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A two-dimensional (2D) glycomaterial for targeted delivery of
maytansine to liver cancer cells was developed. Host—guest inter-
action between a galactosyl dye and human serum albumin (HSA)
produces supramolecular galactoside—HSA conjugates, which are
then used to coat 2D MoS,. The 2D glycomaterial was shown to be
capable of the targeted delivery of maytansine to a liver cancer cell
line that highly expresses a galactose receptor, resulting in greater
cytotoxicity than maytansine alone.

Liver cancer is amongst one of the most common malignant
tumours. According to the International Agency for Research on
Cancer (IARC) World Cancer Report 2020, liver cancer results in
the third highest mortality rate for all types of tumours with a
five-year survival rate of less than 18%. This poses a serious
threat to human health and the global economy." Therefore,
the development of effective therapeutic methods is crucial to
improve the prognosis and improve the survival rate of patients
diagnosed with liver cancer.
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Despite rapid progress in the development of antibody- and
cell-based therapeutics, chemotherapy, based on cytotoxic
drugs remains the major method for liver cancer treatment in
hospitals worldwide.” Conventional chemotherapeutic agents
fail to distinguish between normal and cancer cells, thereby
leading to serious side effects and an overall low therapeutic
efficacy. Recent research has identified multiple key biomar-
kers (e.g. glypican-3)>* in the development and progression of
liver cancer, facilitating the development of targeted therapeu-
tics (e.g. antibody-drug conjugates), ADCs, and Chimeric Anti-
gen Receptor T-Cell Immunotherapy, CAR-T, to selectively kill
cancer cells without affecting the growth of normal cells.?
However, ADCs are costly to prepare due to the complexity in
the production process of small molecule-biomacromolecule
conjugates. This is also the problem for preparing CAR-T based
therapeutic agents. Moreover, ADCs and CAR-T are much more
expensive when compared to pure chemotherapeutic drugs,
and as such impose a large economic burden on patients.

Carbohydrate-protein interactions (CPIs) are one of the
most ubiquitous biological events on the surface of cell mem-
branes, and play an important role in modulating biological
processes.® The development of drug delivery strategies
through the covalent or non-covalent attachment of carbohy-
drates to a variety of bioactive compounds and material sub-
strates has proven effective in the field of drug-targeted cancer
therapy. For example, Liu et al. reported glucosylated triptolide,
which allows for targeted drug release in cancer cells with
sustained antitumour activity.” More recently, three glycosy-
lated small-interfering RNA (siRNA)-based therapeutic agents
have already been approved for clinical use by the US Food and
Drug Administration (FDA) and European Medicines Agency
(EMA).® Given these promising examples, we believe
carbohydrate-modified therapeutic agents could become a pro-
mising alternative to antibody and cell-based therapies. How-
ever, effort in this field has been limited to the covalent
modification of therapeutic agents with carbohydrates, whereas
the exploitation of supramolecular strategies remain less
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explored. We® and others'® have recently reported that HSA,
which is the serum protein abundant in the human body, is a
suitable supramolecular host for accommodating a diverse
range of fluorescent diagnostic and theranostic probes with
enhanced properties. This offers scope for the construction of
supramolecular ‘“‘glycoproteins” for biomedical applications
through the simple inclusion of a dye-modified glycoside into
the hydrophobic cavity of HSA.>**

Multivalency is an important factor for carbohydrates to
achieve high avidity with their binding proteins.">"® While
previous studies focused on the covalent grafting of multiple
glycosyl units onto an oligo- or polymeric backbone, we have
proposed the notion of supramolecular glycomaterials in which
a dense array of dye-functionalized glycosides are self-
assembled onto a material through n-n stacking and/or
electrostatic interaction, achieving the targeted imaging and
eradication of cancer cells.'**? Here, we developed a supramo-
lecular 2D “glycomaterial” based on the self-assembly of HSA-
based glycoproteins with 2D molybdenum disulphide (MoS,)
for the asialoglycoprotein receptor (ASGPr)-targeted delivery of
a theranostic cargo to liver cancer cells.

