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Molecularly imprinted polymer nanogels targeting
the HAV motif in cadherins inhibit cell-cell
adhesion and migrationy
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Cadherins are cell-surface proteins that mediate cell-cell adhesion. By regulating their grip formation
and strength, cadherins play a pivotal role during normal tissue morphogenesis and homeostasis of mul-
ticellular organisms. However, their dysfunction is associated with cell migration and proliferation, cancer
progression and metastasis. The conserved amino acid sequence His-Ala-Val (HAV) in the extracellular
domain of cadherins is implicated in cadherin-mediated adhesion and migration. Antagonists of cadherin
adhesion such as monoclonal antibodies and small molecule inhibitors based on HAV peptides, are of
high therapeutic value in cancer treatment. However, antibodies are not stable outside their natural
environment and are expensive to produce, while peptides have certain limitations as a drug as they are
prone to proteolysis. Herein, we propose as alternative, a synthetic antibody based on molecularly
imprinted polymer nanogels (MIP-NGs) to target the HAV domain. The MIP-NGs are biocompatible,
have high affinity for N-cadherin and inhibit cell adhesion and migration of human cervical
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adenocarcinoma (Hela) cells, as demonstrated by cell aggregation and Matrigel invasion assays,
respectively. The emergence of MIPs as therapeutics for fighting cancer is still in its infancy and this
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Introduction

Cadherins are a large family of cell-surface transmembrane
glycoproteins that mediate Ca®*-dependent cell-cell adhesion.
Cadherin-mediated adhesion plays a central role in tissue
morphogenesis during embryonic development, maintenance
of tissue and organ architecture, cell motility and gene
expression.” However, the dysfunction of these molecules due
to various pathological conditions is implicated in uncon-
trolled cell migration and proliferation, tumour and metasta-
static cancer progression.®® Type 1 classical cadherins which
comprise E (epithelial), N (neural) and P (placental) cadherins
are characterized by their five ectodomains (EC1-EC5), a
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novel demonstration reinforces the fact that they have a rightful place in cancer treatment.

conserved tryptophan residue localized at the second position
(Trp2) at the N-terminal and a conserved His-Ala-Val (HAV)
sequence in the EC1 ectodomain®’ (Fig. 1A). Cadherin-
mediated cell-cell adhesion occurs via the reciprocal insertion
of Trp2 from one cadherin into the hydrophobic pocket, lined
by the conserved HAV domain of an identical cadherin from an
adjacent cell.

To fight cancer development and metastasis, E-, N- and
P-cadherins have served as viable therapeutic targets for
numerous antibodies®® and small molecule inhibitors."®
The therapeutic antibodies were directed towards various epi-
topes on the extracellular domain and a few have been tested in
preclinical studies.’™"* Regarding small molecule inhibitors,
peptides containing the cell adhesion recognition sequence
HAV have been used principally as N-cadherin anta-
gonists.'”"? For instance, the cyclic peptide N-Ac-CHAVC-NH,,
known as ADH-1 and developed by Adherex Technologies Inc.,
has successfully completed a number of phase I and II clinical
trials, for its ability to inhibit tumour growth when used alone*
or in combination with anti-cancer drugs.'”> Importantly, the
amino acids that flank the HAV domain determine both the
specificity and the activity of the peptides. Consequently,
several peptides that act as N-cadherin inhibitors have been

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) Schematic representation of trans dimerization of cadherins. The five ectodomains (EC1 to EC5) are represented as grey and green ovals, and
Ca* ions are shown as yellow rhombi. Adhesion occurs by the insertion of W2 from one cadherin into the hydrophobic pocket, lined by HAV located in
the EC1 of the adjacent cadherin. (B) Multiple sequence alignment showing the amino acids (red) in human E-, N- and P-cadherins, involved in cell

adhesion. Alignment performed with EMBL-EBI.

synthesized by incorporating flanking amino acids specific to
N-cadherin to the HAV peptide. One of the first reported
peptides with this purpose is the linear decapeptide N-Ac-
LRAHAVDING-NH,, that inhibits human N-cadherin in neurite
outgrowth."® More recently, a shorter cyclic peptide containing
the HAVDI sequence'®'” was identified as a highly potent
inhibitor of N-cadherin cell adhesion and cell differentiation.
It was also shown that when the HAV motif is flanked by a
single serine, which mimics the natural HAVS sequence of E-
cadherin, it loses its ability to inhibit the N-cadherin response,
underlining the high specificity of interaction. However, pep-
tides have certain limitations as a drug, as they are prone to
proteolysis. As an alternative, we propose to use molecularly
imprinted polymer nanogels (MIP-NGs) as synthetic antibodies
to target the HAVDI domain, for blocking N-cadherin adhesion.

