems with chiral surfaces.”’ They demon-
strated that cells change their morphology and their adhesion
behavior depending on the used chiral surface. The same
group reported that single- and double-stranded DNA and
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proteins have different adsorption behavior on enantiomor-
phous surfaces.!"!

Herein we present the enantioselective functionalization
of zeolite nanoparticles with amino acids. Monolayers of
these functionalized crystals were made, and the stereocon-
trolled interactions of the obtained enantiomorphous SAM
with different cell types (primary cells, cell lines, including
cancerogenic cells) are reported. The use of zeolites versus
the simple functionalization of the substrate surface allows us
to take advantage of the pores of the particles, which can host
fluorescent dyes. Using enantiomorphous SAMs of dye-
loaded zeolites allows us to establish the positioning of the
cells on the NPs. Interestingly we found that our strategy can
be employed for the separation of primary cells and
cancerogenic cells. In particular, outstanding selectivity was
found between endothelial and C-6-glioma cells, which were
successful explored to separate the two types of cells.

Zeolite L crystals, which are well-known microporous
aluminosilicate materials, were chosen as micro/nano objects,
taking advantage of their crystalline nature, biocompatibility,
optically transparency, and size-tunable properties!'! (30 to
10000 nm); particularly relevant for our application is the fact
that their aspect ratio can be modulated from long cylinders
up to very flat disks. Zeolites have many applications in the
field of sensing,'” electronics,™® and biotechnology."! The
surface of the crystals can be easily functionalized and they
can be organized in monolayers on a silica substrate.[!>!6]
Recently, we described the functionalization of zeolites and
SAM of zeolites with the bioactive molecules arginine—
glycine-aspartic acid (RGD)!"” and a-p-mannoside,®
respectively, by the microcontact printing technique. The
corresponding SAMs of zeolites were used for cell-adhesion
and cell-patterning experiments."7-1*!

Penicillamine (PEN), which is a bioactive chelating agent,
was selected as bioactive molecule, as the two enantiomers
possess very different properties. The pharmaceutical form of
PEN is D-penicillamine (D-PEN), which is used to remove
excess copper associated with Wilson’s disease. L-penicill-
amine (L-PEN) inhibits the action of pyridoxine, which assists
in the balancing of sodium and potassium as well as
promoting red blood cell production.

Disk-shaped zeolite L crystals were prepared'!! with circa
820 nm average diameter and 360 nm height (see Figure 1a,b;
for a size distribution histogram and X-ray powder diffraction
pattern (XRD) of the zeolites, see the Supporting Informa-
tion, Figure S1 and S2, respectively). The crystals were loaded
with N,N'-bis(2,6-dimethylphenyl)perylene-3,4,9,10-tetracar-
boxylic acid diimide (DXP), which is a fluorescent dye
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Figure 1. Scanning electron microscopy (SEM) images of disk-shaped
zeolite L crystals (a,b). SEM images of L-PEN-zeo (c), b-PEN-zeo (d).

molecule," and functionalized with 3-(aminopropyl)trie-
thoxysilane (APTES) by standard procedures.” The
amino-functionalized zeolite L crystals (NH,-zeo) were di-
vided into two parts. One part was functionalized with b-PEN
and the other portion was reacted with L-PEN. The function-
alization was conducted in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxy-
succinimide (NHS) in dimethylsulfoxide (DMSO) to initiate
the peptide coupling reaction, to introduce chirality on the
zeolite surface (Supporting Information, Figure S3). Finally,
the respective SAMs of enantiomerically functionalized
zeolites (Figure 1c,d; for the preparation procedure, see the
Supporting Information) on glass surfaces were prepare-
d.5*161 Zeolite L crystals were covalently attached on the
glass surface to give stable SAMs of zeolite L.

The obtained D- and L-PEN functionalized zeolite crystals
(D-PEN-zeo, L-PEN-zeo) were characterized by IR spectros-
copy, X-ray photoelectron spectroscopy (XPS), and zeta
potential. The IR bands of the v(CO) and v(CN) vibrations of
the amide bonds of the PEN functionalized zeolite L, which
are characteristic for amide I and amide II absorptions, were
observed at about 1641 cm ™" and 1543 cm™! (L-PEN-zeo) and
1645 cm™" and 1543 cm™" (D-PEN-zeo), respectively (Support-
ing Information, Figure S4,S5). The C1s XPS spectra of the D-
and L-PEN-zeo displayed a sharp Cls peak at around
285.0 eV for the hydrocarbon chain. The binding energy of
about 288.4 eV was assigned to the amide functions (O=C—N;
Supporting Information, Figures S6,S7). Additionally, the
significant increase of the zeta potential of the modified
zeolites from 17.0 mV (NH,-zeo) to 25.1 mV (D-PEN-zeo)
and 24.9 mV (L-PEN-zeo), respectively, at pH 7 indicates the
successful functionalization of the NH,-zeo with penicill-
amine.

