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Supramolecular assembly with tumor-targeting property or
photodynamic therapy (PDT) ability has recently become a
focus of interest in biomaterial fields because of their high
therapeutic efficacy against tumor cells. Herein, we reported
a new type of targeted supramolecular nanoparticles for
photodynamic therapy of tumor cells constructed by
adamantane-functionalized transferrin protein (Ad-TRF) and
B-cyclodextrin-functionalized ruthenium complex (Ru-HOP-
CD), where Ad-TRFs acted as the targeted sites for tumor
cells, the coordinated Ru(ll) centers acted as the PDT active
sites, and the biocompatible polysaccharide B-cyclodextrins
acted as the non-covalent linkers. Significantly, the resultant
Ru/polysaccharide/protein exhibited not only the specific
targeting property towards tumor cells but also the high PDT
ability under the irradiation of visible light. Furthermore, the
assembly showed the selective killing towards tumor cells
along with the negligible toxicity towards normal cells.

The development of advanced systems for malignant tumors
therapy is still one of the most challenging tasks in medical fields.?
As an effective method, supramolecular chemistry provides a new
way to construct controllable drug release of targeted drug delivery
system without complicated modification process.? Among the
various macrocyclic compounds wused in the design of
supramolecular materials, cyclodextrins (CDs), a class of cyclic
oligosaccharides with six to eight D-glucopyranose units linked by a-
1,4-glucoside bonds, are extensively studied, because CDs are
nontoxic, water-soluble, and commercially available at low cost,
and more importantly, can associate various molecules with high
shape/size selectivity both in solid state and aqueous solution.3
Therefore, CDs have been widely used as convenient building blocks
for constructing bioactive and nanoscale functional materials.*
However, the construction of multi-functional integrated diagnosis
systems with multifarious therapeutic approaches is still imperative,
and this kind of systems is anticipated to be applied in vitro and
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vivo.> Mao et al recently reported a three-in-one nanoplatform for
two-photon imaging, dual-drug delivery and chemo-photodynamic
synergistic therapy using native CD monomers and adamantane-
functionalized ruthenium complexes.® We reported a magnetism,
photo dual-controlled supramolecular assembly with biocompatible
iron oxide magnetic nanoparticles, targeting peptide and
polysaccharide-modified CD for suppression of tumor invasion and
metastasis.” In addition, we also constructed a photo-controlled
assembly that could induce a pronounced cell morphological
change and cell death by reversibly control its aggregation
behavior.? Li et al designed and fabricated a kind of non-covalently
connected copolymers using Fc-CPT and mPEG-B-CD segments
which showed a significantlyhyper-fast CPT release at tumor cells
than normal cells, exhibiting equal cellular proliferation inhibition
toward A549 tumor cells.®

On the other hand, tumor cell targeting is one of the perfect
strategies to enable the insignificant toxicity to normal tissues and
high therapeutic efficacy toward malignant tumors.’® Targeted
therapy can significantly increase the drug concentration in the
lesion, thereby reducing the dose administered and ultimately
reducing the systemic side effects of the drug on the patient. Due to
its biocompatibility, easy to modification and biodegradability,
transferrin (TRF) was used as a carrier and targeting reagent in
anticancer systems, because the concentration of TRF receptors on
the surface of tumor cells is 2-7 times as high as that on the surface
of normal cells.’! In addition, the affinity of TRF receptor in tumor
cells to TRF is 10-100 times higher than that of TRF receptor in
normal cells.’> Therefore, TRF could strongly bind to the TRF
receptor on the surface of tumor cell and then enter the tumor cell
by endocytosis.