Molecularly imprinted polymers (MIPs) are tailor-made syn-
thetic antibodies possessing specific cavities designed for a
target molecule."®?° They are obtained by polymerizing func-
tional and crosslinking monomers around the molecule of
interest which acts as a template. After polymerization, the
template is removed, resulting in a polymer with binding sites
that are complementary in size, shape, and position of the
functional groups to the template. The MIP can subsequently
recognize and bind the molecule of interest with high affinity
and specificity similar to that of an antibody with its antigen.
Recently, we showed that MIP-NGs targeting the conserved N-
terminal epitope Asp1-Trp2-Val3-Ile4-Pro5-Pro6-Ile7 (DWVIPPI)
(Fig. 1B) had high selectivity and affinity for E- and N-
cadherins. Consequently, they could inhibit cell-cell adhesion
in cell aggregation assays, disrupt three-dimensional tumour
spheroids and prevent the invasion of human cervical adeno-
carcinoma (HeLa) cells in Matrigel invasion assays.>' Thus MIP-
NGs are very promising to function as therapeutic drugs,****

This journal is © The Royal Society of Chemistry 2022

especially they seem to be stronger inhibitors than small
molecule inhibitors, probably because they can cover large
surface areas at the protein-protein interfaces. While both
E- and N-cadherins can be involved in cancer development
depending on the cell and tissue type, we wanted to explore the
possibility of targeting preferentially one of the subtypes. Since
the DWVIPPI epitope is common to E- and N-cadherins, we
opted for the second epitope involved in the cadherin-mediated
interaction, containing the HAV sequence, which shows some
subtype specificity (Fig. 1B). Our present results show that the
MIP-NGs targeting the HAVDI domain have higher affinities for
N-cadherin than the small HAV-based peptide antagonists
reported in the literature, and that they can specifically inhibit
N-cadherin cell adhesion and invasion, as evaluated in cell
aggregation and Matrigel invasion assays, respectively.

Results and discussion
Solid-phase synthesis of MIP-NGs

As reported above, the strongest inhibitor of N-cadherin adhe-
sion, based on the HAV sequence is a cyclic peptide inhibitor
composed of HAVDL'® Herein, the main challenge is to obtain
a synthetic antibody able to recognize the HAVDI sequence
(Fig. 1B and 2A), which is an internal peptide. We selected the
sequence AHAVDING as epitope, complemented with two
cysteine residues at both ends for cyclisation, so as to closely
mimic the conformation of the HAVDI peptide (Fig. 2B).>* The
final cyclic template peptide, CAHAVDINGC-K(N3) (C-C) con-
tains a modified lysine residue bearing an azide moiety for the
immobilization of the template via click chemistry.>> The 3D
structure of the free template epitope, flanked by 2 Cys (Fig. 2C,
violet) was predicted with PEP-FOLD2 and superposed onto the
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Fig. 2 (A) Crystal structure of murine N-cadherin domains EC 1-2 (PDB accession code 2QVI). Murine N-cadherin has 96% identity with human N-
cadherin.3° The sequence HAVDI is highlighted in fuchsia (B) Chemical structure of cyclic template peptide NH,-CAHAVDINGCK(N3)-COOH. (C) (Left)
Superposition of the predicted 3D structure of the template peptide (flanked by 2 Cys) (violet), onto the native protein epitope. (Right) PEP-FOLD2
prediction of secondary structures probabilities associated to the cyclic template amino acids residues. Green: extended, blue: coil and red: helix.

native protein with PyMol. PEP-FOLD2 indicates a progressive
increase in an extended secondary structure preference up to
alanine in position 4 (0.8) followed by a prevalence of an
unstructured conformation, which is coherent with the con-
formation in the native protein.

MIPs were produced by a solid-phase synthesis approach,**>
where the template molecule is covalently immobilized on glass
beads (GBs) as solid support (Fig. 3). This configuration allows an
oriented immobilization of the epitope upon which polymer nano-
gels are synthesized. The binding sites of the resulting MIPs all have
the same orientation, thus MIPs synthesized by the solid-phase
approach can be considered analogous to monoclonal antibodies.
Prior to MIP synthesis, GBs were first activated by boiling in NaOH
to introduce -OH groups. After activation, they were functionalized
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with O-(propargyloxy)-N-(triethoxysilylpropyl)urethane to introduce
terminal alkyne groups. The template peptide, functionalized with
an azide moiety was immobilized on the alkyne-derivatized GBs
through a copper(i)-catalyzed alkyne-azide cycloaddition (CuAAC).
Click chemistry offers the advantage that the peptide is immobilized
without compromising the amino acid side chains that play a
crucial role during the imprinting process.

To synthesize the MIP-NGs, a mixture of monomers capable
of interacting with the amino acid side chains of the peptide,
was employed. N-Isopropylacrylamide (NIPAM) constituted the
major monomer to yield thermoresponsive polymers that can
be easily released from the support by changing the
temperature.”””>’ N-tert-butyl acrylamide (TBAM) was used to
target the hydrophobic amino acids. A benzamidine-based
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Fig. 3 Schematic representation of the solid-phase synthesis of MIP. The cyclic peptide template bearing an azide moiety is immobilized on alkyne-GBs
via click chemistry, followed by polymerization at 37 °C to form thermoresponsive MIP-NGs. After washing away the non-reacted monomers and low
affinity polymers, the MIP-NGs are released from the GBs by decreasing the temperature to 4 °C.
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monomer, 4-acrylamidophenyl(amino)-methanimium acetate
(AB) was employed to form a salt bridge with the carboxylic
group of aspartic acid. N,N'-methylenebis(acrylamide) (BIS) was
used as cross-linker and free radical polymerization was carried
out at 37 °C in sodium phosphate buffer pH 7.0. At this
temperature, the polymers are formed in the collapsed state,
encapsulating the immobilized peptide. After washing away the
low-affinity nanogels and the unreacted monomers, the poly-
mers that presented high affinity to the peptide were eluted at
4 °C, below the lower critical solution temperature of p(NIPAM)
(LCST, ~ 32 °C), where the NGs swell and are detached from the
column. The yield of polymerization of the MIP-NGs was 0.25 +
0.03 mg g~ " GBs (n = 3), comparable to previous reports.>>>”>°

