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Despite the widespread clinical application of chemotherapeutic
anticancer drugs, their adverse side effects and inefficient perfor-
mances remain ongoing issues. A drug delivery system (DDS)
designed for a specific cancer may therefore overcome the draw-
backs of single chemotherapeutic drugs and provide precise and
synergistical cancer treatment by introducing exclusive stimulus
responsiveness and combined chemotherapy properties. Herein,
we report the design and synthesis of a supramolecular drug
delivery assembly 1 constructed by orthogonal self-assembly tech-
nique in aqueous media specifically for application in liver cancer
therapy. Complex 1 incorporates the β-cyclodextrin host molecule-
functionalized organoplatinum(II) metallacycle 2 with two specific
stimulus-responsive motifs to the signaling molecule nitric oxide
(NO), in addition to the three-armed polyethylene glycol (PEG) func-
tionalized ferrocene 3 with redox responsiveness. With this molec-
ular design, the particularly low critical aggregation concentration
(CAC) of assembly 1 allowed encapsulation of the commercial anti-
cancer drug doxorubicin (DOX). Controlled drug release was also
achieved by morphological transfer via a sensitive response to the
endogenous redox and NO stimuli, which are specifically related to
the microenvironment of liver tumor cells. Upon combination of
these properties with the anticancer ability from the platinum ac-
ceptor, in vitro studies demonstrated that DOX-loaded 1 is able to
codeliver anticancer drugs and exhibit therapeutic effectiveness to
liver tumor sites via a synergistic effect, thereby revealing a poten-
tial DDS platform for precise liver cancer therapeutics.

supramolecular coordination complex | drug delivery system |
supramolecular hyperbranched polymer assemblies | metallacycle |
combination chemotherapy

The spontaneous formation of metal−ligand bonds is the basis
of the well-established coordination-driven self-assembly

methodology for the construction of supramolecular coordina-
tion complexes (SCCs). Well-defined and therapeutic SCCs
metallacycles can be prepared using metal acceptors and organic
donors due to the facile functionalization of these secondary
recognition moieties (1–7). By introducing platinum-based ac-
ceptors with anticancer activities, Pt(II) metallacycle-based SCCs
have been proven to act as antitumor agents, in addition to
exhibiting the potential to behave as scaffolds to build combi-
nation treatment platforms (8–14). However, to overcome the
resistance and selectivity limitations of platinum-based antican-
cer drugs, a cancer-specific drug delivery system (DDS) com-
posed of Pt-based SCCs would be of particular interest.
During the past few decades, supramolecular polymer as-

semblies have aroused attention as DDSs for cancer therapeutics

(15–19). Indeed, such a noncovalent approach can greatly alle-
viate the difficulties and labor associated with the organic syn-
theses of complicated structures. In addition, the building blocks
and the corresponding functions of the intrinsic responsive sys-
tems can be easily achieved by dynamic and reversible non-
covalent strategies. Most importantly, chemical, physical, and
biological properties may be enhanced due to the hyperbranched
topological structures of supramolecular polymer (20–22). How-
ever, the most frequently used internal stimuli in supramolecular
DDSs (e.g., pH, redox properties and enzymes) have inherent
limitations in terms of the release of anticancer therapeutic
reagents, since local environments vary between different kinds
of cancers. Since few supramolecular polymer bearing hyper-
branched topological structures for the application of DDSs
have been reported (23–25), the development of supramolec-
ular hyperbranched polymer assemblies constructed DDSs
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exhibiting highly sensitive endogenous stimulus responsiveness
to specific cancer lines is of particular interest.
Nitric oxide (NO) is a biological signaling molecule that plays

