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ABSTRACT: The rapid and exact identification and quantification of specific
biomarkers is a key technology for always achieving more efficient diagnostic
methodologies. We present the first application of a nanostructured device
constituted of patterned self-assembled monolayers of disk-shaped zeolite L
coated with the cyclic integrin ligand c([RGDfK] via isocyanate linker, to the rapid
detection of cancer cells. With its high specificity toward HeLa and Glioma cells
and fast adhesion ability, this biocompatible monolayer is a promising platform for
implementation in diagnostics and personalized therapy formulation devices.

Integrins are heterodimeric glycoproteinic receptors that from solid primary tumors during metastasis, entering in the
mediate cellular attachment to the extracellular matrix blood circulation. The importance of CTC counting in cancer
(ECM) and to other cells." ™ Upon interaction with specific diagnostics has grown over the past decade,*™" as their
ligands (i.e., fibrinogen, fibronectin, plasminogen), they also concentration in the blood represents an indicator of a tumor’s
regulate various cellular functions, such as adhesion, migration, invasiveness, allowing monitoring of the therapeutic outcomes
invasion, proliferation, and survival/anoikis."* There is clear of cancer. Moreover, CTCs may serve as a “liquid biopsy” by
evidence of the crucial role of integrins in a variety of severe providing representative tumor tissue, essential for biomarker
diseases, and in particular, the integrins avfi3, avf3s, avpl, identification and subsequent formulation of a personalized
a6p4, and a4fj1 are involved in the development of invasive therapeutic treatment.”” Current technology platforms for the
tumors.*™® insulation of CTCs involve immunomagnetic beads or
Since the discovery of the Arg-Gly-Asp (RGD) tripeptide as microfluidic devices,”® > which both still suffer from low
the minimal recognition motif for many integrins including CTC capture.
avf33, avfs, and avpl,"’ this sequence has been employed for Based on these premises, herein we present the first
the design of small-molecule integrin antagonists”>'~"* V\lzhich implementation of an integrin-targeting nanostructured device
5—17

led to important results in blocking tumor progression. constituted of patterned self-assembled monolayers (SAM) of

Interest has also recently focused on the construction of RGD- disk-shaped zeolite L**7*% coated with the cyclic integrin ligand
conjugates with anticancer drugs, diagnostic probes, nano- c[RGDfK],”*” as a prototype for the rapid and selective
particles, or nanocarriers, for cancer therapy or imaging.'®™*' detection of cancer cells. The RGD cyclopeptide was
Besides, much effort has also been directed to the preparation specifically chosen for its higher affinity, higher resistance to
of RGD-functionalized bioactive surfaces to favor integrin- chemical degradation, and higher selectivity with respect to its
mediated cell adhesion and growth for biomedical applications, linear equivalents.'” The amino group in the lysine allowed
especially implant materials.””~>* For such uses, long contact efficient conjugation to the monolayer via isocyanate linker."*
times between the substrates and the cells are envisaged. Zeolite SAMs, previously employed for the construction of cell-
Conversely, much less attention has been paid to the growth substrates, were chosen for the large surface area and
development of RGD-functionalized bioactive surfaces as the possibility of high density of superficial functionalization
diagnostic devices to detect cancer cells, for which a fast and
yet selective and strong adhesion is preferable. For instance, Received: June 23, 2015
these devices could be exploited for the entrapment and study Revised:  August 1, 2015
of circulating tumor cells (CTCs). CTCs are cells that detach Published: August 11, 2015
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Figure 1. SEM images of (a) zeolite L crystals; (b) DXP-Zeo-IC covalently attached on the surface; SAM before (c) and after (d) PDMS patterning.
Inset: confocal image of printed SAM, A, = 490 nm. (e) Sketch of the c[RGDfK]-SAM bound onto a glass substrate. (f—h) Confocal images of

c[RGDfK]-SAM after reaction with RITC. (i—k) IC-SAM. (fi) DXP channel (green) A...= 490 nm. (gj) RITC channel (orange) 4

= 540 nm.

exc

(hk) Overlay. Scale bar = 200 um. (1) High-resolution N(1s) XPS of c[RGDfK]-SAM. Inset: high-resolution N(1s) XPS of IC-SAM.

with bioactive molecules, providing a large number of contact
points, exploitable for a more effective binding to biological
systems.’* The formation of the SAM is achieved by chemical
functionalization™*~**** of the channel entrances of this porous
material, allowing control of the crystal orientation. Further-
more, the organization of the biomolecules on the SAMs can be
controlled by microfabrication techniques (i.e., soft lithography
and microcontact printing) that allow the creation of
predefinite morphologies, dimensions, and molecular orienta-
tions."'~