Physicochemical characterization and binding properties of
MIP-NGs

The hydrodynamic size of MIP-NGs was analyzed by dynamic
light scattering (DLS) and found to be 47.7 £+ 2.5 nm, PDI
0.32 £ 0.05 and a zeta potential of +9.8 mV (Fig. S1A and B,
ESIT). Transmission electron microscope (TEM) images showed
that the MIP-NGs were monodisperse (Fig. S1C, ESIt) and
confirmed the size determined by DLS. The recognition of the
peptide epitope by the MIP was evaluated at 37 °C by equili-
brium binding assays with the fluorescently labelled template
(coupled to fluorescein dibenzocyclooctyne, FAM DBCO) via a
copper-free click chemistry reaction (Fig. S2A, ESIf). This
fluorophore was chosen for its bulky DBCO, to favor the
accomodation of only the peptide in the MIP binding cavity.
The fluorescent peptide was purified by preparative HPLC and
its purity analyzed by electrospray ionization high-resolution
mass spectrometry (Fig. S2B, ESIt). The concentration of the
pure fluorescent peptide was found to be 22.4 + 3.5 uM (Fig. S3,
ESIY). Equilibrium binding experiments showed that the bind-
ing of the MIP-NGs to the fluorescent peptide was specific as no
binding was observed with the control polymer, a MIP with the
same chemical composition synthesized with the peptide
DWVIPPI (Fig. 4). These results confirmed the presence of
specific imprinted sites at the surface of the nanogels.
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Fig. 4 Equilibrium binding isotherms of 10 nM of fluorescent template
peptide to MIP-NGs (full circles) and control polymer (empty circles) at
37 °C in sodium phosphate buffer pH 7.0 (n = 3, mean + s.e.m.).
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Table 1 [Csq values of the MIP-NGs with various competitors, as deter-

mined by competitive binding assays with the fluorescently labelled
template peptide epitope

Molecular Isoelectric  ICsq
Competitor weight” (Da) point® (nM)
Template peptide 1153.49 4.98 300
CAHAVDINGC-K(N3)
Short cyclic peptide 1025.44 4.98 36400
CHAVDINC-K(N;)
HAVDI linear peptide 553.29 4.98 >100000
DWVIPPI linear peptide 838.46 3.11 No

binding

N-cadherin 62910 4.7 25
E-cadherin 60586 4.28 41
P-cadherin 87400 4.55 200

¢ Theoretical molecular weight and isoelectric point.

Selectivity was evaluated by competitive binding assays in
the presence of the native template peptide CAHAVDINGC-
K(N3), a shorter cyclic peptide CHAVDINC-K(N;) containing
the same motif, linear peptides HAVDI and DWVIPPI, as well
as recombinant E-; N- and P-cadherins (Fig. S4, ESIT). Increas-
ing concentrations of the peptides or proteins competed with a
fixed amount of the fluorescently labelled peptide for binding
to the MIP-NGs. The ICs, values (concentration of inhibitor
required to displace 50% of the fluorescent peptide from the
MIP) are shown in Table 1. ICs, values of 300 nM and 25 nM
were found for the template peptide and N-cadherin respec-
tively, indicating the excellent recognition of the MIP-NGs for
their target. The higher affinity for the protein, as compared to
the peptide epitope, may be due to the contribution of the
protein surface in contact with the MIP-NGs (displacement of
solvent molecules, conformational rearrangements of main
and side chain atoms), which leads to improved complemen-
tarity and stability. MIP-NGs’ binding to the shorter version of
the cyclic peptide was negligible, probably due to the fact that
the different lengths of the peptides lead to different curvatures
and flexibility. Thus, the shorter peptide has less contact area
with the cavity in the polymer. It is interesting to note that the
MIP-NGs have almost no affinity for the linear HAVDI peptide.
A reduced interaction has been previously observed between a
MIP directed against a cyclic epitope, and the linear version of
the epitope.®* No interaction with the peptide DWVIPPI was
observed. E-cadherin, containing the sequence SHAVSSNG and
P-cadherin, with the sequence GHAVSENG, presented ICs,
values of 41 and 200 nM, respectively, implying that the MIP-
NGs also recognized E-cadherin and P-cadherin to a certain
extent, but less well as compared to the target N-cadherin.
Globally, the MIP-NGs appear to bind the proteins somewhat
more strongly than the template epitope peptide, a phenom-
enon that we have often observed with other examples (unpub-
lished data), and that can be attributed to the induced-fit and
surface effects mentioned above.

