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Through the high affinity of the f-cyclodextrin (f-CD) cavity for adamantane moieties, novel
polysaccharide-gold nanocluster supramolecular conjugates (HACD-AuNPs) were successfully constructed
from gold nanoparticles (AuNPs) bearing adamantane moieties and cyclodextrin-grafted hyaluronic acid
(HACD). Due to their porous structure, the supramolecular conjugates could serve as a versatile and
biocompatible platform for the loading and delivery of various anticancer drugs, such as doxorubicin
hydrochloride (DOX), paclitaxel (PTX), camptothecin (CPT), irinotecan hydrochloride (CPT-11), and
topotecan hydrochloride (TPT), by taking advantage of the controlled association/dissociation of drug
molecules from the cavities formed by the HACD skeletons and AuNPs cores as well as by harnessing the
efficient targeting of cancer cells by hyaluronic acid. Significantly, the release of anticancer drugs from the
drug@HACD-AuNPs system was pH-responsive, with more efficient release occurring under a mildly acidic
environment, such as that in a cancer cell. Taking the anticancer drug DOX as an example, cell viability
experiments revealed that the DOX@HACD-AuNPs system exhibited similar tumor cell inhibition abilities
but lower toxicity than free DOX due to the hyaluronic acid reporter-mediated endocytosis. Therefore, the
HACD-AuNPs supramolecular conjugates may possess great potential for the targeted delivery of
anticancer drugs.

urrently, nanomaterials have attracted significant interest due to their potential applications in drug

delivery, sensing, imaging and chemotherapy. Nanomaterials offer advantages in these applications

because of their unique physical and chemical properties' . Among the broad variety of known nano-
particles, gold nanoparticles have been widely studied in various fields, particularly in drug delivery**. Gold
nanoparticles have a number of desirable advantages, including (1) good biocompatibility®’, (2) convenient
synthesis and facile size control®, (3) robust stability under most in vivo conditions’, and (4) tunable surface
features and dense loading functionalities for specific cell targeting'*''. Thus, gold nanoparticles have been used as
delivery scaffolds to load various bioactive molecules for cancer therapeutics. To date, numerous effective antic-
ancer drugs have been used for the treatment of various human and animal cancers, such as doxorubicin
hydrochloride (DOX), paclitaxel (PTX), camptothecin (CPT), irinotecan hydrochloride (CPT-11), and topotecan
hydrochloride (TPT). However, their lack of tumor-targeting ability, poor biodistribution, undesirable side-
effects, and low aqueous solubility (in the case of PTX and CPT) have limited their clinical use and develop-
ment"> ', In addition to employing carriers to improve drug solubility, these drawbacks have been overcome by
introducing targeting agents that recognize cancer cells. Hyaluronic acid (HA) is an optimal targeting ligand that
has been extensively used in targeted drug delivery and cancer therapeutics due to its specific binding affinity for
CD44 and RHAMM (the HA receptor over-expressed on cancer cells) as well as its long-acting delivery of
biopharmaceuticals'>"'. In addition, the integration of gold nanoparticles and HA for the loading, delivery
and release of drugs as well as the recognition of tumor cells provides numerous advantages. For instance,
Sreenivasan and Manju' formulated multifunctional gold nanoparticles modified with a hyaluronic acid-curcu-
min conjugate and a folic acid-polyethylene glycol conjugate that displayed enhanced targeting and improved
efficacy compared to free curcumin. Park and co-workers® developed gold nanoparticles functionalized with
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near-infrared fluorescence dye-labeled HA and investigated their
anticancer abilities in vitro and in vivo, demonstrating that the gold
nanoparticles modified with HA could effectively identify metastatic
tumors as well as diagnose and treat HA degrading diseases.
However, it is noteworthy that, in the majority of studies, drug deliv-
ery systems have been utilized with only a single anticancer drug* .
Therefore, considerable effort should be directed toward devising
and developing novel platforms for the loading and delivery of a
variety of anticancer drugs. In the present work, we designed a drug
delivery system, drug@HACD-AuNPs (Fig. 1, see Supporting
Information for synthesis details), containing three components:
HACD (cyclodextrin-modified hyaluronic acid), AuNPs (gold nano-
particles bearing adamantane moieties), and an anticancer drug
(DOX, PTX, CPT, CPT-11, and TPT, structures shown in Fig. 2).
In this supramolecular conjugate, the porous nanocluster HACD-
AuNPs could be stably constructed due to the strong affinity between
the ff-CD cavity and adamantane moieties**. Various types of antic-
ancer drugs could be efficiently loaded into the three-dimensional
porous structure using hydrophobic and electrostatic interactions,
resulting in drug@HACD-AuNPs that were beneficial in targeted
drug delivery and controlled release applications. Although cyclo-
dextrin cavities are also able to carry anticancer drugs, their inclusion
abilities are rather limited. For example, the complex stability con-
stants for f-CD with DOX**, PTX*, and CPT? are reported to be
188 M, 300 M}, and 266 M™', corresponding to approximate
encapsulation efficiencies of 7.5%, 21.0%, and 15.8%, respectively.
When loading various anticancer drugs into the porous structure of

