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Lectin-gated and glycan functionalized mesoporous silica
nanocontainers for targeting cancer cells overexpressing Lewis X
antigent

R. Bhat,” I. Garcia,” E. Aznar,***® B. Arnaiz,” M.C. Martinez-Bisbal,**" L.M. Liz-Marzan,”’s.
Penadés*” and R. Martinez-Mafiez**“**

Gated mesoporous silica nanoparticles can deliver payload upon the application of a predefined stimulus, and therefore
are promising drug delivery systems. Despite their important role, relatively low emphasis has been placed on the design
of gating systems that actively target carbohydrate tumor cell membrane receptors. We describe herein a new Lewis X
(Le") antigen-targeted delivery system comprising mesoporous silica nanoparticles (MSNs) loaded with ATTO 430LS dye,
functionalized with a Le* derivative (1) and capped with a fucose-specific carbohydrate-binding protein (Aleuria Aurantia
lectin (AAL)). This design takes advantage of the affinity of AAL lectin for Le” overexpressed receptors in certain cancer
cells. In the proximity of the cells, AAL is detached from MSNs to bind Le®, and selectins in the cells bind Le* in the gated
MSN’s, thereby inducing cargo delivery. Gated MSNs are nontoxic to colon cancer DLD-1 cells, and ATTO 430LS dye
delivered correlated with the amount of Le* antigen overexpressed at the DLD-1 cells surface. This is one of the few
examples of MSNs using biologically relevant glycans for both capping (via interaction with AAL) and targeting (via

interaction with

Introduction

Within the wide variety of functional materials for drug
delivery applications, mesoporous silica nanoparticles (MSNs)
present a unique combination of features, including high
stability, biocompatibility, homogeneous porosity, tunable
size, large storage capacity and versatile functionalization.®
MSNs can be functionalized to obtain gated nanoparticles,
which display “zero release” unless a predefined stimulus is
applied. This renders a suitable technology for the design of
effective drug-delivery nanodevices.” > Chemical, physical and
biochemical triggers have been used to develop gated
materials with controlled-release features. The use of
biomolecules in capped mesoporous nanostructures has been
recently demonstrated to allow for efficient drug delivery in
more realistic biological settings, additionally providing
selectivity in gated devices for highly specific applications.”
Biomolecules can act not only as gates but also as ligands to
target specific cells and tissues which display over-expressed
receptors. Hence, the use of site or cell-specific delivery
systems can improve therapy effectivity, the required dose can
be lowered and side effects can be reduced. The targeting
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overexpressed Le” at the cell

membrane).

ability of bio-gated MSNs is usually based on surface-bound
antibodies,22 peptides Bor aptamers.24 However, despite their
abundance and biological importance, less emphasis has been
placed on a third group of relevant biomolecules, namely
glycans (carbohydrates or saccharides). Cell surface glycans
and glycoproteins play an important role in cell fate related to
physiological and pathological processes such as cancer.”>%®
Moreover, glycosylation modifications are universal features
of malignant transformation and tumor progression.27 Glycan
changes in malignant cells can occur in diverse ways, such as
the lack of expression or excessive expression of certain
structures, the persistence of incomplete or truncated
structures, the accumulation of precursors and the appearance
of novel structures.”’ Despite the great significance of this
group of molecules, only simple saccharides 29734 or the
polysaccharide hyaluronic acid 336 have been employed in
MSNs so far, to actively target carbohydrate tumor cell
membrane receptors. Surprisingly, the use of glycan/protein
interactions has been rarely studied in this context. To the best
of our knowledge, only the interactions of Concavalin A with
mannose and glucose have been used to prepare gated
MSNs. 3738 Nonetheless, in spite of their relevance, the use of
multifunctional systems involving complex glycans such as the
Lewis X (Le*) antigen and lectins as targeting and gating
moieties, has not yet been addressed. In particular it has been
reported that the expression of such carbohydrate antigens
(particularly the overexpression of sialyl-Lewis X (sLe)) and
proteins  (glycosidases, glycosyltransferases)
changes significantly in  malignant cells (aberrant
glycosylation),ggf41 thereby promoting metastasis.* Moreover,
the antigenic epitope of sLe” carbohydrate antigen has been
used clinically as a tumor marker for pancreatic cancer,
colorectal cancer, bladder cancer and other malignancies.aaf45
sLe® plays an important role in cancer cells, regarding E-
selectin-mediated cell adhesion to vascular endothelial cells
during the course of tumor angiogenesis and distant
Furthermore, Le* is known to be involved in

associated

. 46
metastasis.
selectin-mediated adhesion of cancer cells to the vascular
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endothelium and is thought to be closely associated with
hematogenous metastasis.*”** Changes in these carbohydrate-
antigen expression profiles are especially remarkable in human
colon cancer cells, where both sLe* and Le™ antigens are highly
expressed.49