In recent years, a wide variety of 2D materials, owing to their
large specific surface area and unique optical properties, have
been developed as carriers and as photoactive agents for
targeted delivery of therapeutic agents, leading to enhanced
therapeutic outcomes for many diseases."”'® Among the
advanced materials developed, 2D MoS, has been shown to
be biocompatible with minimal toxicity to a number of healthy
cells.”’® However, the development of carbohydrate-modified
MosS, materials for targeted delivery of anticancer agents has
been elusive. In this study, we used the “host-guest” inclusion
of a fluorescent glycoprobe (Gal-DCM) and an anticancer drug
(Maytansine) into the hydrophobic pockets of human serum
albumin (HSA) to produce a multicomponent ‘“‘glycoprotein”’,
which is then self-assembled with 2D MoS,. We show that the
2D glycomaterial is capable of targeted delivery of the thera-
nostic cargo to Hep-G2 cells that highly expresses ASGPr on the
cell surface (Scheme 1).

Galactose (Gal) that serves as the targeting agent for ASPGr
was coupled to a red-emitting dicyanomethylene-4H-pyran
(DCM) dye using the click reaction, producing the glycoprobe
Gal-DCM."* In its typical UV-vis absorption and fluorescence
emission spectra, the maximum absorbance and fluorescence
emission peaks of Gal-DCM at ca. 460 and 630 nm, respectively,
were observed (Fig. S1, ESIt). The glycoprobe was then bound
to HSA through host-guest inclusion of DCM to the site 1 (IIA
domain) of albumin.'® Subsequently, the resulting glycoprotein
(Gal-DCM/HSA) was used to self-assemble with 2D MoS, synthe-
sized using a known exfoliation method"*¢ in phosphate buf-
fered saline (PBS, 0.01 M, pH 7.4) to form the 2D glycomaterial
(Gal-DCM/HSA/2D MoS,). To study the morphology of the 2D
glycomaterial, we used high-resolution transmission electron
microscopy (HRTEM) and scanning electron microscopy (SEM)
(Fig. S2, ESIT). 2D MoS, alone was observed as thin-layered
nanosheets. After the formation of the 2D glycomaterial,
entangled fibril architectures corresponding to HSA were
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Scheme 1 (a)

Structure of galactosyl
(Gal-DCM) that targets the asialoglycoprotein receptor (ASGPr) of liver
cancer cells, and Maytansine. (b) Construction of the supramolecular 2D
glycomaterial by host—guest inclusion of Gal-DCM into human serum
albumin (HSA), followed by the co-assembly of the resulting ensemble and
Maytansine onto 2D molybdenum disulfide (2D MoS,) for targeted delivery
of the drug to liver cancer cells (Hep-G2) that highly expresses ASGPr.

dicyanomethylene-4H-pyran

observed on the nanosheets. The size distribution of 2D
MoS,, the glycoprotein and the 2D glycomaterial was measured
using dynamic light scattering (DLS) (Fig. S3, ESIt). The dia-
meter of the glycoprotein and 2D MoS, ranged from 10-70 nm
and 110-1000 nm, respectively. After self-assembly, the size
increased to 150-2200 nm.