the HACD-AuNPs nanoclusters through hydrophobic and electro-
static interactions, significantly improved encapsulation efficiencies
of 79%, 53% and 47% were observed for DOX, PTX, and CPT,
respectively.

Results and Discussion

Characterization of adamantylamine-modified gold nanopar-
ticles (AuNPs). Adamantylamine-modified gold nanoparticles
(AuNPs) were characterized by UV-vis spectroscopy, X-ray
photoelectron spectroscopy (XPS), high-resolution transmission
electron microscopy (HR-TEM), atomic force microscopy (AFM),
elemental analysis, and inductively coupled plasma (ICP). The UV-
vis spectrum of the AuNPs showed a weak absorption peak at
514 nm (Supplementary Fig. S4) assigned to the surface plasmon
resonance (SPR) band of the AuNPs*, most likely indicating the
formation of small gold nanoparticles®. The XPS survey spectrum
of the AuNPs (Supplementary Fig. S5) displayed Au4f, Au4d5 and
Au4d3 peaks at 84 eV, 334 eV and 353 eV, respectively’*’'. In
addition, TEM images of the AuNPs (Supplementary Fig. S6a)
showed a number of well-dispersed spherical particles with an
average diameter of 2.2 nm. Similar results were observed in AFM
images (Supplementary Fig. S6b), in which the AuNPs were also
present as discrete particles. By analyzing the elemental analysis
data and ICP data, we concluded that the average number of 1,2-
dithiolane-3-pentanamide (amantadine-lipoic acid) units around
each nanoparticle was 19, and the average surface area occupied by
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Figure 1 | Schematic illustration of the chemical structures and construction of the HACD-AuNPs and the drug@HACD-AuNPs.
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Figure 2 | Structures of the anticancer drugs.

one 1,2-dithiolane-3-pentanamide (amantadine-lipoicacid) unit was
3.20 nm**.

Characterization of HACD-AuNPs. Due to the high affinity of the
p-CD cavity to adamantane moieties, stable supramolecular
nanocluster HACD-AuNPs were successfully constructed from
gold nanoparticles and HACD. Due to the presence of numerous
hydroxyl groups in HACD, the HACD-AuNPs clusters displayed
satisfactory water solubility, as indicated by centrifugation
experiments at relatively high nanocluster concentrations (Supple-
mentary Fig. S17). Moreover, the greatly strengthened Tyndall effect
indicated the formation of large nanoclusters (Supplementary Fig.
S18). As observed from the UV-vis spectrum of the HACD-AuNPs
(Supplementary Fig. S7), the surface plasmon resonance (SPR) band
of the gold particles displayed a bathochromic shift of 26 nm, most
likely indicating that the gold nanoparticles aggregated into larger
clusters or that the thickness of the adsorbed molecules increased®**.
In addition, the originally discrete particles in the AuNPs aggregated
to form large clusters in the HACD-AuNPs, as observed in both TEM
and AFM images (Fig. 3a and Fig. 3b). Dynamic light scattering
(DLS) experiments also confirmed this aggregation, revealing the
presence of large nanoclusters of HACD-AuNPs with an average
diameter of approximately 258 nm and a narrow size distribution
(Fig. 3d). In addition, the zeta potential of the HACD-AuNPs was
measured to be approximately —30.99 mV (Supplementary Fig.
§15), indicating that the surfaces of the nanoclusters were
negatively charged. However, it is important to note that the CDs
were reported to barely include the guest molecule in ethanol, and the
exclusion of the adamantane moiety of the AuNPs from the CD
cavities of HACD will therefore occur in ethanolic solutions. TEM

OH O

irinotecan hydrochloride (CPT-11)

images also demonstrated that, with the addition of ethanol, the
HACD-AuNPs disassembled to small discrete particles similar to
those observed in the free AuNPs. These results demonstrate that
the association of HACD with the AuNPs was driven by weak, non-
covalent interactions.