With this background and inspired by such changes in
cancer cells, we successfully addressed the design of a new
biogated-MSN that targets and delivers cargo in tumoral cells,
using a double reciprocal recognition approach. The design is
based on the expression of significant amounts of i) Le* antigen
on the surface of certain cancer cells, which is recognized by
fucose-binding proteins (lectins) and ii) the presence of
selectins (Le* antigen binding proteins) on the surface of
cancer cells, which thus recognize the Le antigen. The gated
system consists of MSNs loaded with a dye (ATTO 430LS),
functionalized with a Le* derivative (1) and capped with a
fucose-specific carbohydrate-binding protein (Aleuria Aurantia
lectin (AAL)). Gated nanoparticles were tested in PBS buffer
and in the DLD-1 human colorectal adenocarcinoma cell line,
with high expression of sLe™ and Le” antigen-binding sites. AAL-
gated MSNs did not show toxicity toward colon cancer DLD-1
cells, whereas ATTO 430LS dye delivery was found to be

Table 1. Mean hydrodynamic diameter obtained from DLS studies of MSN and solids
S1,52 and S3.

MSN (nm) S1 (nm) S2 (nm) S3(nm)

202 243 255 260

dependent on the amount of Le* antigen overexpressed on the
DLD-1 cells surface.

Results and discussion

Design and synthesis of lectin-capped MSNs
The design of the controlled-release nanomaterial is depicted
in Fig. 1a. MSNs were loaded with the ATTO 430LS dye and
surface-functionalized with the fucose-containing Le* (GalB1-
4[Fucal-3]GIcNAcB-1) antigen derivative 1 (S2 in Fig. 1a).

As capping system, the fucose-specific carbohydrate-
binding protein AAL was selected. AAL was expected to
interact with the Le* antigen via multivalent fucose-lectin
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Fig. 1 a) Representation of the solids synthetized to obtain the lectin-gated and Le” antigen-functionalized MSNs (S3). b) Opening of the gated system in the presence of specific

cellular receptors and cargo release. AAL is detached from MSNs to bind Le* at the cell membrane, and selectins in the cells bind Le* in the gated MSNSs, thereby favoring

internalization and inducing cargo delivery.



interactions, thereby inhibiting cargo release (S3 in Fig. 1a).
The opening of gated MSNs would be based on a displacement
reaction via AAL binding onto overexpressed Le receptors, at
the cell membrane. Moreover, the anchored Le* antigen
derivative 1 on the MSNs was expected to additionally bind
fucose-binding proteins (selectins) on the cell surface, favoring
endocytosis of the nanoparticles (Fig. 1b). Therefore, the Le*
antigen plays a double role: on one hand as a linking molecule
to AAL, so that the pores are capped, and on the other hand as
targeting agent toward selectins. At the same time, the AAL
capping the pores via
interaction with Le™ derivative 1, and targeting overexpressed

lectin also plays a double role:
Le* receptors on the cell membrane (see Fig. 1).

In the present work, MCM-41-based MSNs were selected.”
The mesoporous nanoparticles were prepared by using
precursor and the surfactant hexadecyl-trimethylammonium
bromide (CTABr) as the porogen species. Bare MSNs were
obtained upon surfactant removal by extraction. The inorganic
support was then loaded with the fluorescent dye ATTO 430LS,
and the outer surface of the nanoparticles was functionalized
with (3-isocyanatopropyl)triethoxysilane to obtain solid S1
(Fig. 1a). Reaction of the isocyanate groups with the amino-
functionalized Le* antigen derivative 1 yielded solid S2. Finally,
the nanoparticles were capped in PBS, in the presence of AAL
(solid $3). Cargo delivery from S$3 was anticipated to occur only
in the presence of increased amounts of fucose or fucose-
containing glycans. Buffered suspensions of solid S3 can be
stored at 42 C during weeks without any loss of functionality.