Despite the MIP having 60% cross-reactivity with E-cadherin, this
synthetic receptor represents a superior antagonist of N-cadherin as
compared to the different peptides reported in the literature."® The
simplest cyclic peptide N-Ac-CHAVC-NH, inhibited N-cadherin with

J. Mater. Chem. B, 2022, 10, 6688-6697 | 6691
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Fig. 5 (A) Epifluorescence micrographs of Hela (overexpressing N-cadherin) and MCF-7 cells (overexpressing E- and P-cadherin), stained with
rhodamine MIP-NGs (red) or rhodamine NIP-NGs (red) or anti N-, E- and P-cadherin antibodies (green). Nuclei stained with Hoechst (blue). Scale bar:
75 pum. (B) Corresponding relative fluorescence intensity of Hela (blue) and MCF-7 (green) cells after imaging with MIP-NGs or NIP-NGs or
immunostaining with N-, E- or P-cadherin antibodies. Data are expressed as mean + SEM, statistical analysis was performed using Student’s test

(***p < 0.001), ns: not significant.

an IG5, of 0.323 + 0.020 mM. When the cyclic HAV peptide was
turned into an N-cadherin peptide by incorporating flanking amino
acids specific to N-cadherin, the antagonistic properties of the
peptides were increased. For instance, the cyclic peptides N-Ac-
CHAVDC-NH,, N-Ac-CHAVDIC-NH, and N-Ac-CAHAVDIC-NH, pre-
sented ICs, values of 0.114 + 0.006 mM, 0.065 + 0.005 mM and
0.210 mM respectively. Interestingly, when the HAVDI peptide was
tested as a linear peptide (N-Ac-HAVDI-NH,), a 7-fold reduction in
the activity was observed (ICsq of 0.44 £+ 0.014 mM) as compared to
the cyclic analogue. These results imply that the MIP is a better
antagonist than the peptides by almost three orders of magnitude.

Recognition of cadherins on cells

Since the MIP-NGs seem to recognize free N-cadherin (and to a
lesser extent E-cadherin) protein in solution, the next step was
to verify whether they could recognize these proteins at the cell
surface. Fluorescent MIP-NGs were synthesized by incorporat-
ing polymerizable rhodamine B in the pre-polymerization
mixture, as previously reported.”"*® Their hydrodynamic dia-
meter was measured by DLS and found to be 44 + 2.1 nm, with
a polydispersity index of 0.29 £ 0.04 (n = 3). The MIP-NGs were
then applied to two human cancer cell lines with different
cadherin expression profiles: HeLa (expressing N-cadherin) and
MCF-7 (breast cancer expressing E- and P-cadherins). The

6692 | J Mater. Chem. B, 2022, 10, 6688-6697

cadherin profile in the two cell lines was prior verified by
staining with anti E-, N- and P-cadherin antibodies (Fig. 5A
and B). MIP-NGs were found to bind to the surface of HeLa
cells, indicating that their preferential target is N-cadherin.
While in free solution, the MIP-NGs seemed to bind (to a lesser
extent also E-cadherin), no evidence of staining by rhodamine
MIP-NGs was observed on fixed MCF-7 cells. This result
indicates that the selected epitope CAHAVDINGCK(N;) gener-
ated a MIP-NG selective for N-cadherin, although we have no
explanation for this improved specificity over the solution
experiment; the only difference being that in solution we have
used recombinant proteins. No staining on L929 mouse fibro-
blasts, an additional control cell line, which does not express
endogeneous cadherins was observed either (Fig. S5, ESIT).*?
No staining was obtained with the non-imprinted control
nanogels (NIP-NGs).

Inhibition of cell aggregation by MIP-NGs

Cell aggregation assays have become a useful tool to study
cadherin-dependent adhesion, given that cell aggregation is the
net result of cell-cell adhesion.” HeLa and MCF-7 cells were
suspended in agar-coated microtiter wells to exclude cell-
substrate adhesion while allowing cell-cell interactions to
occur. Prior to incubation with cells, MIP-NGs were checked

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Effect on Hela and MCF-7 (200 000 cells per mL) cell aggregation when incubated with 4 mM EDTA, 20 ug mL~* MIP, 100 nM template peptide,
100 nM HAVDI linear peptide and 20 pg mL™ NIP, in growth medium. Scale bar: 250 pm.

for their non-cytotoxicity using the MTT assay (Fig. S6, ESIT).
Cells were incubated in the presence of either MIP, NIP (a
control polymer synthesized against azide-functionalized GBs)
or the cyclic template CAHAVDINGC-K(N3;) or the linear HAVDI
peptide for 24 h; the formation of cell aggregates was evaluated
under an inverted microscope. Cells incubated with only med-
ium were taken as reference, and cells incubated with ethyle-
nediaminetetraacetic acid (EDTA) served as positive control
(EDTA chelates Ca®>" ions and cell-cell aggregation is
abrogated).