Photodynamic therapy (PDT), which utilizes photosensitizer (PS)
to generate light-activated chemical®3® such as singlet oxygen to kill
cells, has attracted tremendous attention, owing to its high
selectivity and noninvasive feature under temporal and spatial
control,* and ruthenium-based compounds have been widely
investigated as anticancer candidates due to theirs unique physical,
mechanical, and optical properties.’> As alternatives to platinum-
based prodrugs, lots of ruthenium complexes were constructed and
exhibited significant anticancer activity in vitro and in vivo.
However, there are also some drawbacks such as complicated
synthetic routes, multi-stepped work-up, insufficient targeting
capability, cytotoxicity of the drug carriers and undefined
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mechanism of drug release that would not facilitate their further
application in anticancer therapy.1®

By incorporating the advantage of biocompatibility, tumor-
targeting property and PDT ability, we herein constructed a
multifunctional supramolecular assembly by simply mixing the B-
CD-functionalized Ru(ll) complex and adamantane-functionalized
TRF in water at room temperature (Scheme 1) and investigated its
targeted PDT behaviors towards tumor cells. There are several
potential advantages for this supramolecular system: (1) the
existence of numerous CD groups not only enables the good water
solubility but also provides the non-covalent linking of targeting
sites and PDT sites through the strong binding of adamantane and
B-CD cavity'’. (2) The use of B-CD and TRF as main building blocks
enables the good biocompatibility and biodegradability. (3) The
existence of TRF enables the good tumor-targeting property via the
selective reorganization of TRF-receptor on the surface of tumor
cells, which facilitated its PDT capability by damaging lysosomes. (4)
The existence of numerous Ru(ll) complex centers enable the good
PDT ability towards tumor cells.

Scheme 1. lllustration of phenanthroline-modified B-CD derivative (1), adamantane-
functionalized transferrin (Ad-TRF), Ad-TRF/Ru-HOP-CD supramolecular assembly (2),
and its tumor-targeting PDT property.

Phenanthroline-modified B-CD derivative 1 was synthesized
according to our reported procedure with a slight modification.!®
Then, Ru-HOP-CD was synthesized by refluxing RuCl; with 3 equiv.
of 1 in EtOH/H,0 for 12 h under nitrogen atmosphere (Scheme S1).
The obtained product was further purified by Sephadex G-25
column chromatography in 40% yield. Owing to the good water
solubility, the photo physical properties of 1 and Ru-HOP-CD could
be investigated by means of UV-vis and fluorescence spectroscopy
in aqueous solution. The UV-vis spectra of 1 and Ru-HOP-CD in
water both showed an intense absorption at 220 — 400 nm assigned
to the spin-allowed intra-ligand transition. In addition, the UV-vis
spectra of Ru-HOP-CD also displayed an absorption maximum peak
at 476 nm assigned to the metal-to-ligand charge-transfer band.®
When excited 450 nm, Ru-HOP-CD displayed the intense red
fluorescence.

Owing to the strong binding of B-CD cavity with adamantane
group,’” the supramolecular assembly 2 was constructed
conveniently by mixing Ru-HOP-CD and adamantane-modified TRF
with a 1:1 (m:m) stiochiometry in water at room temperature. As
shown in Figure S7 and Figure S8, with the increase of the
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concentration of Ad-TRF, both of the UV/Vis spectra showed.a. slight
bathochromic shift and increase of sigR4l$0-1988/C8uppaPeing
Information for details). Furthermore, the binding constants of Ad-
TRF with Ru-HOP-CD and HOP-CD were calculated as (2.8 + 0.4) x
10° Mt and (1.7 £ 0.2) x 10° M by analyzing the nonlinear least-
squares fit of the titration data via UV-vis spectral titrations (Figures
S7-S8). High-resolution transmission electronic microscopy (HR-
TEM), zeta potential and dynamic light scattering (DLS) experiments
were applied to investigate the size and morphological
characteristics of Ru-HOP-CD and supramolecular assembly 2. More
importantly, the UV/vis spectra of Ad-TRF/Ru-HOP-CD assembly
nearly unchanged in serum within 100 h which indicated the good
stability of the nanoparticles (Figure S9).

As shown in Figures 1, TEM images of Ru-HOP-CD showed a
number of discrete nanoparticles with an average diameter of 112
nm. In the TEM image of supramolecular assembly 2, these discrete
nanoparticles tended to aggregate together to a large
microstructure with a dimension of several micrometers. Moreover,
DLS experiments gave an average hydrodynamic diameter (Dh) of
Ru-HOP-CD and the assembly as ca. 124 nm and 130 nm with a
narrow distribution (Figures S5), which was similar to the diameter
measured by TEM. In addition, the zeta potential of Ru-HOP-CD was
measured as 43.4 mV (Figures S6), suggesting that the positively
charged surface of Ru-HOP-CD may facilitate its entrance into cells.