The amino-functionalized Le* antigen derivative 1 was
obtained by following established protocols,51 with two main
modifications (Fig. 2). For the synthesis of the trisaccharide Le",
3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-
trichloroethoxycarbonylamino)-1-(2-N-
Benzyloxycarbonylaminoethyl)-D-glucopyranoside (1)
pertrimethylsilyl-L-fucose (2) and 2,3,4,6-Tetra-O-acetyl-D-
galactopyranose (3), were prepared as monosaccharides

building blocks for the Le* synthesis (Fig. 2). First, a
trichloroethyloxycarbonyl (Troc) was employed as amino
protecting group, which ensures high glycosyl accepting

properties of the C-3 hydroxyl of the glucosamine unit *2 and
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Fig. 2 Synthesis of Le* antigen derivative 1.
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intermediate

offers efficient neighboring group participation to vyield
stereoselective formation of B-glycoside. The trisaccharide Le*
was chemically synthesized bearing an amino-ended linker for

attaching to the mesoporous surface using thiourea Iinkage.53

Materials characterization

MSNs and solids S1, S2 and S3 were characterized by standard
techniques. Powder X-ray diffraction (PXRD) of as-made MSNs
(see Fig. S1 in ESIt) showed four low-angle peaks,
corresponding to the (100), (110), (200) and (210) reflections
of a hexagonal array, typical of MCM-41-type mesoporous
materials. After extraction of the surfactant template, a slight
shift of the main peak (assigned to the (100) Brag reflection)
was observed, corresponding to a cell contraction of ca. 2 A
(see Fig. S1 in ESIT). From N, adsorption-desorption isotherm
studies, a typical curve for mesoporous materials was
observed for calcined MSNs. Application of the BET model
yielded a total specific surface of 955.2 mz/g and a pore
volume of 0.75cm3/g. The BJH model was also used at
intermediate relative pressures, resulting in a narrow pore
distribution centered at 2.52 nm (see Fig. S5 in ESIT). A cell
parameter ag of 4.35 nm and wall thickness of 1.83 nm were
calculated. Nanoparticles S1, S2 and S3 were obtained in
relatively low amounts and could not be characterized by
PXRD-and N, isotherm studies-

All materials were characterized by Transmission Electron
Microscopy (TEM). The presence of spherical mesoporous
nanoparticles with a diameter of ca. 200 nm was clearly
observed in all samples (see Fig. S3 in ESIT). Dynamic light
scattering (DLS) was used to assess the hydrodynamic
diameter of the particles. Table 1 summarizes the obtained
data for the starting MSNs, S1, S2, and S3. A gradual diameter
increase was observed from bare nanoparticles (202 nm) to
solid $2 (255 nm) and from solid S2 to S3 (260 nm). Finally, the
organic content of S1, S2 and S3 was determined by
thermogravimetric and elemental analysis (TGA). Table 2
shows the organic content of ATTO 430LS dye, 3-
isocyanatopropyl, Le* antigen derivative and AAL in %wt.

Delivery studies in solution
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Retaining cargo inside a carrier until the target is reached is a
crucial requirement in drug delivery systems, so as to reduce
side effects and increase drug efficacy. Cargo release studies of
S3 where therefore carried out, taking advantage of the high
affinity of AAL for L-fucose. In a typical experiment, S3 was
suspended in water and the suspension was fractionated into
two parts. To one fraction L-fucose was added. Both
suspensions were stirred and aliquots were taken at the
scheduled times. After centrifugation to remove the solid, the
fluorescence of the ATTO 430LS dye delivered to the solution
was measured at 547 nm (A, = 433 nm). The drug delivery
profile for both experiments is displayed in Fig. 3.

In the absence of L-fucose, a flat baseline was obtained,
which indicates that ATTO 430LS remained in the pore voids of
the nanoparticles, not being released during the time of the
experiment. In particular, cargo delivery was lower than 10%
after 1 h. In contrast, in the presence of L-fucose, ATTO 430LS
release was indicated by an increase in fluorescence with time.
The observed behavior is in agreement with a displacement
reaction, in which AAL binds L-fucose, the pores are uncapped
and payload delivered. To assess the performance of S3 in
competitive media, delivery experiments were carried out in
cell culture medium, in the presence and in the absence of L-
fucose, with similar results (see Fig. S9 in ESIT).

Evaluation of MSNs S3 in colon cancer cells with high expression of
Le” antigen

Controlling cell targeting and penetrability of drugs is a major
issue in nanomedicine. Therefore, after demonstrating the
effective capping and cargo release of S3, we evaluated the
ability of S3 nanoparticles to target human colorectal
adenocarcinoma DLD-1 cells. ** In a first step, the presence of
AAL-binding ligands (Le*) on DLD-1 cells was confirmed using
labelled AAL (i.e. AAL555). Fluorescence images of cells treated
with AAL555 (Fig. 4a) showed a clear membrane staining
pattern (red), which was not found in control DLD-1 cells
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Fig. 3 Release profile of ATTO 430LS dye from solid S3 in the absence (a) and in the
presence (b) of L-fucose

Table 2 Organic content in wt% for solids S1, S2 and S3.