To construct the biocompatible substrate, large and ultraflat
disk-shaped zeolite L crystals approximately 1000 nm in width
and 250 nm in height (Figure 1a and Supporting Information)
were employed.”” The crystals were first loaded with the
fluorescent dye DXP* (A, = 490 nm; A, = 564 nm), for
visualization purposes (DXP-Zeo), and subsequently their
surface was functionalized with ICPTES (DXP-Zeo-IC), for
both synthesis of the monolayer and successive grafting of the
RGD-cyclopeptide. The characterization of the functionalized
zeolites was performed by XPS and TGA. The first technique
allowed analysis of the elemental composition of the material
upon DXP insertion and subsequent surface functionalization
with ICPTES; the very low C(1s) and N(Is) signals for the
pristine zeolites, C(1s) 6.1 At%, N(1s) 0.7 At%, increased
significantly in DXP-Zeo and DXP-Zeo-IC, C(1s) 20.7 and
33.0 At%, N(1s) 2.0, and 5.5 At%, respectively (Figure SS,
Table S1). TGA further confirmed the two functionalization
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steps by displaying increasing weight loss passing from zeolites;
negligible weight loss in the analyzed temperature range, to
DXP-Zeo and DXP-Zeo-IC, 1.7% and 5.7% weight loss,
respectively, contribution of water excluded, confirming an
increasing amount of organic molecules in the hybrids (Figure
S6). Ultimately, SEM analysis demonstrated that the
morphology of the zeolites was preserved throughout the
functionalization steps (Figure S7).

The SAMs were prepared according to a protocol developed
in our laboratories (Figure 1).%* Activated silica plates were
functionalized with APTES to introduce amino groups on the
surface. The coupling with DXP-Zeo-IC, fundamental to the
formation of the monolayer, was performed by sonicating the
amino-functionalized glass substrates in a suspension of DXP-
Zeo-IC in toluene. A stripe-patterned elastomeric PDMS stamp
was then pressed onto the DXP-Zeo-IC SAMs (IC-SAMs) and
quickly peeled off,*" leaving stripes of about 50 ym of SAMs on
the surface of the glass. This pattern was chosen to better
highlight the specific attachment of the cells only on the
peptide-functionalized regions of the zeolites.

Once prepared, the printed substrate was coupled with the
integrin ligand c[RGDfK]. The cyclopeptide was readily
prepared by cyclization of the linear precursor H-Asp(OtBu)-
D-Phe-Lys(Boc)-Arg(Mtr)-Gly-OH, obtained in turn by solid-
phase peptide synthesis using the acid-labile 2-chlorotrityl resin
and the coupling agents TBTU/HOBt/DIPEA under con-
trolled MW heating, according to a recently optimized

DOI: 10.1021/acs.bioconjchem.5b00350
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Figure 2. (a—f) Confocal images of c[RGDfK]-SAM (DXP, green channel, 4, .= 490 nm) and IC-SAM (DXP, red channel, A,. = 490 nm) after 30
min incubation at 37 °C with 1 X 10° cancer cells; cells are visualized in blue (DiO staining, Ae,. = 484 nm), primary endothelial cells in yellow (DiD,

A

exc

= 644 nm); scale bar = 100 ym. DXP emission is rendered either in green (a—c) or in red (d—f) for c([RGDfK]-coated or uncoated monolayer,

respectively. (g) Number of adhered cells cm™ on ¢[RGDfK]- and IC-SAMs (analyzed area: 0.0025 cm?).
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Figure 3. (a—d) Confocal images of c([RGDfK]-functionalized (DXP, green channel, 4,

25

20

15

10

5

HelLa/T-293 Glioma C6/T-293
B Cancer
Healthy
N ' gy |
¥ - b = = o
IC- [RGDfK]- IC- [RGDfK]-
SAMs SAMs SAMs SAMs

=490 nm) and IC-SAMs (DXP, red channel, 1.,. = 490

exc

nm) after incubation with a mixed cell population (1 X 10° of each cell line, 30 min, 37 °C); cancer cells are visualized in blue (DiO, A, = 484 nm),
and primary endothelial cells in yellow (DiD, A, = 644 nm); scale bar = 100 um. (e) Number of adhered cells cm™ on c[RGDfK]- and IC-SAMs

(analyzed area: 0.0025 cm?).

procedure.”” After peptide cleavage with AcOH/TFE, the
cyclization was performed by slowly adding the linear peptide
to a solution of HATU/DIPEA. The final deprotection with
TFA/scavengers afforded the crude cyclopeptide, isolated by
semipreparative RP-HPLC. Bioconjugation of the peptide to
the printed monolayer was thus ultimately performed upon
immersion of the patterned IC-SAMs into a solution of
¢[RGDfK] and TEA in DMF.