To elucidate the driving force by which Gal-DCM/HSA self-
assembles with 2D MoS,, we used Raman spectroscopy and zeta
potentiometry to characterize the scattering signals and
potential of the materials generated, respectively. Typical
Raman peaks centred at 378 cm ™' and 401 cm™ ", which are
assigned to the in-plane vibration (E3,) of Mo and S atoms and
the reverse interlaminar vibration of two S atoms (A,,), respec-
tively, were observed for both 2D MoS, and the supramolecular
glycomaterial (Fig. 1a). The ratio of Ej, to A, as used to
characterize the changes in vibration level and thickness of
the 2D MoS, sheets. In the presence of the glycoprotein, the
Eig/Alg ratio of the 2D MoS, increased from 0.45 to 0.52,
suggesting an increased degree of the in-plane Mo-S vibration
and a decreased interlaminar vibration of the S atoms."® This
suggests that the coating of the glycoproteins onto the surface
of 2D MoS, increased the conjugation degree and thickness of
the system. We also observed that the assembly of glycoproteins
with 2D MosS, increased the zeta potential from —37 mV to
—25 mV (Fig. 1b), suggesting an electrostatic attraction between
the two species. In addition, zeta potential measurement of the
2D glycomaterial at different pH showed that the material was
relatively stable from pH 5.0 to 10.0, and especially at a
physiological pH range of 6.0 to 8.0 (Fig. S4, ESIT).
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Fig. 1 (a) Stacked Raman spectra of 2D MoS, (1 ug mL™) and 2D
glycomaterial (Gal-DCM/Maytansine/HSA/2D MoS, = 1 uM/20 nM/1 uM/
1 ug mL™Y). (b) Zeta potential of 2D MoS; (1 pg mL™Y) and 2D glycomaterial
(Gal-DCM/Maytansine/HSA/2D MoS, = 1 uM/20 nM/1 uM/1 pg mL™Y).
(c) Fluorescence enhancement of Gal-DCM (1 uM) with increasing HSA (0—
50 pM; interval: 5 pM); excitation wavelength: 460 nm. (d) Fluorescence
guenching of Gal-DCM/Maytansine/HSA (1 pM/20 nM/15 uM) with
increasing 2D MoS, (from the top curve to bottom: 0-28 pg mL™%
interval: 2 pg mL™Y); excitation wavelength: 460 nm.

Fluorescence spectroscopy was then used to characterize the
supramolecular assemblies. We first determined that the addi-
tion of increasing concentrations of HSA to the Gal-DCM
solution gradually enhanced the red emission (Zmax
600 nm) of DCM (Fig. 1c and Fig. S5a, ESIT). This suggests
the inclusion of the dye to the hydrophobic cavity of the
albumin, results in a significantly enhanced fluorescence as
the hydrophobicity of the cavity of HSA supresses the intra-
molecular charge transfer (ICT) process of DCM."® A competi-
tion assay was subsequently performed and indicated that
pretreatment of a known site 1-binding agent (warfarin
sodium)®® with HSA decreased the fluorescence of Gal-DCM
in a concentration-dependent manner (Fig S5b, ESIt). In con-
trast, the pretreatment of dansyl-.-norvaline (a known site 2
(IIA domain)-binding agent) with HSA did not cause the
fluorescence of Gal-DCM to decrease (Fig S5c, ESIt), corrobor-
ating that the glycoprobe is predominantly included in the site
1 pocket of HSA. Using the same assay, we also determined that
the preincubation of Maytansine with HSA did not result in a
decrease in the fluorescence of Gal-DCM, suggesting that the
binding domain of the fluorescent probe and that of the drug in
HSA are not competitive (Fig. S5d, ESIt). Using isothermal
titration calorimetry (ITC),>" the association constants (K,) for
Gal-DCM and Maytansine with HSA were determined to be
approximately 2.1 x 10° and 1.5 x 10> L mol ™", respectively
(Fig. S6, ESIY).

Next, a fluorescence titration was carried out for the fluor-
escent glycoprotein with 2D MoS,. We observed a gradually
quenching of the fluorescence of DCM with increasing concen-
trations of 2D MoS, (Fig. 1d). Which agrees with the quenching
ability of 2D MoS, for adjacent fluorescent dyes through energy
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and electron transfer mechanisms.'””

The drug-loading capacity of
the materials was determined by UV-vis spectroscopy (Fig. S7, ESIt).
We observed a 20.8-fold greater Maytansine-loading of the supra-
molecular glycoprotein Gal-DCM/HSA (218 nM) than that of just 2D
MoS, (10 nM). Interestingly, the assembly of the glycoprotein to 2D
MoS, improved the Maytansine-loading amount further to 308 nM,
which suggests that the unique architecture of the 2D glycomaterial
offers more space for accommodating drug molecules.