ATTO 430LS  3-isocyanatopropyl Le* antigen AAL
dye derivative
S1 3.50 2.77 -
S2 3.26 2.59 6.08
S3 3.11 247 5.80 3.89

treated only with media (Fig. 4b). These results corroborated
the expression of AAL-binding ligands (i.e. Le*) on the DLD-1
membrane. In a second step, the effect of $3 on DLD-1 cell
viability was studied. DLD-1 cells were treated with different
concentrations of S3 for 24 h and cell viability was determined
by MTS assays. >33 Results are shown in Fig. 5a, in which
values are given as a mean of quadruplets + S.D. The AAL-
gated solid S3 did not affect the viability of DLD-1 cells after 24
h incubation at concentrations up to 10 pg/mL.

Internalization of S3 on DLD-1 cells and dye delivery were
also studied. Experiments were carried out in duplicates.
Fluorescence microscopy experiments on DLD-1 cells after 4 h
incubation with S3 showed the release of ATTO 430LS inside
the cells (Fig. 5b). Interestingly, cells incubated with S3 for 24 h
showed a brighter green staining (Fig. 5c, 5d), in agreement
with a higher amount of ATTO 430LS released with time.
Confirmation of cargo release induced by the selective
uncapping of $3 — due to AAL displacement to bind the Le*
ligands present on DLD-1 membrane — was carried out via
similar experiments using DLD-1 cells in which Le* and sLe”
expression was induced. Overexpression of Le* (and sLe”) was
prompted by culturing cells in the presence of epidermal
growth factor (EGF) and basic fibroblast growth factor (bFGF).
** From the analyses of these cultures by flow cytometry, it
was concluded that the highest expression of Le* and sLe* was
achieved when DLD-1 cells were cultured for 3 days in the
presence of EGF and bFGF (see Fig. 6).
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Fig. 5 a) S3-DLD-1 viability assay with the colorimetric MTS method. Experiments were carried out in quadruplets and data are plotted as mean * SD. b-d) S3-cell interaction
assessment. Confocal microscopy imaging of DLD-1 cells after incubation with S3 for 4h (b), 24h (c,d), not washed (b,c) and washed with PBS (d). The same region was considered

for images c) and d). Experiments were carried out in duplicates. 10x magnification. Scale bar: 100 um.

Le* and sLe*-overexpressing DLD-1 cells and untreated DLD-
1 cells were incubated with solid S3 for 24 h. Experiments
were carried out in duplicates. Fluorescence images showed a
higher ATTO 430LS emission in cells treated with EGF and bFGF
(Fig. 7a) than in control cells (Fig. 7b). Green pixels in
fluorescence images were counted using the image processing
program Image J, and a 3 fold higher ATTO 430LS emission was
found in overexpressed Le” cells. This increase in fluorescence
correlates well with the increase of Le* on DLD-1 cells.

Fig. 4 Fluorescent microscopy images of DLD-1 cells incubated with media with 40
ug/mL AALSS5 (red) (a) or only media (b). Nuclei were stained with DAPI (blue).
Magnification: 10x. Scale bar: 30 um.

Colocalization studies performed with overexpressed Le* and
sLe® DLD-1 cells and S3 were also carried out. Experiments

were carried out in duplicates. Most ATTO 430LS dye (green)
was found to be internalized and only a small fraction was
localized with the plasma membrane (yellow) (Fig. 8a). The
orthogonal view of the Z stack (Fig. 8b) confirmed that both
ATTO 430LS and nuclei (DAPI-stained, blue) were present at
the same planes in the cytoplasm, confirming successful
internalization of the gated nanoparticles S3.

Conclusions

In summary, we have developed gated Le*-targeted delivery
systems (S3), using MSNs functionalized with a Le” derivative
and capped with AAL. Le* in solid $3 acts as an ideal linker to
promote the positioning of AAL onto the surface of the
nanoparticle and subsequent pore blockage. In this
nanosystem, AAL was able to cap the pores in MSNs and to
block cargo release (the ATTO 430LS dye). The gated solid
displayed a poor cargo delivery, whereas the presence of L-
fucose readily induced pore opening and payload delivery. The
observed behavior is in agreement with a displacement
reaction in which AAL binds L-fucose, the pores are uncapped
and payload delivered. Cell viability studies showed that the
gated solid S$3, at concentrations up to 10 pug/mL, did not affect
the viability of DLD-1 cells after 24 h incubation. Cargo release
in cells was induced by selective uncapping of S3 deriving from
the displacement of AAL, to bind Le*and sLe” ligands present in
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Fig. 6 Expression of Le* and sLe* on DLD-1 cells. DLD-1 cells were cultured for 3 or 7
days, in the presence or in the absence of EGF and bFGF. Data from PE-labelled anti-
CD15 (Le*) mAb and BD Horizon™ BV711-labelled anti CD15S (sLe”) are shown in
empty histograms. Filled histograms show isotype fluorescently labeled control
antibodies, used as negative controls.