Drug Loading. After successfully constructing the HACD-AuNPs
nanoclusters, we investigated their loading ability towards various
anticancer drugs, such as DOX, PTX, CPT, CPT-11, and TPT. In a
typical example, the cationic anticancer drug DOX was selected as a
drug model. By measuring the characteristic absorption of DOX at
490 nm, the photometric standard curve of DOX was obtained with
absorption intensity as the ordinate and the DOX concentration in
milli-Q water as the abscissa (Supplementary Fig. S8). Accordingly,
the DOX encapsulation and loading efficiency were calculated to be
78.68% and 11.03%, respectively.

It is well-known that AuNPs act as good quenchers of fluorescence
donors due to the nanometal surface energy transfer (NSET)
effect’ . As illustrated in Supplementary Fig. S10, the fluorescence
intensity of DOX after loading in the HACD-AuNPs decreased by
72%. In addition, the zeta potential of the DOX@HACD-AuNPs was
measured to be approximately —18.48 mV, much higher than that of
the HACD-AuNPs alone (—30.99 mV, Supplementary Fig. S16),
which was ascribed to the loading of the positively charged DOX.
It is also noteworthy that, even after the loading of DOX, the
nanocluster HACD-AuNPs maintained a negative surface charge,
which would diminish the toxicity of the gold nanoparticles®.
These results jointly indicate that the anticancer drug DOX was
efficiently loaded onto the HACD-AuNPs to form biocompatible
DOX@HACD-AuNPs conjugates. Furthermore, the encapsulation
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Figure 3 \ (a) HR-TEM image of the HACD-AuNPs (scale bar = 50 nm), (b) AFM image of the HACD-AuNPs (scale bar = 100 nm), (¢) TEM image of
the HACD-AuNPs in the presence of ethanol (scale bar = 100 nm), and (d) DLS results from the HACD-AuNPs.

and loading efficiencies of other selected anticancer drugs were
measured and listed in Table 1. From Table 1, it is apparent
that the HACD-AuNPs presented satisfactory loading abilities for
both hydrophobic and hydrophilic drugs, clearly demonstrating
their potential as a versatile platform for the delivery of anticancer
drugs.

Drug release. The release behavior of the drug@HACD-AuNPs was
also investigated to verify their ability as drug carriers to perform
controlled release in physiological environments. The drug release
profiles of the drug@HACD-AuNPs and the corresponding free
anticancer drugs in phosphate buffer solutions (I = 0.01 M) at
37°C are presented in Fig. 4 and Supplementary Figs. S24-527,
wherein different pH values (pH = 5.7 and 7.2) were selected for
drug release because they are close to the physiological and
endosomal pH values of a cancer cell, respectively. As observed in
Fig. 4, the DOX@HACD-AuNPs displayed the slow and controlled
release of the drug, with the release rate measured to be 3 or 4 times

lower than that of free DOX in acidic or neutral environments,
respectively. In addition, the release efficiency of the drug from the
DOX@HACD-AuNPs was 3-4 times higher at pH 57 (the
endosomal pH of a cancer cell) than at pH 7.2 (physiological pH).
A similar phenomenon was also observed in the case of PTX
(Supplementary Fig. S24). This pH-responsive, preferred release of
the drug in cancer cell environments will not only improve its
cytotoxic efficacy against tumor cells but also reduce the toxicity of
the drug to normal tissues™. In addition, it is clear that CPT and its
analogues, CPT-11 and TPT, exist in two distinguishable forms (the
lactone form and the carboxylate form) under different pH
conditions. For this reason, only one pH value (pH = 5.7) was
selected for the release of these drugs. From Supplementary Fig.
S25 to S27, the CPT@HACD-AuNPs, CPT-11@HACD-AuNPs,
and TPT@HACD-AuNPs all displayed the slow and controlled
release of their drug, similar to the results with DOX and PTX.
Additionally, free CPT showed no appreciable release under the
same conditions due to its poor water solubility.