As illustrated in Fig. 6, HeLa and MCF-7 cells incubated in
only growth medium showed one tight aggregate. On the
contrary, no cell cluster was observed in the presence of EDTA,
suggesting that cell aggregation was disrupted. For HeLa cells,
addition of MIP and the cyclic peptide CAHAVDINGC resulted
in numerous dispersed aggregates, indicating their ability to
prevent cell-cell adhesion. Inhibition of cell aggregation by
MIP-NGs was concentration-dependent (Fig. S7, ESIT). Slightly
smaller aggregates were observed with the MIP than with the
peptide, indicating the better antagonist properties of the MIP
to N-cadherin than the cyclic peptide. On the other hand, the
HAVDI linear peptide when compared with cyclic peptide
CAHAVDINGC, was not very effective in cell disruption. In the

case of MCF-7 cells which lack N-cadherin but which contain
E-cadherin, the MIP caused a very slight dispersion in cell
aggregation. For both cell lines, the NIP does not really affect
cell aggregation, since the main cell cluster was preserved.
These observations suggest that MIPs render cells incapable
of establishing cell-cell adhesion by binding to the adhesive
motif, HAVDI of N-cadherin. The specificity of the inhibition by
the MIP was confirmed by the lower effect produced in MCF-7,
a cell line lacking N-cadherin, and by the lower impact observed
with the NIP.

Inhibition of cancer cell invasion by MIP-NGs

Matrigel® invasion assay>® was employed to assess the invasion
propensity of HeLa cells in the presence of MIP-NGs. Matrigel
acts as a reconstituted basement membrane and prevents non-
invasive cells from passing across, whereas invasive cells enzy-
matically degrade the Matrigel membrane and invade through
its pores. HeLa cells (25000) were seeded onto a Matrigel-
coated insert with or without MIP-NGs (30 pg mL™") and
incubated for 24 h. Cells that migrated to the lower side of
the membrane were stained and evaluated by epifluorescence
microscopy. Fig. 7 shows that cells seeded with MIP-NGs
showed a significant decrease in their invasive capacity as

*
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- O
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Non-treated MIP
CAHAVDINGC

MIP DV\NIPPI NIP

Fig. 7 Fig. 7. (A) Invasion index representing the extent of HelLa cells invasion in the presence of MIP or NIP, as studied by Matrigel Invasion assay. As a
positive control, MIP targeting DWVIPPI?! was tested in parallel. Mean values are significantly different at 95% confidence (*p < 0.05, ***p < 0.001, n.s,
not significant, Student’s t-test, mean =+ s.e.m.). (B) Epifluorescence micrographs of Hela cells that invaded to the lower side of the Matrigel membrane.
Cells were stained with Hoechst. From top to bottom: untreated cells, cells treated with MIP (CAHAVDINGC), MIP (DWVIPPI) and NIP. Scale bar: 25 pm.
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compared to non-treated cells and NIPs. The MIP-NGs synthe-
sized with CAHAVDINGC (ICs,: 25 nM) was as efficient as the
MIP-NGs synthesized with DWVIPPI*! (IC50: 20 nM) for block-
ing cancer invasion in vitro.

Overall, these results indicate that MIPs can exhibit a
biological activity by modulating cadherin activity; this can
lead to new approaches to treat diseases associated with
dysfunctional cadherin mechanisms.

Conclusion

In a precedent paper,*' we synthesized a MIP-NG targeting the
first seven amino acids of the N-terminal part of E- and N-
cadherins, which encompasses Trp2, an amino acid responsi-
ble for cell adhesion. The inhibitory potency of this MIP
towards cell-cell adhesion in cell aggregation assays proved to
be remarkably higher than that of a commercially available
monoclonal antibody, known to inhibit cadherin adhesion.
Importantly, this MIP could inhibit cancer cells invasion and
disrupt three-dimensional tumour spheroids, highlighting the
promising therapeutic value of MIPs in cancer treatment. In the
present work, we hypothesized that it should also be possible to
block the entrance of the acceptor domain of Trp2, a hydro-
phobic pocket lined by the sequence HAV. Thus a MIP-NG
templated with a cyclic peptide CAHAVDINGC was synthesized.
It has a high affinity and selectivity for N-cadherin over E and P-
cadherins. This MIP-NG was very effective in abrogating cancer
cell adhesion and invasion, confirming the high potential of
MIPs as a therapeutic drug. These findings are in line with
recent literature data where MIPs imprinted against HER2
glycans were shown to inhibit cell proliferation and reduce
cancer volume in vivo.>* We believe that MIPs can successfully
contribute to the establishment of a novel therapeutic platform
in cancer treatment.>*"’

Experimental section
Materials and methods

All chemicals and solvents were of analytical grade and pur-
chased from VWR International (Fontenay sous Bois, France) or
Sigma-Aldrich (St Quentin Fallavier, France), unless otherwise
stated. (O-(Propargyloxy)-N-(triethoxysilylpropyl)urethane was
purchased from Abcr GmbH, Germany. Peptides (purity >95%)
were custom-synthesizsed by GL Biochem (Shanghai, China).
Recombinant human E-cadherin (purity >90%, expressed in
E. coli) was obtained from Sigma-Aldrich. Recombinant human N-
cadherin (purity >90%, expressed in Sf9 Baculovirus cells) was
bought from Interchim (Montlucon, France). Recombinant human
P-cadherin Fc Chimera Protein (purity >90%) was purchased from
R&D Systems (Lille, France). FAM DBCO, 6-isomer and tris(3-
hydroxypropyltriazolylmethyljamine (THPTA) were purchased from
Interchim. HeLa and MCF-7 were obtained from Cell Lines Service
(Eppelheim, Germany). Media, reagents and consumables for cell
culture were from Thermo Fisher Scientific (Illkirch, France). Glass
beads of diameter 0.1 mm and microscope slides for cell samples