the cell membrane. In a second step, when the particles are in
the proximity of cancer cells, and AAL is detached from S3 to
bind Le" overexpressed in certain cancer cells, Le® in the gated
MSNs act as targeting agent which helps to the nanoparticle’s
internalization assisted by its recognition by selectins. Then,
once uncapped, the anchored Le*-derivative on MSNs would
additionally bring the nanoparticle close to the membrane, by
interaction with fucose-binding proteins on the cell surface
(selectins). This dual targeting facilitates the specific release of
cargo in tumoral cells, and helps the whole system to be
internalized. Uncaping of S3 and cargo delivery was
demonstrated to occur in DLD-1 cells, whilst enhanced
internalization was observed in DLD-1 cells, in which Le*
expression was enhanced. These results can be considered as
promising towards adopting new therapeutic strategies to kill

malignant cancer cells that overexpress Le* and sLe, which
play important roles in tumor metastasis and angiogenesis.
This is one of the few examples based in MSNs that use
“saccharides” for capping (via interaction with AAL) and
targeting (via interaction with Le* expressed on membranes).
We propose that our synthetic strategy can contribute to
further design improved delivery systems using highly specific
saccharides, such as Le*, which play crucial roles in tumor
angiogenesis and metastasis.

Methods

Chemicals

Tetramethylorthosilicate ~ (TMOS),
bromide (CTAB), sodium hydroxide (NaOH), and (3-
isocyanatopropyl)triethoxysilane, triethylamine, as well as all
chemicals and solvents for Le* antigen derivative synthesis, were
purchased from Sigma-Aldrich. Methanol, ethanol, hydrochloric
acid (HCI) and acetonitrile were purchased from Scharlab. The dye
ATTO 430LS was purchased from ATTO-TECH GmbH. Silica gel
(0.041-0.0631) for flash column chromatography was purchased
from Merck. AAL, AAL555, L-fucose and DAPI-containing hardening
mounting oil, were purchased from Vector Labs. Sodium pyruvate,
Glucose, Hepes, Glutamine, Paraformaldehyde, NaAz were
purchased from Invitrogen. CDCl; and TMS for NMR experiments
were provided by Euriso-top (France). The human colorectal
adenocarcinoma cell line (DLD-1) was purchased from American
Type Culture Collection (ATTC). 3[4,5-Dimethylthiazol-2-yl]-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium, inner salt
(MTS) and phenazine ethosulfate (PES) were provided by CellTiter.
Aqueous One Solution Cell Proliferation was purchased from
Promega, UK. Cell dissociation solution, cell culture RPMI-1640
medium and streptomycin/penicillin solution were provided by
Sigma. Fetal bovine serum (FBS) and fetal calf serum were provided
by Lonza. EGF and HBBS (without Ca or Mg) were provided by
Gibco. bFGF was purchased from Invitrogen. All chemicals were of
reagent grade and used without further purification. Solvents were
dried by standard procedures and reactions requiring anhydrous
conditions were performed under nitrogen atmosphere. Thin layer
chromatography was carried out on 0.25 mm pre-coated silica gel
plates (Merck silica hgel 60 F254) with detection by UV-light (254
nm) and/or heating with 10% sulfuric acid (agueous solution) or p-
anisaldehyde solution. Flash chromatography was carried out using
the SP1 Flash Purification System by Biotage.

n-cetyltrimethylammonium

Techniques



Fig. 8 Colocalization study of $3 and DLD-1 cells plasma membrane. Cells were cultured for 3 days, in the presence of growth factors and incubated for 24 h with 8 ug/mL of the
gated solid $3 (ATTO 430LS, green), and stained for plasma membrane (red) and nuclei (blue). Z-stack images of 2 um sections were obtained with a 40x oil objective. a) Gallery

view, b) Ortho view. Scale: 20 um. Experiments were carried out in duplicates.