a key role in many physiological and pathological processes.
Notably, in liver cancer pathophysiology, the inducible nitric
oxide synthase, located in the cytosol of liver cancer cells, can
produce large quantities of NO, which can form reactive nitro-
gen species that in turn damage the DNA, lipids, and proteins
(26–32). As a result, nitric oxide can be employed as a new kind
of endogenous stimuli-responsiveness factor with the potential
for contributing to drug control and release in the context of liver
cancers. In addition, the formation of robust metal−ligand bonds
can take place in parallel with other intermolecular interactions,
thereby allowing the construction of superior topologies in an
orthogonal self-assembly manner (33–35). Thus, we herein re-
port the design and synthesis of supramolecular complex 1,
which incorporates the β-cyclodextrin (β-CD) host molecule-
functionalized organoplatinum(II) metallacycle 2 with unique
NO responsiveness, and the three-arm PEGylated ferrocene 3
exhibiting redox responsiveness, which can be prepared via or-
thogonal coordination-driven self-assembly and cyclodextrin-
based host–guest interactions (Fig. 1). Due to this design, 1
can further form a spherical nanoparticle of a specific size and a
particularly low critical aggregation concentration (CAC) in
water. The ability of assembly 1 to encapsulate the commercial
anticancer drug doxorubicin (DOX) in its hydrophobic cavity is
also investigated, along with the ability of the acceptor moiety of
2, 3,6-bis[trans-Pt(PEt3)2]phenanthrene to act as a chemothera-
peutic agent. These properties would ultimately endow assembly
1 with enhanced anticancer ability for combination chemother-
apy. In addition, precise controlled drug release is examined via
the response of assembly 1 to the endogenous NO and redox
stimuli that are specific to the microenvironment of liver tumor
cells. Furthermore, we expect that the β-CD and three-arm
PEGylated ferrocene moeities will serve as hyperbranched
building blocks to enhance the stability and biocompatibility of
assembly 1. To further verify the synergistic therapeutics based
on assembly 1 are achieved, in vitro studies are carried out to
demonstrate the cellular internalization of DOX-loaded 1, in
addition to the DOX delivery efficiency, and the efficacy to kill
HepG2 liver cancer cells compared with DOX alone. Ultimately
we wish to demonstrate the potential of assembly 1 as a DDS
platform for precise liver cancer chemotherapeutics.

Results and Discussion
According to the principle of directional bonding, the direc-
tionality and angularity of each component involved in coordination-
driven self-assembly dictate the final architectural outcome, wherein
discrete SCCs with well-defined shapes, sizes, and functional
groups, can be easily prepared in high efficiencies. In this study,
the 120° bipyridyl ligand 4 bearing the β-CD host and the highly
NO-reactive amide-functionalized o-phenylenediamine moiety
was initially synthesized via a Pd-catalyzed Suzuki coupling re-
action, an amidation reaction, and a copper(I)-catalyzed click
reaction (SI Appendix, Scheme S1), and was fully characterized
by 1H and 13C NMR spectroscopy in addition to mass spec-
trometry (SI Appendix, Figs. S1–S15). Subsequently, the 120°
bipyridyl ligand 4 and 60° di-Pt(II) acceptor 5 (PhenPt) were
combined to furnish rhomboidal 2. More specifically, a mixture
of 4 and 5 in a 1:1 ratio in dimethyl sulfoxide stirred at 20 °C for
3 h led to the formation of the self-assembled [2 + 2] rhomboidal
2 (Fig. 1A). Characterization by 1H and 31P{1H} NMR spec-
troscopy in addition to electrospray ionization time-of-flight
mass spectrometry (ESI-TOF-MS) established the successful
construction of 2. Upon the formation of 2, the 31P{1H} NMR
signal was shifted significantly upfield from those of the starting
Pt(II) acceptor 5 by ∼5.52 ppm, and a lone sharp singlet was
observed at ∼14.60 ppm with concomitant 195Pt satellites

(JPt−P = 2,679.5 Hz), consistent with a single phosphorus envi-
ronment (Fig. 2A). Likewise, the 1H NMR signals observed
between 7.0 and 9.3 ppm were characteristic of the metallacycle
(SI Appendix, Fig. S16). The NMR results therefore confirmed
the formation of a discrete structure as the sole isolated
assembled product.
ESI-TOF-MS is a highly reliable tool to provide evidence for

the stoichiometries of multicharged supramolecular structures.
Thus, the stoichiometry of 2 was verified by ESI-TOF-MS. As
shown in Fig. 2B and SI Appendix, Fig. S17, the isotopically re-
solved peaks corresponding to the intact metallacycle with the
loss of trifluoromethanesulfonate (OTf) anions were observed at
m/z 1,309.2039 for [M−4OTf]4+. The isotopic spacings of these
peaks were in good agreement with their theoretical distribu-
tions, thereby confirming the successful preparation of the di-
β-CD–modified platinum-based rhomboidal metallacycle.
It is well-known that β-CD can complex with ferrocene groups

