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Abstract: Construction of delivery systems for anticancer gold
complexes to decrease their toxicity while maintaining efficacy
is a key strategy to optimize and develop anticancer gold
medicines. Herein, we describe cancer-targeted mesoporous
silica nanoparticles (MSN) for delivery of a gold(I1l) porphy-
rin complex (Au-1a@MSN(R)) to enhance its anticancer
efficacy and selectivity between cancer and normal cells.
Encapsulation of Au-1a within mesoporous silica nanoparti-
cles amplifies its inhibitory effects on thioredoxin reductase
(TrxR), resulting in a loss of redox balance and overproduction
of reactive oxygen species (ROS). Elevated cellular oxidative
stress activates diversified downstream ROS-mediated signal-
ing pathways, leading to enhanced apoptosis-inducing efficacy.

The limitations of cisplatin-based chemotherapy has
prompted intense interest among scientists to search for
alternative metal-based anticancer medicines.'! Among the
non-platinum antitumor agents, gold complexes are receiving
increasing attention because of their promising in vitro and
in vivo anticancer activities.>¥ Activation of mitochondrial
dysfunctions and other apoptotic cellular events, and inter-
action with some specific enzymatic targets, such as selenol-
or thiol-containing thioredoxin reductase (TrxR), glutathione
reductase, and peroxidase, have been proposed to account for
the anticancer activities of gold complexes.! TrxR has been
proposed to be a potential cellular target of gold complexes,
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as a result of the high affinity of gold ions towards the cysteine
and selenocysteine residues at the active site of TrxR.! We
have demonstrated that gold(III) porphyrin complexes, as
exemplified herein by [Au™(TPP)]Cl (Au-la; H,TPP=
5,10,15,20-tetraphenylporphyrin; Figure 1a), exhibited novel
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Figure 1. a) Chemical structure of Au-1a. b) The preparation of Au-1a-
loaded microporous silica nanoparticles Au-1a@MSN(R). RGD is
denoted by the yellow triangle. c) SEM and TEM images showing
Au-Ta@MSN (R) nanoparticles. Scale bars =100 nm.

anticancer activity which is substantially higher than cisplatin,
and could target the mitochondria of cancer cells to activate
intrinsic cell apoptosis with involvement of TrxR inhibition.
Nevertheless, further clinical application of Au-1a is hindered
by its toxicity against normal cells and low solubility under
physiological conditions. In fact, most anticancer gold com-
plexes usually suffer similar shortcomings and some are not
stable under physiological conditions.”
Nanotechnology-based delivery systems have been used
in targeted therapy.[’! The enhanced permeability and reten-
tion (EPR) effect of nanoparticles endow them with the
properties of easy internalization and excellent biodistribu-
tion in tumors, resulting in enhanced anticancer efﬁcacy.[&gl In
this regard, mesoporous silica nanoparticles (MSN) have
attracted attention as promising drug-delivery systems owing
to their easy surface modification, high drug loading, and low-
toxicity degradation pathways in biological environments."”!
For instance, Fang et al. synthesized dual-pore mesoporous
carbon@silica composite core—shell nanospheres as a multi-
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drug delivery system for the treatment of human ovarian
cancer.'! Despite these positive results, studies also revealed
the undesirable side effect of hemolysis of red blood cells
during circulation, which were correlated with the interaction
of the surface silanols of unmodified MSNs with endothelial
and other normal cell membranes.['”! Coating the MSNs with
a hydrophilic polymer shell can significantly decrease this
toxicity and provide colloidal stability during blood circula-
tion,"™™ and could endow MSN with stimuli-responsive drug-
release capabilities. Chitosan (CTS) is a biocompatible and
biodegradable polymer."" The amino groups on the chains of
CTS facilitates conjugation with various tumor-targeting
molecules, such as folic acid, transferrin, the cell-penetrating
TAT (transactivator of transcription) peptide, and RGD
(arginylglycylaspartic acid). Chen et al. reported that func-
tionalized microporous silica nanosystems could significantly
enhance the anticancer efficacy of ruthenium polypyridyl
complexes and decrease their toxicity towards normal human
cells.' Herein, we described a cancer-targeted nanoscale
drug-delivery system based on an RGD peptide-conjugated
MSN as the carrier of a gold(IlI) porphyrin complex
Au-1a@MSN(R), where MSN(R) refers to MSN that was
modified with RGD-CTS (Figure 1b). The compound
Au-la has been demonstrated to display potent in vivo
anticancer activities towards drug-resistant cancers.'®!
Au-1a@MSN(R) accumulates and localizes in cancer cells,
facilitating selective induction of apoptosis in cancer cells.
Au-1a@MSN and Au-1a@MSN(R) nanoparticles were
prepared and characterized by various physical and chemical
methods (details provided in the Supporting Information).
The average particle size of the MSNs was approximately
102 nm, as measured using Zetasizer Nano-ZS particle
analyzer (see Figure S1 in the Supporting Information).
After loading with Au-1a, the size of Au-1a@MSN increased
to 589 nm, which is attributed to the aggregation of the
nanoparticles, as confirmed by a TEM image (Figure S2).
Interestingly, after conjugation of CTS-RGD to the surface of
the nanoparticles, the size of Au-1a@MSN(R) decreased to
125 nm. The results of SEM, TEM, and high-resolution TEM
images showed that Au-1a@MSN(R) nanoparticles were
highly monodisperse with diameters of approximately 100 nm
(Figure 1c and Figure S3). The zeta potential of Au-1a@MSN
was —17.9mV, which increased to 19.4 mV after surface
modification with CTS-RGD (Figure S4). It is possible that
the presence of amino groups on the CTS moiety endowed
Au-1a@MSN(R) with positive charge, enhancing the stability
and cellular uptake of Au-1a@MSN(R). Au-1a@MSN(R)
displayed a similar UV/Vis absorption spectrum as Au-1a,
indicating the successful loading of Au-1a into the pores of
the MSN (Figure S5). Based on the results of the N,
adsorption—desorption isotherm (Figure S6), the inflection
point at the adsorption branches of the isotherm of
Au-1a@MSN(R) moved in the direction of low relative
pressure, indicating the quantity of nitrogen capillary con-
densation declined after loaded with Au-1a. The XPS spectra
(XPS = X-ray photoelectron spectroscopy) also revealed the
presence of gold within the Au-1a@MSN(R) nanoparticles
(Figure S7), consistent with the results of EDX analysis
(EDX =energy-dispersive X-ray spectroscopy; Figure S8).
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The loading capacity and the efficiency of loading of Au-1a
were found to be 150.8 ugmg ' MSN and 15.1 %, respectively.
The drug-release behavior of Au-1a from the nanosystem was
investigated in PBS solution (pH 7.4) and in A549 cell lysate
to simulate the blood and intracellular environments, respec-
tively. No significant drug release was detected in PBS
(phosphate-buffered saline; pH7.4), suggesting that
Au-1a@MSN(R) particles were stable during blood circula-
tion (Figure S9). Under intracellular conditions, Au-1a was
released from the nanosystem in a time-dependent manner,
revealing that the Au-1a@MSN(R) nanoparticles were bio-
responsive.