Figure 1. TEM images of (a) Ru-HOP-CD and (b) Ad-TRF/Ru-HOP-CD supramolecular
assembly.

It was well documented that the Ru complexes could generate
reactive oxygen species (ROS) under visible light irradiation and
display high affinity for DNA (K, > 10°). 20 Therefore, the agarose-gel
electrophoresis was performed to investigate the photo-induced
DNA cleavage ability of the Ru-HOP-CD with pBR322 DNA as a
model substrate. When irradiated at 450 nm, Ru-HOP-CD showed
an obvious DNA cleavage ability (Figure 2), which enhanced with
the increase of Ru-HOP-CD concentration. For example, supercoiled
DNA could be completely cleaved to the linear DNA in the presence
of 0.1 mg/mL Ru-HOP-CD. In contrast, Ru-HOP-CD showed no DNA
cleavage in the dark environment even the concentration of Ru-
HOP-CD reached 0.5 mg/mL, suggesting the generated ROS played
an important role in the DNA photocleavage.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a). Photocleavage of pBR322 DNA (5 pg/mL). Lane 1: the blank control; Lanes
2-6 ([Ru-HOP-CD] = 0.1, 0.2, 0.3, 0.4, 0.5 mg/mL), upon irradiation at 450 nm for 1 h; in
the absence (-) and presence (+) of visible light. (b). TEMP trapping EPR spectra of Ru-
HOP-CD upon irradiation at 450 nm for 1 h ([Ru-HOP-CD] = 0.2 mM).

Electron paramagnetic resonance (EPR) spin-trapping
experiments were also carried out to further confirm the
production of ROS in Ru-HOP-CD. The radical species spectrum in
the presence of triacetonamine (TEMP) under irradiation at 450 nm
(Figure 2b) showed a typical EPR spectrum for the TEMPO-'0,
adducts with hyperfine coupling parameters ay = 16.0 G 2! and a
three-line signal of 1:1:1, which confirmed the production of ROS in
solution. In addition, the generation of ROS was also measured in
vitro by means of fluorescence spectrum (Figure. S10). Both Ru-
HOP-CD and Ad-TRF/Ru-HOP-CD nanoparticles were found able to
generate ROS after irradiation. The highest fluorescence intensity
belonged to Ad-TRF/Ru-HOP-CD, indicating that the Ad-TRF/Ru-
HOP-CD assembly was an efficient ROS generator.

The tumor cell targeting efficiency of the supramolecular
assembly was investigated by fluorescence confocal microscopy.
Human lung adenocarcinoma cells (A549 cells, obtained from the
cell Center of Peking Union Medical College) were used as the TRF
receptor positive group, and 293T cells (human normal embryonic
kidney cells, obtained from the cell Center of Peking Union Medical
College) were used as the TRF receptor negative group. Herein,
A549 cells and 293T cells were treated with Ad-TRF/Ru-HOP-CD
supramolecular assembly (80 mg/L) for 4 h. As shown in Figure 3a,
only A549 cells displayed a bright red fluorescence of Ru-HOP-CD in
the cytoplasm. In contrast, 293T cells exhibited no fluorescence due
to the less TRF receptors on the cellular surface. The targeting
efficiency of Ad-TRF/Ru-HOP-CD was further confirmed by the
fluorescence intensity of cells. Under the control condition
(assembly free), both the tumor cells and normal cells had
extremely low fluorescence density. However, after the treatment
with the assembly, the tumor cells exhibited much higher
fluorescence (about 18-fold higher) density than the normal cells
(Figure 3b). These results indicated that the supramolecular
assembly can specifically internalized by tumor cells through the
TRF-receptor mediated cellular endocytosis, which might have
potential application in the cancer diagnosis.
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Figure 3. (a). Confocal fluorescence images of A549 cells, 293T cellil‘té'\v/eva&%(‘:lcygigkﬁgé

TRF/Ru-HOP-CD ([Ad-TRF] = [Ru-HOP-CD] = 80 mg/L) (kexF 450.0m keg = 60mamp
(b). Fluorescence intensity of A549 cells (control), 293T cells (control), A549/Ad-

TRF/Ru-HOP-CD and 293T/Ad-TRF/Ru-HOP-CD (Aex = 450 nm, Aem = 600 nm).