Effective functionalization of the monolayers with the
peptide was assessed by XPS analysis and by selective reaction
with RITC (Figure 1f-1). Due to its isothiocyanate group, this
dye can react with the arginine of c[RGDfK]-SAM, but not
with IC-SAM. Accordingly (Figure 1f—h), confocal imaging of
the two substrates showed that only c[RGDfK]-SAM presents
the characteristic emission of RITC, perfectly superimposable
on the signal of the DXP entrapped in the zeolites channels,
while the signal of the dye is not present in the IC-SAM (Figure
1i—k), clearly indicating that the presence of the RITC signal in
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the c[RGDfK]-SAM cannot be due to nonspecific adsorption
on the zeolites. Moreover, the images in Figure 1f—h show the
exclusive distribution of the dye along the stripes of the surface,
highlighting at the same time both the successful patterning and
the homogeneous biocoating. XPS analysis of the two
substrates further confirmed the increase of C(1s) and N(1s)
in the biocoated SAM compared to the nonderivatized
monolayer, C(1s) 30.6 and 5.1, N(1s) 42.6 and 8.7 At% for
IC-SAM and c[RGDfK]-SAM, respectively. Moreover, the
high-resolution XPS of the N(1s) peak for c[RGDfK]-SAM
displayed a shape modification compared to IC-SAM (Figure 11
and inset). Indeed, the peak was composed of two signals, at
399 eV (present also in IC-SAM), corresponding to the
isocyanate form of N(1s), and at 402 eV, assigned to the
peptidic and urea form of N(1s).>>"’

Once the morphology and the effective surface functionaliza-
tion of the SAMs were confirmed, adhesion experiments were
performed with the integrin expressing cancer cell lines

DOI: 10.1021/acs.bioconjchem.5b00350
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HeLa>>* and Glioma C6.>**° In order to check the selectivity
of the functionalized monolayer toward cancer cells, adhesion
experiments were repeated using primary endothelial cells T-
293.%° Primary cells are known to have slower adhesion
kinetics®”*® compared to the cancer cells,”” and are not
expected to be immobilized on a functionalized surface after
rapid incubation times.”” Yet, we determined the adhesion of
the primary cells just to be sure that, after the biocoating of our
surface, the behavior of these cells would not have changed.59

Specifically, 1 X 10° cells of each cell line were stained (DiO
staining, A, = 484 nm; A, = 501 nm) and seeded on both IC-
SAMs and c[RGDfK]-SAMs, to evaluate any effects of the
peptide on the binding activity of the monolayers. After rapid
incubation (30 min, 37 °C), cells were washed and fixed with
PFA. Confocal microscopy showed that the adhesion behavior
on the SAMs of the cancerous cell lines is dramatically
different: as shown in Figure 2, the population of both HeLa
and Glioma C6 cells on c[RGDfK]-SAMs was much higher
than for the nonfunctionalized monolayers.

Accurate counting of the number of cells on the c([RGDfK]-
SAMs versus the IC-SAMs showed a 3.5- and 18.4-fold increase
of population, for HeLa and Glioma C6, respectively.
Increasing incubation times did not lead to significantly higher
cell adhesion. Conversely, T-293 cells (DiD staining, A= 644
nm; A, = 665 nm) did not bind to either c([RGDfK]- or the
IC-SAMs. These results demonstrate that cancer cells undergo
an efficient integrin-mediated adhesion after a very rapid
incubation compared to the lengthy times required for other
systems (>12 h)."'~*

To further demonstrate that the c[RGDfK]-SAMs could be
used for selective detection of cancer cells, we tested cell
sensing in the presence of a heterogeneous mixed cell
population. Cancer and primary cells (HeLa/T-293 and Glioma
C6/T-293 1:1, 1 X 10° each) were stained (cancer cells, DiO,
Aexe = 484 nm; A, = 501 nm; primary cells, DiD, A, = 644 nm;
Aem = 665 nm) and seeded on both IC-SAMS and c[RGDfK]-
SAMs. Confocal microscopy (Figure 3a—d) confirmed very low
binding of healthy cells on both substrates.

Most importantly, the number of cancer cells on the peptide-
coated SAM was much higher compared to the uncoated SAM,
confirming the role of the cyclic peptide in the recognition of
the integrin receptors overexpressed on cancer cells. Indeed,
the cancer/primary cell ratio increased from 4.5 and 3 for HeLa
and Glioma C6, to 8.5 and 20.7, respectively, when passing
from the IC-SAMSto the c[RGDfK]-SAMs (Figure 3e).

In conclusion, we have analyzed the selective adhesion of
cancer cells to zeolite L SAMs coated with the integrin ligand
c[RGDfK] via isocyanate linker. When challenged with a mixed
population of cancer and healthy cells, the c[RGDfK]-SAMs
showed almost exclusive adhesion of cancer cells. This adhesion
was very efficient for Hela and Glioma C6 cells (up to
saturation of the monolayer) upon very rapid incubation, a
feature which is expected to favor the implementation to
diagnostic device. Modulation of the surface tailoring and its
effect on the cell adhesion ability of these monolayers is
currently under study. Moreover, exploration of the possibility
to investigate the adhered cells by releasing either therapeutic
or signaling molecules from the pores of the zeolite SAM is also
ongoing. The c[RGDfK]-SAMs conjugate reported herein
might represent a potential candidate for the development of
new diagnostic kits or even implantable diagnostic devices
capable of specifically recognizing and trapping CTCs present
in biological fluids, thus enabling a significant advance in the
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early detection and study of cancer and other integrin-related
diseases.
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