Subsequently, adhesion experiments were performed with
different cell types, such as primary cells (endothelial cells),
and cancerogenic cells (HeLa, RGC-5, RBE-4, C-6-glioma
cells), on both p- and L-PEN-zeo monolayers. Each of the cell
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types were separately seeded on the Dp- and L-PEN-zeo
monolayer on glass and incubated. After 12 h the adhered
cells were washed, fixed and stained with 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI).

Fluorescence microscope images showed that the adhe-
sion behavior of cell lines as well as the primary cells is
different on the functionalized zeolite L monolayers depend-
ing on the surface chirality (Figure 2). The population of
HeLa cells (derived from cervical cancer), RBE-4 (rat brain
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Figure 2. A) Quantitative data of adhered cells on b- and L-PEN zeolite
monolayers. N =3; **** data show significant differences (ANOVA: *
p <0.05, *** p<0.001). Density of HeLa cells on SAMs of L-PEN-zeo
and p-PEN-zeo was 1.4x10° cm 2 and 6.5x10* cm ™, respectively.
Density of RBE-4 cells on SAMs of L-PEN-zeo and p-PEN-zeo was
determined to be 8.5x 10" cm 2 and 3.3x10* cm?, respectively. Den-
sity of C-6-glioma cells on SAMs of L-PEN-zeo and p-PEN-zeo was
2.7x10° cm™ and 2.5x10° cm™?, respectively. Density of RGC-5 cells
on SAMs of L-PEN-zeo and p-PEN-zeo was 2.6x10° cm 2 and

2.1x10° cm™2, respectively. B) Fluorescence microscope images of
different adhered cells on enantiomerically pure functionalized zeolite
monolayer surfaces. (a—j) excitation range 330-385 nm; (k, |) excitation
range 400-440 nm; blue: DAPI-stained cells, green: DXP-loaded zeo-
lites.
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endothelial cell line), and RGC-5 cells (rat retinal ganglion
cell line) on the L-PEN-zeo surface was higher than on the p-
PEN-zeo surface (Figure 2). For HeLa cells, more than twice
as many cells adhered to the L-PEN-functionalized surface,
and in the case of RBE-4 cells even close to three times more
cells were detected. RGC-5 cells preferred the L-Pen-zeo
surface but it looks like that this cell type build larger clusters
on the D-Pen-zeo surface. These results demonstrate that cells
can recognize and differentiate between different enantio-
morphous SAM of zeolite surfaces. Impressive differences
were obtained when we compared primary porcine brain
capillary endothelial cells (PBCEC) and C-6-glioma cells (rat
astrocyte glioma cells). The cells showed completely different
adhesion behaviors. While C-6-glioma cells adhered on both
surfaces almost equally, endothelial cells did not adhere at all
(Figure 2). This behavior is probably caused by the bioactive
substituents of the zeolite L surfaces!' ¥l and/or is effected by
the nanostructural character of the surfaces.*! This striking
result therefore would indicate that it is possible to separate
one type of cell in the presence of the other. The use of DXP-
loaded PEN zeolites allowed us to monitor zeolite crystals
and the stained cells independently. We were able to
determine the position of the cells on the monolayer surfaces.
The fluorescence microscope images of RGC-5 cells on DXP-
loaded SAMs of zeolites are shown as representative
examples in Figure 2k,l.