Au-1a@MSN nanoparticles exhibited a higher anticancer
activity than Au-la, but the toxicity towards LO2 normal
human cells was higher than that toward cancer cells (Fig-
ure S10). Therefore, RGD peptide was conjugated to MSNs
by using CTS as a linker to improve the selectivity of the
material between cancerous and normal cells. As shown in
Figure 2a, Au-1a@MSN(R) exhibited higher anticancer
activity against various human-cancer cell lines than the
complex Au-la. In particular, A549 lung carcinoma cells
displayed the highest sensitivity to Au-1a@MSN(R) with an
1Cs,=0.18 um, whereas the ICs,value for free Au-la was
1.13 pm. The nanosystem did not significantly increase the
toxicity of Au-la against L02 human normal cells, whereas
the drug carrier MSN alone was nontoxic toward the cancer
and normal cells.'”) The safety index (the ratio of ICs, values
of LO2 cells to that for A549 cells) of Au-1a@MSN(R) was
found to be 4.23, which was significantly higher than those of
Au-1a (0.80) and Au-1a@MSN (0.73).

Cellular uptake is an important factor contributing to
anticancer activity. Therefore, quantitative analysis of cellular
uptake of Au-1a@MSN(R) in A549 lung carcinoma cells and
L02 human normal liver cells were conducted by directly
determining intracellular gold content with inductively cou-
pled plasma mass spectrometry (ICP-MS). The data showed
that the intracellular concentration of gold increased in
a time-dependent manner in AS549 cells, while a lower
accumulation of Au-1a@MSN(R) was found in LO02 cells
(Figure 2b). For instance, after 8 hours incubation, the intra-
cellular gold concentration in A549 cells was approximately
3.25 times higher than that in LO2 cells. To further demon-
strate the high selectivity of the nanosystem towards cancer
cells, we used a co-culture model with A549 and 102 cells to
examine the selective induction of apoptosis by
Au-1a@MSN(R) in cancer cells by conducting TUNEL-
Hoechst 33342 co-staining assay experiments. This assay can
detect DNA fragmentation in apoptotic cells, even before
morphological changes. As shown in Figure 2¢, the control
A549 cells did not show apoptotic characteristics. After
treatment with Au-1a@MSN(R) (1.0 um), most A549 cells
exhibited typical apoptotic features, including cell shrinkage,
DNA fragmentation, and nuclear condensation, whereas
these changes were not found in LO02 cells. The apoptotic
percentages of AS549cells in the co-culture population
exposed to 0.5 and 1.0 um Au-1a@MSN(R) were 45% and
54 %, respectively, which were significantly higher than those
of LO2 cells (1% and 2 %, respectively). In contrast, 2.5 um of
Au-la (which exhibits a similar growth inhibition of
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Figure 2. Selectivity and cellular uptake of Au-1a@MSN(R). a) Cyto-
toxic effects of Au-1a@MSN(R) and Au-Ta on various human cancer
and normal cell lines after 72 hours incubation. b) Quantitative analy-
sis of cellular uptake of Au-1a@MSN(R) (2.0 pm) in LO2 normal
human liver cells and A549 lung carcinoma cell lines. c) Selective
induction of apoptosis by Au-1a@MSN(R) (1.0 um; 24 hours) in