to form stable host–guest complexes (36–38). Thus, to improve
the possibility of the application of 2 in the treatment of liver
cancer, precursor 3, bearing three-armed PEGylated ferrocene,
were synthesized (SI Appendix, Scheme S3 and Figs. S18–S22),
and supramolecular complex 1 was constructed in water by
simply mixing 2 and 3. Fluorescence probe measurements were
then performed in aqueous solution to determine the CAC.
More specifically, following the dissolution of 2 in water in the
presence of 0.67 equiv. 3, the fluorescent changes in the pyrene
probe were used to determine the CAC value of complex 1. The
observed two linear segments in the curve and a sudden en-
largement of the slope indicated that the CAC value of 1 is ∼2.7
μg/mL (SI Appendix, Fig. S23). Subsequently, the supramolecular
self-assembly behaviors of 2 and host–guest complex 1 were in-
vestigated in aqueous solution. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) experiments
allowed visualization of the self-assembled nanostructures.
More specifically, Fig. 3A shows the TEM micrograph of 2,
whereby its self-assembly into nanoparticles with diameters of
approximately tens of nanometers was confirmed. The non-
covalent host–guest assembly 1 was then formed upon the ad-
dition of 0.67 equiv. of 3 to 2. Following dilution to ∼20 μM,
spherical nanoparticles with an average diameter of ∼300 nm
were formed (Fig. 3B). Similar spherical structures of ∼300 nm
in diameter were also observed by SEM (Fig. 3C), likely due to
their aggregated morphological features. Furthermore, dy-
namic light-scattering (DLS) experiments produced results that
were indirectly consistent with the morphology observed by
TEM and SEM, thereby suggesting that the diameter of as-
sembly 1 ranged from 100 to 600 nm, with a relatively broad size
distribution (Fig. 3D). Indeed, similar concentration-dependent
morphological variations of metallacycle-cored supramolecuar
complexes have been reported recently (39, 40). Moreover,
high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) images of the elemental distri-
butions in the spherical nanoparticles confirmed the presence
of platinum, phosphorus, iron, carbon, nitrogen, and oxygen in
the assemblies of 1 (Fig. 3 E–K). These results therefore confirm
preparation of the desired self-assembled nanospheres for sub-
sequent investigation into their potential application as DDSs.
In addition to the incorporation of amide-functionalized

o-phenylenediamine sites in 2 that can be cleaved by the reac-
tion with NO in aqueous media (41, 42), 3 contains ferrocene
groups that can detach from the β-CD moieties under an oxi-
dizing atmosphere to achieve redox responsiveness (43–45).
Thus, to verify the NO/redox responsiveness of 1, TEM was
employed to study the morphological changes after exposure to
NO/H2O2. As shown in Fig. 4B, following the addition of an excess
quantity of NO to a solution of assemblies of 1, the TEM images
obtained after 4 h indicated that the globular assemblies of 1 grad-
ually collapsed into smaller striplike aggregates, likely indicating a
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partial cleavage of the amide-functionalized o-phenylenediamine
units. Ultraviolet (UV)-vis spectrophotometric investigations also
showed variations upon the addition of NO, which were similar to
those described in a previous report (SI Appendix, Figs. S24–S26).
Upon prolonging the incubation time from 8 to 24 h (Fig. 4 C
and D), complete disassembly of the spherical structures and

the reassociation of larger irregular nanostructures measuring a
few micrometers were observed. These processes were also
monitored via DLS (Fig. 4 A and E), and the results were
in agreement with the TEM observations, thereby revealing
the NO responsiveness and morphological transformation of
5. Similar results were obtained with the addition of H2O2,

Fig. 1. (A) Synthesis of 2 and its NO-triggered cleavage mechanism. (B) Cartoon illustration of the cellular uptake of DOX-loaded nanostructures self-assembled from 1.

30944 | www.pnas.org/cgi/doi/10.1073/pnas.2007798117 Chen et al.
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whereby partial collapse of the globular nanoparticles and the
formation of small nanoparticles were observed after 4 h, likely
due to dissociation of the positively charged ferrocene units
from the β-CD cavities. Upon extending the incubation time to

24 h, micrometer-scale irregularities were generated once again,
and UV-vis variation curve according to different concentration
of NO and time were also obtained. (SI Appendix, Figs. S24–S26).
The NO and redox responsive-induced morphological changes

Fig. 2. (A) 31P NMR spectra (methanol-d4, 293 K, 121.4 MHz) of 60° acceptor 5 and metallacycle 2. (B) Experimental (blue) and calculated (red) electrospray
ionization peaks of the [M − 4OTf]4+ charge states of 2.