6694 | J Mater. Chem. B, 2022, 10, 6688-6697

View Article Online

Paper

were bought from Roth Sochiel E.U.RL. (Lauterbourg, France).
Buffers were prepared with Milli-Q water, purified using a Milli-Q
system (Millipore, Molsheim, France). Fluorescence measurements
were done on a FluoroLog-3 spectrofluorimeter (Horiba Jobin Yvon,
Longjumeau, France). Transmission electron microscopy images
were recorded on a a JEOL JEM-2100F instrument (Japan). Cell
aggregation was evaluated under a Leica inverted microscope
equipped with camera (Nanterre, France).

Synthesis of MIP-NGs

Peptide immobilization on glass beads. Glass beads (GBs)
were first activated by boiling in 4 M NaOH (100 g of GBs in
100 mL of NaOH), for 10 min. The activated GBs were then
washed with water and acetone and then dried in an oven at
50 °C. Alkyne functionalization was done on 50 g activated GBs
by incubation in 100 mL O-(propargyloxy)-N-(triethoxysilylpro-
pyljurethane 5% (v/v) in dimethyl formamide (DMF), in an oil-
bath at 90 °C for 17 h. The alkyne GBs were washed with DMF
and acetone and dried in an oven at 50 °C. Immobilization of
the peptide template CAHAVDINGC-K(Nj3) onto the solid phase
was performed via CuAAC reaction. In a Petri dish (12 cm
diameter), 20 g azide GBs were incubated with 6.4 pmol
peptide, 6.4 pmol of CuSO,.5H,0, 32 pmol of THPTA and
50.4 pmol of sodium ascorbate in 25 mM sodium phosphate
buffer, pH 7.0 (buffer A), final volume 12 mL. After 1 h incuba-
tion, the GBs were washed with buffer A and water, and used
immediately. The ratio among the reagents was 1:1:5:8
(alkyne peptide : CuSO4: THPTA : sodium ascorbate).>®

Solid-phase synthesis of MIP

Solid-phase synthesis was carried out in a glass column
equipped with a thermostated jacket (XK 26/20). The solvents
were pumped through the column using a peristaltic pump at a
flow rate of 2.5 mL min~". The column was packed with 20 g
peptide GBs and equilibrated with 100 mL buffer A. Then, 20 mL of
buffer A containing 4-acrylamidophenyl(amino)-methaniminium
acetate (AB, benzamidine-based monomer) (12.4 mg, 0.05 mmol,
5 mol%) was percolated through the column. The flow-through was
collected and passed through the column again for 1 h to favour the
AB interaction with the -COOH moieties of the peptide. The
polymerization mixture was prepared by mixing the rest of
the monomers, N-isopropylacrylamide (NIPAM) (92.8 mg,
0.82 mmol, 82 mol%), N-tert-butylacrylamide (TBAM) (10.2 mg
dissolved in 1 mL ethanol, 0.08 mmol, 8 mol%) and N,N'-methylen-
ebis(acrylamide) (BIS) (7.7 mg, 0.05 mmol, 5 mol%) in 25 mL with
buffer A so that the total monomer concentration is 0.5% (w/w). The
solution was purged with nitrogen for 30 min. Afterwards, the
initiation couple composed of potassium persulfate (KPS) (8.5 mg
in 500 pL buffer A) and N,N,N,N'-tetramethylethylendiamine
(TEMED) (63 pL of 10 pL of TEMED in 990 pL buffer A) was added
to the reaction mixture. The amount of KPS was 3% (mol/mol) with
respect to polymerizable double bonds, and 7.5/1 was the molar
ratio for KPS/TEMED. The polymerization mixture was percolated
through the reactor, and the temperature was set at 37 °C for 17 h.
After polymerization, the column was washed with 50 mL buffer A
at 37 °C, and the column was cooled down at 4 °C for 1 h. MIP was
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eluted by fractions of 6 mL (twice) with water and constituted the
working stock solution. The hydrodynamic diameter of MIPs,
analyzed by dynamic light scattering (DLS), and their zeta potential
were determined by using a Malvern Zetasizer Nano ZS. The
concentration of the MIPs was calculated with a 3 mL aliquot of
MIP, which was lyophilized and weighed.