PXRD, TEM, isothermal N, adsorption-desorption, DLS, FTIR
spectroscopy and TGA were used to characterize the syntethized
materials. PXRD measurements were performed on a Bruker AXS
D8 Advance diffractometer using Cu-K, radiation. TEM images were
acquired with a JEOL TEM-1010 electron microscope working at 100
kV. N, adsorption-desorption isotherms were recorded on a
Micromeritics TriStar Il sorption analyzer. The samples were
degassed at 120 °C under vacuum overnight. The specific surface
areas were calculated from adsorption data within the low pressure
range, using the BET model. Pore size was determined by the BJH
method. DLS measurements were performed on a ZetaSizer Nano
instrument from Malvern. FTIR spectroscopy was carried out with a
Tensor 27 FT-IR spectrometer from Bruker. TGA was carried out on
a TGA/SDTA 851e Mettler Toledo, using oxidant atmosphere (air, 80
mL/min), with a heating program consisting on a heating ramp of
10 °C per minute from 393 K to 1273 K and an isothermal heating
step at this temperature for 30 minutes. Fluorescence
measurements carried JASCO FP-8500
Spectrophotometer. 'H-NMR spectra were run in CDCl; at 300 K on
a Bruker AVANCE 400 MHz using TMS as internal reference for
chemical shifts. Mass spectra were obtained with an ESI apparatus
Bruker Esquire 3000 plus.

were out in a

Synthesis of MSNs

MSNs were synthesized using CTAB as porogen species and TMOS
as a silicon source. In brief, 3.94 g of CTAB was dissolved in a
solution containing 800 g of methanol/water (0.4/0.6=w/w) and 2.8
mL of an aqueous solution of NaOH 1M, under vigorous stirring.
Once dissolved, 1.3 mL of TMOS was added at ambient conditions.
After being stirred for 8h, the mixture was aged overnight at rest.
The resulting white precipitate was washed with ethanol and water
for five times each and finally dried at 70 2C to obtain the as-made
mesostructured nanoparticles. Hence, the obtained solid was
suspended in a solution containing 20 mL of ethanol and 4 mL of
HCl. The suspension was refluxed overnight to extract the

surfactant template. The resulting white solid was filtered out and
thoroughly washed with ethanol and water and dried under
vacuum to obtain the MSNs.

Q

)

b)

Fig. 7 DLD-1 cultured for 3 days in the presence (a) or in the absence (b,c) of growth
factors, and incubated with 8 ug/mL of solid S3 (a,b) or only media (c), for 24 h. Scale
bar: 100 pum. The green color pixel percentage is shown in the top right corner.
Experiments were carried out in duplicates.



Synthesis of the trisaccharide Le” derivative (1)

Le* derivative was obtained following the established procedure
described in the literature °*** and in Fig. 2. A step-wise
glycosylation strategy of the adequate building blocks was used.
The attachment of the fucosyl residue to the 3-hydroxy group of the
glucosamine moiety was followed by introduction of the galactosyl
residue to the 4-hydroxyl group of the disaccharide obtained in the
first glycosidation. The obtained trisaccharide was deprotected,
purified and characterized by 'H-NMR and mass spectrometry. H-
NMR (500 MHz, D,0, 300 K): 6 1.16 ppm (d, 3H, J = 6.6 Hz, CH; Fuc),
2.02 ppm (s, 3H, OCOCHjs), 2.94 ppm (m, 2H, -CH,-NH,), 3.51 ppm
(dd, 1H, J =7.4, 3.9 Hz), 3.61 ppm (m, 2H), 3.78-3.64 ppm (m, 5H),
3.80 ppm (d, 1H, J= 2.4 Hz), 3.98-3.84 ppm (m, 7H), 4.02 ppm (m,
1H), 4.44 ppm (d, 1H, J=7.8 Hz, H1"Gal), 4.55 (d, 1H, J= 7.8 Hz, H1’
Glc), 4.82 ppm (m, 1H, H5 Fuc), 5.10 ppm (d, 1H, J= 3.9 Hz, H1 Fuc)
(see the complete assignment and the NMR spectra in ESIT, Fig. S6,
S7 and S8, and Tables S1 and S2). Mass spectrometry data identified
the following ions with m/z ratio of 573.55 (M+H)" and 287.28
(M+2H)>.

Synthesis of S1

50 mg of MSNs was suspended in 500 puL of an aqueous solution of
ATTO 430LS dye (500 pg). The suspension was kept under stirring at
room temperature overnight, to achieve maximum loading in the
pores of the MSN scaffolding. Then, the solid was filtered and dried
under vacuum. Subsequently, 30 mg of the dry solid was suspended
in 900 pupL of acetonitrlie and 8 uL of (3-
isocyanatopropyl)triethoxysilane was added. The mixture was
stirred at room temperature for 5.5 h. Finally, the solid was filtered
and dried under vacuum to obtain the solid S1 (Fig. 1a).