In order to evaluate the antitumor activity of Ad-TRF/Ru-HOP-
CD in vitro, the cytotoxicity experiments were performed in A549
cells and 293T cells by MTT assays. Figure 4a demonstrated the
viability results of both cells under the irradiation or not. In dark,
Ad-TRF/Ru-HOP-CD even at high concentration of 160 mg/L had no
obvious toxicity to both A549 cells and 293T cells after incubation
for 48 h, indicating the good biocompatibility of the supramolecular
assembly. However, after 450 nm irradiation for 10 min, the
supramolecular assembly displayed remarkable antitumor activity
towards A549 cells, and the viability of tumor cells decreased about
50% or 70% at a concentration of supramolecular assembly as 80
mg/L or 160 mg/L, respectively. This indicated that the
supramolecular assembly was as effective as some clinical
anticancer drugs such as photofrin?? and cisplatin.?® To our delight,
Ad-TRF/Ru-HOP-CD supramolecular assembly exhibited a relatively
low cytotoxicity toward 293T cells when irradiated at 450 nm. We
may conclude that the hydrophilic TRF moiety of Ad-TRF/Ru-HOP-
CD specifically recognizes A549 cells by strongly binding to TRF
receptors on the cell surface, and then it enters the tumor cells
through receptor-mediated endocytosis. Subsequently, the
supramolecular assembly generates ROS when irradiated by visible
light. Therefore, Ad-TRF/Ru-HOP-CD can be used as the tracer
reagent for tumor cells and tissues, as well as a therapeutic reagent
to kill tumor cells with high efficiency and hypotoxic to normal cells.
In addition, flow cytometry revealed that the Ad-TRF/Ru-HOP-CD
assemblies bound much more strongly to TRF-tagged tumor cells
(98.2 %) than Ru-HOP-CD (67.4 %)(Figure S11), indicating that the
TRF-containing assemblies actively targeted the tumor cells. Finally,
the assemblies showed the higher cytotoxicity to tumor cells.

Reduced glutathione (GSH), as a universal scavenger, was used
to evaluate the role of ROS produced by Ad-TRF/Ru-HOP-CD in the
PDT activity. As shown in Figure 4b, under a dark condition, Ad-
TRF/Ru-HOP-CD and GSH had no impact on the viability of tumor
cells. It was noteworthy that GSH could remarkably recover the cell
viability under the treatment of Ad-TRF/Ru-HOP-CD with
irradiation. This can be explained by the ROS scavenging effect of
GSH resulting in detoxification of the assembly.
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Figure 4. Cellular viability of (a). A549 tumor cells and 293T normal cells after the
treatment with the supramolecular assembly at various concentrations after irradiation
(450 nm, 10 min) and in the dark. (b). A549 cells after treatment with (red) or without
(blue) GSH in the dark or light condition. ([Ad-TRF/Ru-HOP-CD] = 80 mg/L, ngsy = 1
mM).
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In conclusion, we synthesized B-CD-modified Ru(n) complex (Ru-
HOP-CD) and adamantane-modified TRF (Ad-TRF) through a
coordination reaction and an esterification reaction respectively.
Under the visible light, Ru-HOP-CD showed a promising DNA
photocleavage ability. Benefiting from the ultra-strong host-guest
interaction between B-CD and adamantane, the Ad-TRF/Ru-HOP-CD
supramolecular assembly was conveniently constructed and
exhibited the excellent PDT selectivity towards A549 tumor cells
and low toxicity towards normal cells. Under 450 nm irradiation,
Ad-TRF/Ru-HOP-CD produces sufficient ROS to damage lysosomes
and thus shows a high cytotoxicity to tumor cells in vitro. The
present methodology provides a convenient and efficient way to
construct tumor-oriented supramolecular assembly used in PDT.
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