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Abstract: Photocontrolled, targeted and biocompatible
supramolecular nanoparticles were constructed through
the host-guest interactions of 2-nitrobenzyl ester-linked -
cyclodextrin and adamantane-grafted hyaluronic acid (HA).
In this system, we used HA and 2-nitrobenzyl ester as
targeting and photoresponsive groups, respectively. More-
over, the introduction of B-cyclodextrin further enhanced
the biocompatibility of the supramolecular nanoparticles.
Benefiting from the light-responsive capability of a 2-
nitrobenzyl ester moiety, the hydrophobic anticancer drug
camptothecin was loaded in the internal hydrophobic
microenvironment of the supramolecular nanoparticle and
could be specifically released in the cancer cells. These
results demonstrated that supramolecular polysaccharide
drug nanocarriers with targeting ability and intelligent
light-stimulus responsiveness may have excellent potential

in the clinical cancer treatments. )
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Figure 1. Molecular structures of host compound 1, guest polymer 2,
reference compound 3, and the anticancer drug CPT.
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The application of nanocarriers for anticancer drug delivery has
stimulated an upsurge of interest in the chemical and
biomedical fields."" More intelligent drug nanocarriers with
stimulus responsiveness and targeting ability have been
delicately designed and constructed in the past decades, with
the aim of promoting their practical translation in clinical use.”
In this regard, the multistimuli-responsive supramolecular nano-
carriers based on host-guest interactions provide a versatile
nanoplatform in the construction of smart drug delivery
systems and possess immense advantages, such as ease of
synthesis, good reproducibility, favorable biocompatibility, and
easier operability.”! With the assistance of these supramolecular
nanocarriers, many water-insoluble therapeutic drugs can be
readily encapsulated in the hydrophobic cavities or micro-
environments to enhance their water solubility and bioavail-
ability and more significantly, the stimuli-sensitive sites and
targeting agents can be conveniently introduced into the
supramolecular nanocarriers by either covalent binding or
noncovalent decoration.”! Consequently, the multistimuli-re-
sponsive supramolecular nanocarriers, especially the ones
based on functionalized macrocyclic receptors,”! have shown
great power in the battle against many degenerative diseases,
such as cancers.

With these in mind, herein, we report a photo-responsive
supramolecular nanoparticulate assembly,’” which is con-
structed by the strong inclusion complexation between 2-
nitrobenzyl ester-linked B-cyclodextrin (1) and adamantane-
grafted hyaluronic acid (HA) (2). In our case, the HA skeleton
possesses targeting ability to specifically recognize the overex-
pressed HA receptors on the cancer cells” and the 2-nitro-
benzyl ester group can be photo-cleaved into 2-nitrosobenzal-
dehyde and carboxylic acid under UV light irradiation.”
Meanwhile, the photocleavage of alkyl chain from the host
compound can greatly alter the hydrophobic-hydrophilic
balance of the whole supramolecular nanocarrier, eventually
leading to the targeting transportation of water-insoluble
anticancer drug camptothecin (CPT) in the cancer cells (Fig-
ure 1). Thus, it can be anticipated that our obtained binary
assembly 1C2 with the targeted delivery and light-triggered
drug release behaviors will open bright prospects in the cancer
diagnostics and therapeutics.

First, we synthesized two host compounds 1 and 4 via “click
chemistry” between compounds 6, 8 and mono-(6-deoxyl-6-
azido)-B-CD, compounds 1 with 2-nitrobenzyl ester group as
experimental host and the compound 4 without 2-nitrobenzyl
group as reference host. The new compounds were compre-
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hensively characterized by NMR and mass spectroscopy. On the
other hand, the adamantane-grafted HA (2) as the polysacchar-
ide shell was synthesized according to our previous work and
the degree of substitution on 2 was calculated as one
adamantane unit grafted on every five HA repeating sugar units
on average according to the 'TH NMR spectra of 2. The synthetic
route and characterization of related compounds are shown in
Scheme S1-S2 and Figure S1-S13. Next, the supramolecular
assembly 1C2 could be conveniently constructed by simply
mixing of 1 and 2 in aqueous solution, due to the moderate
binding affinity between (3-cyclodextrin (3-CD) and adamantane
(ADA) moiety (K,>4.0x10°M").”" Then, the binding modes
between 1 and 2 were further investigated by 'H NMR
spectroscopy. As shown in Figure S14, the protons of ADA (H,_)
exhibited a large downfield shift in the presence of 1, which
was definitely contributed to the tight intermolecular binding
of ADA moiety with the cavity of 3-CD.'”