Next, we evaluated the targeted cellular imaging ability of
the 2D glycomaterial for Hep-G2 (human liver cancer cell that
overexpresses ASGPr).**? A human triple-negative breast cancer
cell line (MDA-MB-231) with minimal expression level of ASGPr
was used as control. We determined that the incubation of 2D
glycomaterial with the cells only led to the fluorescence pro-
duction in Hep-G2 but not MDA-MB-231 cells. The receptor-
dependent imaging effect of the 2D glycomaterial was evaluated
via a competition assay. The pre-incubation of free p-galactose
with Hep-G2 reduced the fluorescence of 2D glycomaterial in a
concentration-dependent manner (Fig. 2). This suggests that
selective imaging of the 2D glycomaterial is dependent on the
galactose-ASGPr recognition. In addition, a decreased intracel-
lular fluorescence from the 2D glycomaterial in Hep-G2 cells
was observed, while no significant changes in MDA-MB-231
cells when the temperature was decreased from 37 °C to 4 °C
(Fig. S8, ESIt), suggesting the cell uptake of the 2D glycomater-
ial is kinetically controlled via a receptor-mediated endocytic
process.

Subsequently, the potential of the 2D glycomaterial as a drug
delivery carrier was evaluated. It has been reported that
Maytansine could be included into site 1 of HSA resulting in
enhanced biosafety of Maytansine-based therapy in vivo.''” A
preliminary cell viability assay indicated a ca. 56%, 53% and
35% reduced ICs, (half maximal inhibitory concentration) of the 2D

D-Gal (mM)

HepG2

MDA-MB-231

B Hep-G2
1 MDA-MB-231

Normalized /¢

10 20 40
Concentration (mM)

Fig. 2 (a) Fluorescence imaging and (b) quantification of Hep-G2 (human
liver cancer) and MDA-MB-231 (human breast cancer) cells after incuba-
tion with the 2D glycomaterial (Gal-DCM/HSA/2D MoS, = 5 pM/5 uM/
5 ng mL™) without and with pretreatment of increasing free p-galactose
(p-Gal) at the indicated concentrations. ***P < 0.001. S.D. means standard
deviation (n = 3). The excitation and emission channel used is 460-
490 nm and 580-650 nm, respectively.
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glycomaterial-loaded Maytansine (ICs, = 0.15 pM) compared to
Maytansine (IC5, = 0.34 pM), Maytansine/HSA (ICs, = 0.32 pM)
and Gal-DCM/Maytansine/HSA (ICs, = 0.23 pM), respectively
(Fig. S9, ESIt), suggesting the presence of the galactosyl targeting
agent significantly enhanced the ASGPr-mediated endocytosis of the
therapeutic system.

Next, a double-staining assay was carried out to corroborate the
targeted cytotoxicity of the delivery system. Hoechst 33342 and
EasyProbe Green 488 were used to stain the total and dead cells,
respectively. As shown in Fig. S10 (ESI}), when cells were treated
with Maytansine-loaded 2D glycomaterial, a strong fluorescence
emission assigned to EasyProbe Green 488 was observed in Hep-
G2 but not in MDA-MB-231 cells. This corroborates the selective
internalization of the galactose-modified 2D material for ASGPr-
targeted delivery of cytotoxic drugs inducing cell death. Maytansine
was reported to induce cell apoptosis through blocking the poly-
merisation of microtubule proteins, which arrests cells in the G,/M
phase of the cell cycle, thereby inhibiting mitosis."* Thus, the
Annexin V-mCherry Apoptosis Detection Kit was used to test
whether the Maytansine-loaded 2D glycomaterial kills cancer cells
via an apoptotic pathway. The result indicated that the incubation of
Maytansine alone with Hep-G2 cells caused a slight increase in
fluorescence, as did the assembly of the drug with HSA. A further
increase in fluorescence was seen when Maytansine was co-
assembled with HSA and 2D MoS,. The incorporation of Gal-
DCM into the system further increased the Annexin V-mCherry
fluorescence, which suggests the receptor-targeting delivery of May-
tansine resulted in cell apoptosis (Fig. S11, ESIT).

To summarize, we have constructed a simple 2D glycoma-
terial for targeted delivery of Maytansine to Hep-G2 cells with
enhanced expression of ASGPr, leading to cell apoptosis. This
study offers insight into the simple construction of sugar-based
supramolecular materials for the targeted delivery of commer-
cial cytotoxic drugs to cancer cells.*
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