Synthesis of S2

25 mg of the isocyanate-functionalized nanoparticles S1 and 2 mg
of the Le” derivative 1 were suspended in 1 mL of deionized water.
Immediately, 1 pL of triethylamine (0.003 mmol) was added as
2 hours. The
nanoparticles were then centrifuged and washed, and the resulting
Le*-derivatized nanoparticles S2 were finally dried under vacuum
(Fig. 1a).

catalyst and the suspension was stirred for

Synthesis of S3

1000 pg of solid S2 was suspended in 980 uL of PBS buffer (10 mM,
pH 7.4, supplemented with calcium chloride 1 mM and magnesium
chloride 2 mM) and then, 20 uL of AAL aqueous solution (1.241
pg/uL) was added. The suspension was kept stirring for 1 hour at
room temperature. After that time, the solid was centrifuged,
washed 5 times with buffer solution and dried under vacuum to
obtain the final AAL-gated solid S3 (Fig. 1a).

Delivery studies in solution

Delivery studies of ATTO 430LS dye were performed in solution with
S3, in the presence and in the absence of L-fucose. In a typical
experiment, 500 ug of $3 was suspended in 1000 pL of deionized
water. Then, 490 pL of the suspension was mixed with 510 uL of
PBS buffer (10 mM, pH 7.4) and used as a control. 490 pL of the
same suspension was mixed with 510 uL of a solution of L-fucose (5

M) in PBS buffer. In both cases, the suspensions were stirred at
room temperature and aliquots (130 uL) were taken at scheduled
times (0, 2, 5, 10, 30, and 60 min, respectively). The aliquots were
then centrifuged to remove the solid and the amount of ATTO
430LS dye delivered was measured by fluorescence spectroscopy
(Aex: 433 nm, A.n: 547 nm). To assess the performance in
competitive media, delivery experiments were also carried out in
cellular medium in the presence and in the absence of L-fucose.
Solid $3 (0.25 mg/mL) was incubated for 24 h at room temperature,
in the presence and in the absence of L-fucose 2.5 M in DLD-1
complete media. The amount of delivered ATTO 430LS dye in the
supernatant solution was measured by fluorescence spectroscopy
(Aex: 433 nm, Ay: 547 nm).

Experiments with cells

The human colorectal adenocarcinoma cell line DLD-1 was grown in
RPMI-1640 medium supplemented with 10% fetal calf serum, 1 mM
sodium piruvate, 4.5 g/L glucose, 10 mM HEPES, 2 mM L-glutamine
and streptomycin/penicillin (100 U/mL penicillin and 100 pg/mL
streptomycin) solution. Cells were cultured at 37 2C and 5% CO, in
25 cc TC flasks. Fluorescence microscopy was used to assess the
presence of AAL-binding ligands on DLD-1 plasma membrane and to
test the interaction with AAL. Round coverslips (13 mm-diameter)
were deposited into 24-well plates and 2x10° DLD-1 cells were
seeded in each well. Following overnight culture, the cell
monolayers were rinsed with PBS and media containing 40 pg/mL
fluorescent AAL (AAL555) or media alone was added to the wells.
Following a 2 h incubation at 37 2C and 5% CO,, cells were washed
carefully, not to lift cells off the coverslip, and fixed with PBS
containing 1% paraformaldehyde for 30 min at 37 eC. The wells
were then washed extensively and the cover slips mounted with
DAPI-containing hardening mounting oil. Following a 30 min-
incubation of the slides at 4 2C the cells were imaged using the 10x
magnification objective of a Leica DMI6000b microscope (Aex
560/40 nm, 595nm dichromatic mirror, A, 645/75 nm) with a Leica
DFC300FX color camera.

Cell viability experiments

Cell viability was measured with the colorimetric MTS method. The
MTS assay is based on the conversion of a tetrazolium salt into a
colored, aqueous soluble formazan product by mitochondrial
activity of viable cells at 37 °C. The amount of formazan produced
by dehydrogenase enzymes is directly proportional to the number
of living cells in culture and can be measured at 492 nm. %590
DLD-1 cells were seeded in 96-well plates and grown for 24 h at 37
oC and 5% CO, DLD-1 cells were incubated with media containing
1, 5 or 10 ug/mL of solid $3 (50 uL) or media alone for 24 h at 37 C
and 5% CO,. Experiments were carried out in quadruplets. 1 h prior
to absorbance measurement, the media was replaced by fresh
media containing 1:20 (v:v) 3[4,5-Dimethylthiazol-2-yl]-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium, inner salt
(MTS) and phenazine ethosulfate (PES) and incubated at 37 2C and
5% CO,. Absorbance of MTS product was detected in a microplate
reader (GENios Pro, TECAN) at 492 nm. The concentration of S3 in
PBS employed for the cell assays was determined by Inductively
Coupled Plasma Optical Emission Spectroscopy.