Besides cell-ECM interaction, the analysis and the
separation of cells (for example extraction of rare cells from
a heterogeneous population) are important tools in exper-
imental biology and medicine.’” Especially prevention of
contamination of cell cultures or separation of primary cells
from cell lines require spatial methods. To show that the
selectivity of our surface towards cell adhesion can be used for
cell separation, we prepared our new enantiomorphous
biocompatible material for a new set of experiments. As
a representative example, we used D-PEN-functionalized
zeolite monolayers to separate endothelial cells (primary
cells) from C-6-glioma cells (cell line), because the isolation
of differentiated glioma cells from endothelial cells of the
blood-brain barrier (BBB) is still not possible by different
digestion protocols. A 1:1 mixture of both cell types was
seeded on the D-PEN-zeo monolayer, and after a 12h
incubation period, the supernatant and the D-PEN-zeo
monolayer were separated. The adhered cells on the D-
PEN-zeo monolayer were fixed and immunostained with
antibodies. Van Willebrand factor (VWF, red fluorescence)
expressed by endothelial cells™ and glial fibrillar acid protein
(GFAP, green fluorescence) expressed by C-6-glioma cells?!
were used as specific antigens. Subsequently nuclei of the
adhered cells on the b-PEN-zeo monolayer were stained with
DAPI (blue fluorescence). Finally they were analyzed by
fluorescence microscopy (see Figure 3A) and quantified by
using the program ImageJ (Figure 3B). The fluorescence
image in Figure 3A clearly shows that C-6-glioma and
endothelial cells are perfectly separated from each other by
using D-PEN-zeo monolayer surfaces. The only cells that
adhered on the zeolite monolayer were C-6-glioma cells,
because only green fluorescent GFAP expressed cells were
detected by fluorescence microscope. None of the red
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Figure 3. Separation of endothelial cells and C-6-glioma cells with SAM
of D-PEN-zeo surfaces. A) The immunofluorescence image of the
adhered GFAP-labeled C-6-glioma cells on SAMs of p-PEN-zeo sur-
faces (excitation range 460-550 nm; blue: DAPI stained C-6-glioma
cells nucleus, green: GFAP-labeled C-6-glioma cells). B) Quantitative
data of adhered cells on p-PEN-zeo monolayers. N=4; * data show
significant difference (ANOVA: * p <0.05). Density of C-6-glioma cells
on SAMs of p-PEN-zeo is 2.5x 10° cm 2 There were no endothelial
cells on SAMs of b-PEN-zeo detected.

fluorescent vVWF expressed endothelial cells were found on
the surface of zeolite monolayers.

To improve our results, we quantified the number of non-
adhered endothelial and C-6-glioma cells in the supernatant
after the cell separation experiment. Cells in the supernatant
were immunostained with vVWF (endothelial cells) and GFAP
(C-6-glioma cells), respectively, and analyzed by employing
the enzyme-linked immunosorbent assay (ELISA). ELISA
showed that in the supernatant of the cell separation experi-
ment the amount of vWF (endothelial cells) was at least three
times higher than the amount of GFAP (C-6-glioma cells; see
Figure 4). Therefore our new enantiomorphous, biocompat-
ible material (SAM of D-PEN-zeo) was able to absorb
selectively in a first step more than 60% of the C-6-glioma
cells from the starting 1:1 endothelial/C-6-glioma cell mixture.

In conclusion, we demonstrated the successful enantiose-
lective functionalization of zeolites with D- and L-penicill-
amine, respectively, and the construction of the respective
enantiomorphous SAM of zeolite surfaces. By cell adhesion
experiments with different type of cells we demonstrated that
cells recognize and differentiate between the different
enantiomorphous SAM of zeolite surfaces. Finally we used
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Figure 4. The relative amount of non-adhered endothelial cells and C-
6-glioma cells in the supernatant determined by ELISA. The value of
non-adhered cells of endothelial cells was determined to 1.000+0.016
and the absolute value of C-6-glioma cells 0.333 £0.048. N =6-8; ***
data show significant differences (ANOVA one sample t-test: *#*

p <0.001). The data were normalized on the absorption (450 nm) of
endothelial cells to unity.

our new biocompatible surface for the selective separation of
malignant C-6-glioma cell lines from primary endothelial
cells.

The results open new perspectives for the construction of
suitable enantiomorphous SAM of NPs (as ECM models) to
understand cell-surface interactions more in detail. Further-
more, not only the control of cellular behavior (for example,
cell separation, cell adhesion, cell growth, cell differentia-
tion), but also the realization of new biocompatible surfaces
for, for example, tissue engineering is envisaged.

Experimental Section

Disk-shaped zeolite L crystals were synthesized according to liter-
ature procedure!''! and the XRD pattern of zeolite L was compared
with the literature results.””) Amino functionalization,?” DXP load-
ing,"”! and preparation of SAMs of zeolites on glass!™!% were
carried out according to literature methods. Cell and ELISA experi-
ments are described in the Supporting Information.

D- or L-PEN functionalization of zeolite L: A solution of b- or L-
PEN (0.2 mm), EDC (1.5 mm), and NHS (3.0 mm) in 1 mL DMSO
was added dropwise to a suspension of the NH,-zeo (20 mg) in 1 mL
DMSO. The reaction mixture was stirred for 18 h at room temper-
ature. Subsequently, the suspension was centrifuged 10 min at
4400 rpm and the isolated solid was washed with DMSO (2 x) and
with ethanol (3 x). Finally the solid was dried at room temperature.
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