Evaluation of the binding properties of MIP-NGs

Fluorescence labelling of template peptide. Binding proper-
ties were evaluated by using the fluorescently-labelled peptide
template. For its synthesis, a copper-free click chemistry reac-
tion was performed by mixing 500 uL of a 1 mM of peptide
CAHAVDINGC-K(N;) and 1 mM FAM DBCO, 6-isomer in a final
volume of 1 mL water. After 3 h, the peptide clicked with FAM
(expected mass: 1829.7 g mol ') was purified by semi-
preparative HPLC, using a Phenomenex Luna®™ C18(2) (250 x
10 mm, 5 um, 100 A) column connected to an Agilent Infinity II
1260 HPLC apparatus. The solvent system was A: 0.1% formic
acid in H,O and B: acetonitrile. The gradient program began
and stayed at 5% B during 5 min, then ramped to 30% B at
20 min, increased to 95% B in 15 min, held at 95% during
10 min, returned to the initial conditions and kept constant for
3 min. The flow-rate was 7 mL min~". Detection was done at
280 nm. The fraction collector was set to collect fractions
between 24 and 26 min with a threshold of 20 mAu to
4000 mAu, up slope of 50 mAu s~ *. The fractions were analyzed
by HPLC-UV coupled to high resolution mass spectrometry (LC-
HRMS). LC-HRMS was performed on an HPLC Agilent 1290
with DAD connected to Agilent Q-TOF 6538 with an electrospray
ion source (ESI). HPLC was carried out on a Thermo Hypercyl
GOLD C18 (100 x 2.1 mm, 1.9 pm) column connected to an
Agilent Infinity 1290 HPLC. The solvent system was A: 0.1%
formic acid in H,O and B: acetonitrile. The gradient program
began and stayed at 5% B during 1 min, then ramped to 30% B
at 5 min and increased to 95% B in 5 min, held a 95% during
2 min, returned to the initial conditions and kept constant for
1 min. The flow-rate was 0.4 mL min~". All compounds were
measured in ESI" mode and externally calibrated. The ESI gas
temperature was 350 °C, Vcap +3800 V, drying gas 12 L min "
and nebuliser 35 psig. Fragmentor was set a 180 V. HRMS
spectrum was registered at 3 Hz in the mass range of 100 to
3000 m/z with internal calibration. The purity of the fluorescent
cyclic peptide was x99.8%.

Determination of FAM-labelled peptide concentration. A
fluorescence calibration curve (Zex 490 nm, Aoy, 500-560 nm,
slit 1 nm) was first generated with increasing concentrations of
FAM DBCO (0.1-5 pM) in buffer A. For the quantification of the
fluorescent peptide, the peptide solution was diluted 25 and 50-
fold in buffer A so as to fall within the calibration curve of the
underivatized dye. The concentration was found to be 22.4 +
3.5 pM. Afterwards, a calibration curve was generated with the
FAM-peptide at nanomolar concentrations (490 nm/500-
560 nm, slit 4 nm). 10 nM was selected for binding tests with
the polymer nanogels.

Equilibrium binding studies. From an initial stock solution
of 0.5 mg mL~" MIP, different concentrations (25-400 pg mL™")
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were pipetted in separate 2 mL polypropylene microcentrifuge
tubes. After addition of 10 pmol (50 uL of 200 nM) of fluor-
escent peptide (fluorescently labelled with FAM), the final
volume was completed to 1 mL with buffer A and the mixture
was incubated overnight at 37 °C on a tube rotator. The samples
were centrifuged at 30 000g for 1 h at 40 °C and the fluorescence
intensity of a 700 pL aliquot was measured (Jex: 490 NM/Zem:
515 nm, slit 4 nm) to determine the amount of free peptide. The
amount of peptide bound to the polymer was calculated by
subtracting the unbound analyte from the total peptide added
to the mixture determined from the blank samples.

Selectivity studies. The peptides CAHAVDINGC-K(N3) (cyclic
native), CHAVDINC-K(Nj;) (shorter cyclic), HAVDI (linear) and
DWVIPPI (linear, the N-terminal adhesive motif) were added at
varying concentrations from (0.1 nM-100 uM) to compete with
10 nM FAM-peptide in 1 mL buffer A containing 200 ug mL™* of
MIP. The recombinant human proteins N-, E- and P-cadherins
were added from 0.1-100 nM. Fluorescence measurements
were done as mentioned above. IC5, values were determined
by fitting the data to a sigmoidal dose-response curve.

Application of MIP-NGs to cells

Cell culture. HeLa and MCF-7 were cultured in Dulbecco’s
Modified Eagle Medium (DMEM)-high glucose with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin medium in
a 75 cm? flask at 37 °C, 5% CO, and 100% humidity, referred as
full medium. Cells were passaged at 80% confluency using
0.25% trypsin/EDTA in PBS, prior washing with 0.05% EDTA
in PBS.

Cell viability assays. Cell viability in the presence of MIP-NGs
was determined by the MTT assay, which assesses the meta-
bolic activity of living cells. MCF-7 and HeLa cells were grown
in each well of a 96-well plate (15 000 cells per well). After 24 h,
cells were incubated with MIP-NGs (5-250 pg mL ") for 24 h in
cell culture medium. Dissolution of the crystals of MTT was
achieved by DMSO and Sorensen’s buffer. Cell viability was
determined by dividing the absorbance obtained for treated
cells by that of the untreated controls. Cell treated with 1%
Triton X-100 served as positive control of cytotoxicity.