S3-cell interaction experiments

Confocal microscopy was used to assess S3-cell interaction. A Zeiss
LSM 510 META confocal microscope was employed. DLD-1 cells
were seeded in equal numbers per well and grown for 3 days in 16-
well chamberslides (Lab Tek). After removal of the culture media,
DLD-1 cells were incubated with $3 (2.7 pug/mL) in media for 4 h or
24 h at 37 °C and 5% CO,. Then the cell monolayers were or not
washed with PBS for live cell imaging. Experiments were carried out
in duplicates. The sample was excited at 488 nm and the emission
light collected from 520-700 nm. The chamberslide was examined
under the confocal microscope with a 10x objective in channel
mode at the excitation wavelength of 488 nm for ATTO 430LS dye.
The green color pixels were counted using the image analysis
software Image J and the ratio to the total pixels was calculated.

Overexpression of Le™ (and sLe*)

DLD-1 cell surface expression of the fucose-containing carbohydrate
structures Le* and sLe* was tested by flow cytometry. DLD-1 cells
were grown for 3 or 7 days in the presence or absence of EGF (20
ng/mL) and bFGF (10 ng/mL). Cell monolayers were lifted from the
flask surface by 15 min incubation at 37 2C with cell dissociation
solution (Sigma) and centrifuged at 1500g for 5 min. The cell pellet
was re-suspended in 1% FBS, 0.09% NaAz (staining buffer)
containing additional 10% of heat inactivated FBS, syringe-
disaggregated and left at room temperature for 30 min to block Fc
receptors. Then, 20 pL of phycoerythrin (PE)-labelled anti-human
Le* (CD15, clone HI98) or 10 ulL BD Horizon™ BV711 anti-human sLe”
antibodies (CD15S, clone CSLEX1) were added and incubated in ice
for 30 min. As control, isotype-matched fluorophore-matched
antibodies were used (BD biosciences). Before analysis, cells were
washed twice with staining buffer by centrifugation, re-suspended
in HBBS without calcium or magnesium containing 10 pg/mL DAPI
and placed in ice. As DAPI is an exclusion dye, only cells negative for
DAPI staining (live cells) were analyzed. Cell doublets were also
excluded from the analysis. Experiments were acquired in a BD
Canto Il flow cytometer (Becton Dickinson) keeping the same
voltage settings for all the parameters analyzed. Analysis of the
data was performed with the FlowJo program (Miltenyibiotec).

Colocalization studies

DLD-1 cells were grown for 3 days in 16-well chamber slides (Lab
Tek) in the presence or absence of growth factors, then incubated
with $3 (8 ug/mL) in media for 24 h at 37 2C and 5% CO, and cooled
for 30 min at 4 2C. The cell-containing wells were washed twice very
carefully, drop-wise, to avoid lifting cells off the glass with cold PBS
without calcium or magnesium containing 0.09% sodium azide
(PBS/NaAz) and incubated with 30 ug/mL FM-464 in PBS/NaAz for
1 min at 4 oC for membrane staining. Medium was removed and
cells were fixed by incubation at 4 2C with 4% paraformaldehyde-
containing PBS/NaAz for 30 min. Then the chamber gasket was
removed from the slide and the cells were rinsed twice with PBS.
Experiments were carried out in duplicates. A drop of DAPI-
containing mounting oil was added to each cell spot and the slide
was mounted with a coverslip of 0.13-0.16 mm (25 x 60 mm,
Menzel-Glazer). The oil in the mounted slide was allowed to harden
by a 30 min incubation at 4 2C, and the slide was examined under
the Zeiss LSM 510 META confocal microscope with a 40x oil

immersion objective in a lambda or channel mode at the excitation
wavelengths of 488 nm and 514 nm for ATTO 430LS dye and FM4-
64 (Life Technologies), respectively. Z-stacks of 2 pum-thickness
planes were taken under the described conditions. Linear unmixing
of the overlapping two spectra was performed and the resulting
imaged was overlayed with the image of the transmitted light
channel and the DAPI stain channel (excitation at 405 nm / emission
filter 420-480 nm). For the overlays the AxioVision image program
was employed.
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