Table 1 | Encapsulation efficiency and loading efficiency of DOX, PTX, CPT, CPT-11, and TPT on HACD-AuUNPs. Data were the average of

three experiments = SD

DOX PTX CPT CPT-11 TPT
Encapsulation efficiency (%) 78.68 = 2.52 53.17 = 5.63 47.07 = 5.08 45.16 = 4.51 34.65 = 3.31
Loading efficiency (%) 11.03 £ 0.31 19.47 + 2.06 4.50 = 0.49 7.35+0.74 5.04 =0.87
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Figure 5 | The cellular uptake of the HACD-AuNPs by MCF-7 and
NIH3T3 cells was measured by the Au content per cell. Data were the
average of three experiments * SD.
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Figure 4| In vitro release profiles of DOX from the DOX@HACD-
AuNPs and free DOX in phosphate buffer solution (pH = 5.7 and 7.2, I =
0.01 M) at 37°C.
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Figure 6 | Cytotoxicity experiments in vitro in 48 h. The relative cellular viability of MCF-7 cell lines (I left) and NIH3T3 cell lines (II left) 48 h after
treatment with DOX, HACD, HACD-AuNPs, and DOX@HACD-AuNPs. Photos of MCE-7 cell lines (I right) and NIH3T3 cell lines (Il right) treated with
(A) DOX, (B) HACD, (C) HACD-AuNPs, (D) DOX@HACD-AuNPs, and (E) blank are shown.
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Intracelluar uptake. Human breast cancer MCF-7 cells that
abundantly over-express HA receptors (CD44 and RHAMM) on
their surfaces"'®* and mouse embryo fibroblast NIH3T3 cells
that are HA receptor-negative**> were selected to evaluate the
cancer cell targeting and anticancer activity of the DOX@HACD-
AuNPs. An analysis of the gold content in the cells was used to
evaluate the cellular uptake of the polysaccharide-gold
nanoparticle conjugates. Fig. 5 shows the time-dependent gold
content of the HACD-AuNPs in MCF-7 and NIH3T3 cells
measured by ICP-MS. In the initial 7 h, the cellular gold content
increased in an approximately linear manner in MCF-7. At each
time interval, the cellular gold content in the MCF-7 cells was
higher than that in the NIH3T3 cells. This higher intracellular
uptake of the HACD-AuNPs in the MCF-7 cells may have resulted
from the association of the HA units in the HACD-AuNPs with the
HA receptors on the MCF-7 cell surfaces.

The in vitro cytotoxicity of various formulations, including free
DOX, HACD, HACD-AuNPs, DOX@HACD-AuNPs, and blank
culture media are shown in Fig. 6 and Supplementary Fig. S28. As
shown in Fig. 6, the DOX@HACD-AuNPs displayed similar antic-
ancer activity (relative cellular viability 53% vs 46%) as free DOX
after a 48 h incubation. This result may be due to the specific asso-
ciations between the HA units on the DOX@HACD-AuNPs and the
HA receptors on the cell surfaces, which could facilitate the incorp-
oration and uptake of the DOX@HACD-AuNPs into the MCF-7
cancer cells through receptor-mediated endocytosis, resulting in
the release of DOX. Furthermore, the half maximal inhibitory con-
centration (IC50) of the DOX@HACD-AuNPs was determined by
an MTT assay (Supplementary Fig. $29), and the result showed that
the DOX@HACD-AuNPs possessed a similar IC50 (IC50 = 60.5 g
mL™") towards the MCF-7 cells as free DOX (IC50 = 43.7 ug
mL™")* after incubation for 24 h. On the other hand, HACD-
AuNPs@DOX gave obviously higher cellular viability (82%) towards
the NIH3T3 cells than DOX (57%) after 48 h, indicating the low
toxicity of the DOX@HACD-AuNPs. In the control experiments,
HACD and the HACD-AuNPs displayed low cytotoxicity toward
both the MCF-7 and NIH3T3 cells. In addition, the morphologies
of cancer cells and normal cells in the presence of free DOX, HACD-
AuNPs, and DOX@HACD-AuNPs (Fig. 6a—6¢) also showed that the
DOX@HACD-AuNPs exerted a deleterious effect on the cancer cells,
similar to free DOX.

Conclusion

In summary, we developed a new drug delivery system by loading
various anticancer drugs onto HACD-AuNPs via the three-dimen-
sional, porous structure of the nanoparticle conjugates. Due to the
high efficiency of their cellular uptake by HA reporter-mediated
endocytosis, the resulting drug@HACD-AuNPs effectively inhibited
the growth of MCF-7 cells, enabled pH-responsive drug release in
cells, and decreased the drug toxicity toward normal cells.
Consequently, these results suggested that this nanocluster will facil-
itate therapeutic efficacy. Furthermore, this nanocluster, as a useful
carrier, could provide new possibilities in the development of tar-
geted drug delivery and biomedical applications.
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