Fig. 3. TEM images of self-assembled nanostructures obtained from aq. solutions of (A) 2 at a concentration of 12 μM. (B) 1 at concentrations of 20 μM. (C)
SEM images of 1 at concentrations of 20 μM. (D) The average diameters of 1 at a concentration of 20 μMwere determined by DLS. (E–K) HAADF-STEM images
of elements distribution of 1.
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of this delivery system were therefore apparent from the
described results.
With the NO/redox-responsive supramolecular self-assembly

in hand, the corresponding self-assembled nanoparticles 1 were
then investigated as potential DDSs in the controlled release of
small anticancer drugs for combination chemotherapy. The hy-
drophobic anticancer drug DOX is suitable to be loaded into the
assembly 1 with hydrophobic cavities to measure the encapsu-
lation efficiency and release behavior of the assembly 1. Initially,
the encapsulation of DOX was carried out via reprecipitation
and dialysis method. The encapsulation efficiency was subse-
quently studied by UV-vis spectroscopy, and the drug loading
was calculated to be 23.95% (SI Appendix, Fig. S27). The ef-
fective DOX loading capacity of assembly 1 might be attributed
to multiple noncovalent interactions such as the hydrophobic
interaction, π–π stacking interaction, host–guest interaction, and
other interactions between DOX and assembly 1 (11, 46–48). In
addition, no obvious size variation was detected by DLS in
phosphate buffer saline containing 10% fetal bovine serum at pH
7.4 over 72 h (SI Appendix, Fig. S28). The release profiles of the
DOX-loaded 1 were then investigated using a dialysis method
through measurement of the DOX content by UV-vis spectros-
copy at 37 °C in PBS. As shown in Fig. 5A, in the absence of NO/
H2O2 stimuli, DOX-loaded 1 exhibited <15% release of DOX
over 48 h, indicating that the nanoparticles are relatively stable
toward leakage under these physiological conditions. Following
the addition of ∼50 μM NO to the solution of DOX-loaded nano-
particles, the DOX release rate was accelerated due to the NO-
triggered cleavage of the amide-functionalized o-phenylenediamine
units of 2, resulting in ∼13.7% release over the first 4 h, and
41.2% within 24 h. In addition, the release of DOX induced by
50 μM H2O2 was confirmed as shown in Fig. 5, whereby the
obtained release profiles indicated that 48.3% of DOX could be
released slowly over 48 h. As a result, this smooth release phe-
nomenon, which confirmed a good response to relatively high
concentrations of endogenous NO and H2O2 in the liver tumor
microenvironment, indicated that DOX-loaded 1 demonstrated
controllable DOX release, and therefore appeared to act as an
ideal candidate for a DDS.

To further investigate the cellular uptake of the NO/redox-
responsive drug release system based on 1, the cellular inter-
nalization of the DOX-loaded nanoparticles by HepG2 liver
cancer cells was examined by confocal laser scanning microscopy
(CLSM). As shown in Fig. 5 B–F, the HepG2 cells were treated
with both naked DOX·HCl and DOX-loaded nanoparticles 1 for
up to 6 h. Compared with the naked DOX·HCl group, higher
intensities of red fluorescence related to DOX were observed in
the cytoplasm and nucleus of HepG2 cells after treatment with
DOX-loaded 1. We suppose the delivery might go through classic
endocytosis pathway (49). Although we did not detect the coloc-
alization of endosome with DOX-loaded 1, and whether it is
clathrin-dependent nor non–clathrin-dependent endocytosis (50).
Nonetheless, the results indicate efficient DOX delivery and
accelerated release due to the relatively higher levels of NO and
oxidative stress that are associated with liver cancers. Moreover, a
simple evaluation of the cytotoxicities and anticancer efficiencies
for 1, 2, 3, and DOX-loaded 1 at different concentrations against
HepG2 were performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay, wherein cells treated with the
free DOX·HCl or a blank PBS solution were used as the control
group. As shown in Fig. 5G, following incubation for 24 h at 37 °C
in PBS solution, no apparent toxicity was observed for precursor 3,
even at a concentration of 50 μM. Assembly 1, platinum-based
metallacycle 2, and the naked DOX·HCl all exhibited good anti-
cancer activities against the HepG2 cells, likely due to the coor-
dination ability of the Pt centers and DOX to the DNA of the
HepG2 cells. However, compared with the free DOX·HCl, pref-
erable growth inhibition was observed for the cells incubated with
DOX-loaded 1, even at lower concentrations (10 μM). This was
attributed to the synergistic effect of the NO/H2O2 dual-responsive
controlled release of the two chemotherapeutic agents, namely
DOX and PhenPt. These observations indicate that the present
system presents a high cytotoxicity to HepG2, and that it also
appears suitable for the specific delivery of chemotherapeutic
agents (i.e., DOX) into liver cancer cells for a combined
chemotherapy approach.