Cell fixation and bioimaging

With monoclonal antibodies. Immunostaining with E-
cadherin antibody (clone DECMA-1), N-cadherin antibody
(clone 5D5) and P-cadherin antibody (clone 104805) was per-
formed to confirm the presence of the cadherins on MCF-7 and
HelLa cells. Staining with antibodies was done according to the
instructions given by the manufacturer. 100 uL of cells (1 x 10°
cells) was cultured on round glass cover slips (diameter 12 mm)
contained in 12-well plates. After 3 h of incubation, 2 mL
medium was added to the wells, and cells were left to grow to
confluency for 24-48 h. Cells were then washed with 1 mL PBS
(3 times) and fixed with 4% paraformaldehyde in PBS for
15 min. After fixation, cells were washed with PBS, followed
by a blocking step with 5% bovine serum albumin (BSA) in PBS
for 1 h at room temperature and washing with PBS. For
E-cadherin staining, the cell membrane was permeabilized with
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0.1% Triton X-100 for 15 min, blocked with BSA and labelled
with the primary antibody in 0.1% BSA in PBS at 4 °C overnight,
followed by incubation with anti-Rat IgG secondary antibody-
FITC at a dilution of 1:400 in 1% BSA in PBS for 30 min. For P-
cadherin staining, the cell membrane was permeabilized and
the cells incubated with primary antibody in 1% BSA in PBS for
3 h, followed by incubation with Alexa Fluor 488 anti-Mouse
IgG secondary antibody at a dilution of 1:400 in 1% BSA in PBS
for 30 min. For N-cadherin staining, Alexa Fluor 488 anti-Mouse
IgG was also used as secondary antibody and for all cells, the
nuclei were stained with Hoechst at a dilution of 1:2000 in PBS
at room temperature for 10 min. Cells were washed with PBS,
mounted on a microscope slide with 5 uL mounting medium
(0.5 mL water, 0.5 mL 1 M Tris-HCI buffer pH 8.0 and 9 mL
glycerol) and analyzed with a Leica DMI 6000B epifluorescence
microscope. Each sample was prepared in duplicate.

With MIP or NIP nanogels. Cells were grown and fixed as
described for the antibodies. Staining was done with
50 pug mL ™" rhodamine-labelled MIP-NGs or NIP-NGs in buffer
at 37 °C for 90 min. After washing with buffer (twice) and 0.1%
Tween 20 in PBS (twice), cell nucleus was stained by incubation
with Hoechst in PBS at a dilution of 1:2000 at room tempera-
ture for 10 min. Cells were washed with PBS, mounted on a
microscope slide with 5 pL mounting medium (0.5 mL water,
0.5 mL 1 M Tris-HCI buffer pH 8.0 and 9 mL glycerol) and
analyzed by fluorescence microscopy. Epifluorescence micro-
scopy images were recorded with a Leica DMI 6000B (Germany)
microscope. Each sample was prepared in triplicate and the
fluorescence intensities were measured with Image]. Three
images per sample with 40x magnification were analyzed, by
measuring the relative fluorescence of 10 cells per image.

Cell aggregation studies. Cell aggregation agar assays were
performed as previously reported.*' Briefly, 100 mg agar in
15 mL PBS was sterilized and 50 pL was pipetted into each well
of a 96-well plate, after which the plate was placed at 4 °C on a
horizontal surface for 1 h to allow the agar to solidify. After-
wards, 100 pL of a suspension of HeLa or MCF-7 cells in full
medium (200000 cells per mL) was added to the agar-coated
wells, followed by the addition of 100 pL of the test product in
full medium. The polymers were tested at 20 ug mL~ ", EDTA at
4 mM, the cyclic peptide CAHAVDINGC-K(N;) at 100 nM. Cells
incubated with only medium were taken as control. The well-
plates were incubated at 37 °C, 5% CO, and 100% humidity
under horizontal stirring. Cell aggregation was evaluated at
24 h after seeding cells, under an inverted microscope
equipped with a camera using a 4x objective and bright
contrast.

Inhibition of HeLa cell invasion through Matrigel® by MIP-
NGs. Tumour cell invasion assay through Matrigel was per-
formed on Corning® BioCoat™ Matrigel® Invasion Chambers,
according to the manufacturer’s instructions. HeLa cells
(25000) suspended in DMEM medium, in the presence or
absence of 30 ug mL~ ' MIP-NGs or NIP-NGs, were seeded on
Matrigel-coated inserts, whereas the lower compartment con-
tained DMEM medium supplemented with 10% FBS as che-
moattractant. After 24 h incubation at 37 °C, 5% CO, and 100%
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humidity, the upper surface of the insert was cleared from non-
migratory cells with a cotton swab and washed with PBS. The
remaining (invasive) HeLa cells that attached to the lower
surface of the filter were fixed with cold methanol, stained with
Hoechst (at a dilution of 1:2000 in PBS for 10 min) and
analyzed with an epifluorescence microscope at 63x of magni-
fication, using the filter A4. Invasive cells were quantified as the
number of migrated cells per microscopic field, 10 fields per
assay from two independent repetitions. Invasion index was
calculated as the ratio between the number of invasive HeLa
cells treated with MIP-NGs or NIP-NGs and the number of
invasive HeLa (without polymer).
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