First, the photolysis performance of host 1 and assembly 1
C2 were investigated by MALDI-TOF mass spectroscopy and
UV-vis absorption spectra, respectively. As can be seen from
Figure S6, before 365 nm UV light irradiation, the highest m/z
peak in mass spectrum was located at 1571.5, corresponding to
the molecular ion peak of host 1. In contrast, after 365 nm UV
light for 30 min, the m/z peak signal was changed to 1371.4,
which could be clearly assigned to the photolysis product of 3
(Figure S15). This result clearly indicated that the o-nitrobenzyl
group in 1 was converted to the 2-nitrosobenzaldehyde
derivative. Meanwhile, UV-vis spectral changes further con-
firmed that the host 1 in the assembly 1C2 still possessed such
photolysis property in the conversion from 1 to 3. That is, a new
absorption appeared at 350-400 nm and the spectral intensity
accordingly increased upon exposure to 365 nm light irradi-
ation, further indicative of the complete photolysis of the
assembly 1C2 (Figure S16). Next, the CPT-loaded 1C2 nano-
particles (NPs) were prepared by slowly dropping CPT in MeOH
(ICPTI=5 pg/uL, 100 pL) into the aqueous solution of 1C2
assembly. The mixture solution was stirred for 24 hours in
darkness and filtered with a 450 nm filter membrane to remove
insoluble substance. The solution was dialyzed for 24 hours to
obtain the solution of CPT-loaded 1C2 nanoparticles. Then the
drug loading capability of 1C2 nanoparticles assembly was
further investigated by UV-vis spectroscopy. According to the
photometric standard curve of CPT, the drug loading efficiency
and encapsulation efficiency of CPT were calculated on a
weight/weight ratio as 2.8% and 11.7%, respectively, thereby
corroborating that the anticancer drug CPT was efficiently
loaded onto the 1C2 nanoparticles (Figure S17 and S18). It is
also believed that the introduction of CPT could not interfere
with the inclusion complexation in 1C2 assembly, because the
binding stability between [3-CD and CPT was fairly low (ca. 2.6 x
102 M—1).[11]

Furthermore, dynamic light scattering (DLS) and trans-
mission electron microscopic (TEM) experiments were per-
formed to study the effect of UV light irradiation on the
morphology and assembling size of CPT-loaded 1C2 nano-
particles. The DLS data showed that the hydrodynamic diameter
of the binary nanoparticles was 151 nm before UV light
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irradiation and this value decreased to 128 nm after irradiation
for 20 min, suggesting that the photocleavage of 2-nitrobenzyl
ester group could lead to the formation of small-sized nano-
assembly with more compact structure (Figure 2a). Moreover,
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Figure 2. DLS data of (a) CPT-loaded 1C2 nanoparticles; (b) CPT-loaded 4C2
nanoparticles; TEM images of CPT-loaded 1C2 nanoparticles (c) before and
(d) after 365 nm light irradiation; (e) the assembling process of CPT-loaded 1
C2 nanoparticles.

some control experiments were carried out to further demon-
strate the photolysis behaviors in the 1C2 nanoparticles. That
is, no obvious change in the hydrodynamic diameter was
observed after UV light irradiation using the CPT-loaded 4C2
and the reference host 4 without nitro group. This result clearly
implied that the size changes of CPT-loaded 1C2 nanoparticles
before and after UV light irradiation are exclusively contributed
to the photolysis of 2-nitrobenzyl ester group (Figure 2b).
Moreover, the TEM images also showed that the CPT-loaded 1
C2 assembly dispersed as the spherical nanoparticles and more
compact aggregates were found after UV light irradiation
(Figure 2c and 2d). These results are consistent with the ones in
DLS experiments.

The release of CPT was analyzed by monitoring the
fluorescence intensity changes of CPT-loaded 1C2 nanopar-
ticles under the UV light irradiation. As shown in Figure 3a, the
fluorescence intensity of CPT-loaded 1C2 nanoparticles gradu-
ally decreased as the UV irradiation time increased to 18 min,
indicating that the hydrophobic drug was gradually released
into the aqueous phase because of the photocleavage of 1. In
sharp contrast, the fluorescence intensity of CPT-loaded 4C2
had no obvious change under the same experimental condition,
indicating that CPT was tightly sealed in the hydrophobic
region of the nanoparticles, because the host compound 4
without 2-nitrobenzyl group cannot be photo-decomposed
(Figure S19). Accordingly, it could be calculated that about 60%
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Figure 3. Fluorescence spectral changes of (a) CPT-loaded 1C2 nano-
particles under the UV light irradiation for 18 min; (b) drug release
percentage of CPT-loaded 1C2 nanoparticles under the UV light irradiation
for 18 min; (c) disassembling process of CPT-loaded 1C2 nanoparticles
under UV irradiation.

CPT was released from 1C2 nanoparticles after UV light
irradiation in 18 min, whereas no CPT was released in the
control experiment (Figure 3b and 3c).