Fig. 4. Particle-size distribution of 1 after treatment with (A) NO, (E) H2O2. (B–D) TEM images of 5 after treatment with NO for 4, 8, 24 h, respectively. (F–H)
TEM images of 1 after treatment with H2O2 for 4, 8, 24 h, respectively.
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Conclusion
In conclusion, a β-CD-functionalized organoplatinum(II) metalla-
cycle 2 exhibiting NO responsiveness was successfully synthesized
through organoplatinum(II) coordination-driven self-assembly. Fol-
lowing the addition of three-arm PEGylated ferrocene 3 to a solution
of 2, a supramolecular complex 1 was successfully constructed due to
the host–guest interactions between the β-CD and ferrocene groups.
The resulting supramolecular complex was then found to self-
assemble into spherical nanoparticles with diameters of ∼300 nm at
low concentrations in aqueous solution. In addition, these nano-
particles exhibited sensitive endogenous NO/redox responsiveness,
and spontaneously transformed into irregular structures following the
addition of NO to their solutions due to cleavage of the amide-
functionalized o-phenylenediamine units of 2 by NO. Similarly,
the redox responsiveness was demonstrated through the detach-
ment of ferrocene from the CD cavities upon the addition of an
oxidizing agent such as H2O2. Importantly, it was demonstrated
that the anticancer drug DOX could be successfully encapsulated
into the cavity of the resultant nanoparticles of 1. Upon the ad-
dition of NO/H2O2 to the drug-loaded nanoparticle solution,
accelerated collapse of the spherical structure and release of the

drugs encapsulated in the nanoparticles were observed. Thus,
combination of the exclusive stimulus responsiveness to liver tu-
mor microenvironment and the anticancer ability of both DOX
and platinum acceptor allowed in vitro experiments to demon-
strate that 1 can exhibit an improved DOX delivery and enhanced
therapeutic efficacy via a synergistic effect. This work therefore
provides valuable information regarding the elaborate design of
metallacycle-based drug DDSs for application in liver cancer
therapeutics.

Materials and Methods
The 1H and 13C NMR spectra were acquired on a Bruker 400-MHz magnetic
resonance spectrometer. The 31P{1H} NMR spectra were recorded on a
Varian Unity 300-MHz spectrometer. Electrospray-ionization time-of-flight
mass spectrometry analyses were performed on an Applied Biosystems
4700 matrix-assisted laser desorption-ionization time-of-flight mass spec-
trometer. UV-vis spectra were measured by using an Agilent Cary-100
spectrophotometer. Hydrodynamic diameter was measured by using a
Zeta sizer Nano ZS90 before sample was filtered. High performance liquid
chromatography was performed on a Dionex HPLC System (Dionex Corpo-
ration) and a reversed-phase C18 column was used for semipreparation
(Agilent, 5 μm, 10 mm × 250 mm). The sample for TEM and HAADF-scanning

Fig. 5. (A) Time-dependent release of DOX from DOX-loaded 1 after treatment with 50 μM NO/H2O2. (B) Detection of DOX release intensity and rate by
confocal microscopy (Zeiss LSM 810). DOX fluorescence images of HepG2 cells incubated with or without DOX-loaded 1 for 1–6 h at 37 °C. Average cell
fluorescence of HepG2 cells is obtained by the average fluorescence intensity from 100 cells in each DOX fluorescence image at different times. Means ± SD
from triplication. (C–F) Dox images were taken with exposure for 100 ms and 481-nm excitation wavelength using the DOX fluorescence microscope at 63×
magnification, respectively: (C) DOX-loaded 1, 1 h; (D), DOX-loaded 1, 6 h; (E) DOX, 1 h; (F), DOX, 6 h). Data are representative from three independent
experiments. (Scale bar = 20 μm.) (G) Cellular toxicity of DOX, DOX-loaded 1, 2, 3, and 1 on HepG2 cells.
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transmission electron microscopy (HAADF-STEM) was prepared by dropping
the solution onto a copper grid and the sample was examined by an FEI
Talos F200X instrument. SEM was carried out using Verios G4 microscope.

Data Availability. The details of the synthesis, characterization, and biological
experiments are given in SI Appendix.
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