Finally, cells viability assays were further performed to
evaluate the targeted anticancer activity of CPT-loaded
supramolecular nanoparticles in vitro by using the propidium
iodide (Pl)-staining method (Figure 4). No obvious change in
cell viability was observed in the normal fibroblast NIH3T3 cells
and A549 cancer cells before and after UV light irradiation for
15 min, indicating that the UV light irradiation in such a short
time had a negligible effect on the cell viability. Moreover, after
incubation for 24 h with or without UV light irradiation, the cell
death rate of 1C2 nanoparticles both in NIH3T3 and A549 cell
lines remained at a low rate (3.5%). The result revealed that the
1C2 nanoparticles possessed the very low cytotoxicity and
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Figure 4. Bright field (left), dark field (middle) and merged (right) images of
A549 cells after the treatment with (a) blank; (b) blank after UV irradiation at
365 nm for 15 min; (c) CPT; (d) CPT after UV irradiation at 365 nm for 15 min;
(e) CPT-loaded 1C2 nanoparticles; (f) CPT-loaded 1C2 nanoparticles after
UV irradiation at 365 nm for 15 min; (g) 1C2 nanoparticles; (h) 1C2
nanoparticles after UV irradiation at 365 nm for 15 min, in 24 h incubation.
Cell viability assays of (i) A549 and (j) NIH3T3 cell lines in 24 h incubation.
The treated cells were stained with Pl and observed by fluorescence
microscopy. The percent of Pl-positive cells was calculated by the number
of Pl-positive cells divided by that of the total cells x 100. The asterisk
indicates significant difference in the examined groups (*p < 0.05).

good biocompatibility. In sharp contrast, it is noteworthy that
the anticancer activity towards A549 cancer cells of CPT-loaded
1C2 nanoparticles under UV light irradiation for 15 min was ten
times higher than that without UV light irradiation. These
phenomena jointly demonstrated that the drug molecules were
released from CPT-loaded 1C2 nanoparticles in a photo-
controlled manner. In comparison, given that there was no
abundant HA receptors over-expressed in the cell membranes,
the cytotoxicity of CPT-loaded binary nanoparticles toward the
normal NIH3T3 cells was fairly low before and after UV light
irradiation, further indicating that our obtained nanoparticles
could specifically recognize the cancer cells. In addition, after
24 h incubation, the CPT-loaded 1C2 nanoparticles gave 20.3%
Pl-positive cells towards A549 cancer cell line under UV light
irradiation, which was much higher than the corresponding
value of pristine CPT (10.3%). This result suggested that the
supramolecular nanoparticles could enhance anticancer efficacy
to a great extent, probably due to the improved bioavailability
when CPT was entrapped in the hydrophobic microenviron-
ment of nanocarriers. Meanwhile, the Pl staining images
showed that compared to the A549 cell line, the experimental
groups in NIH3T3 cells had a very low percentage in cell death
when treated with the 1C2 nanoparticles under UV light
irradiation (Figure 4i and 4j). It is also found that there was a
dose-dependent cell viability under our experimental condition;
that is, the CPT-loaded 1C2 nanoparticle could kill nearly 100%
cancer cells at the CPT concentration of 16.8 ug/mL after UV
irradiation for 15 min. In sharp contrast, the corresponding cell
death rates were fairly low for normal cells under the same
experimental condition (Figure S20). Meanwhile, the cell mor-
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phological characteristics of cancer and normal cells were
consistent with results obtained from the cells viability assays
(Figures 4a—-4h and S21). Taken together, all the aforementioned
results revealed that the anticancer drug CPT could be
endowed with photo-sensitivity delivery and targeted ability
after encapsulation in the 1C2 nanoparticles.

In conclusion, by taking advantage of the strong host-guest
complexation of 3-CD and adamantyl group, we have success-
fully constructed photo-controlled, targeted and biocompatible
supramolecular nanoparticles by the supramolecular complex-
ation between 1 and 2, which could efficiently load anticancer
drug CPT into the hydrophobic region of nanocarrier. Under the
365 nm light irradiation for only 18 min, the hydrophobic drug
CPT was gradually released into the aqueous environment from
1C2 nanoparticles, because the photocleavage of 1 could
disrupt  the hydrophilic-hydrophobic  balance of the
supramolecular nanoparticles. Moreover, the in vitro cytotoxicity
experiments further indicated that the CPT-loaded 1C2 nano-
particles exhibited better anticancer activity than free CPT
toward A549 cancer cells, but the cytotoxicity was fairly low to
the normal cells. Thus, we can envision that the 1C2 nano-
particles with remotely controlled and specially targeted drug
release and delivery behaviors may have great potential in the
cancer therapy.
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