a A549/L02 co-culture cell model as determined by TUNEL-Hoechst
33342 co-staining microscopy (magnification, 200x). d) Quantitative
analysis of cellular uptake in A549 cells after incubation with Au-1a
and Au-1a@MSN(R) (each at 2.0 um). e) Dose-dependent effects of
RGD peptide on the cellular uptake of Au-1a@MSN (R). The cells were
treated with RGD for 2 hours, and then exposed to Au-1a@MSN((R)
(2.0 um) for 12 hours.

A549 cells as demonstrated with 1.0 um Au-1a@MSN(R))
induced 23% and 24 % apoptosis in A549 and LO2 cells,
respectively (Figure S11). These results suggest that the
nanosystem effectively improves the selectivity of Au-la
between cancer and normal cells.

Conjugation of RGD peptide to nanoparticles could help
the RGD peptide to recognize and bind to integrin proteins
which are overexpressed in cancer cell membranes, thereby
enhancing the cellular uptake of nanoparticles in cancer
cells.® To examine the role of integrin, an RGD peptide
competing assay was conducted. First, we examined the
intracellular concentration of gold in A549 cells using ICP-
MS after the cells were incubated with Au-l1a (2.0 um) and
Au-1a@MSN(R) (2.0 um) for different periods of time. As
shown in Figure 2d, the intracellular concentration of gold in
cells treated with Au-1a@MSN(R) increased significantly in
a time-dependent manner, whereas it only slightly increased
in cells exposed to Au-la over a time period of 2-8 hours.
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These results indicate that encapsulation effectively enhances
the cellular uptake of Au-1a in cancer cells. Moreover, the
cellular internalization of Au-1a@MSN(R) was significantly
decreased when the cells were pretreated with RGD peptides
for 2 hours (Figure 2¢). These results are consistent with the
hypothesis that the high selectivity of the nanosystem
incorporating the gold complex Au-la could be traced to
integrin-mediated endocytosis.

As A549 cells exhibited the highest sensitivity to
Au-1a@MSN(R), this cell line was chosen for further inves-
tigation of the underlying mechanisms accounting for the
anticancer activity. First, the results of flow cytometric
analysis revealed that treatment of AS549cells with
Au-1a@MSN(R) (0.25-1.0 um) resulted in a marked dose-
dependent increase in cell apoptosis as shown by extensive
DNA fragmentation in the sub-G, phase. The apoptosis-
inducing effect was even more pronounced compared with
free Au-1a (2.5 um; Figure S12). Caspase activation is a crit-
ical event in the initiation and execution of apoptosis in
biological systems.'”! As shown in Figure S13, exposure of
A549 cells to Au-1a@MSN(R) resulted in activation of
caspase-3, caspase-8, caspase-9, and subsequent cleavage of
PARP (poly(ADP-ribose)polymerase) in a dose-dependent
manner. These results demonstrate that cancer-targeted MSN
effectively enhances the apoptosis-inducing activity of Au-1a.

TrxR plays important roles in intracellular redox balance
and regulation of apoptosis signaling. We have reported the
inhibition of TrxR activity by anticancer gold complexes.”® ¥l
As shown in Figure 3a, Au-1a@MSN(R) significantly inhib-
ited the TrxR activity in a dose-dependent manner in A549
cells. For instance, TrxR activity of A549 cells decreased to
about 16.8% of the control value after incubation with
Au-1a@MSN(R) (1.0 pm). In contrast, Au-1a at 1.0 uM only
inhibited the TrxR activity to 46.9 %. The results of Western
blot analysis also showed that Au-1a@MSN(R) effectively
inhibited the expression level of TrxR and Trx in cancer cells
(Figure 3b). Therefore, the decrease in expression of TrxR
and Trx may contribute to the anticancer efficacy of
Au-1a2@MSN(R) and its inhibition of TrxR activity.

The intracellular Trx system could control the cell fate by
regulating the intracellular redox balance through counter-
acting excess reactive oxygen species (ROS).[") The inhibition
of TrxR and Trx may disturb the balance of intracellular ROS
generation in cancer cells. Therefore, we examined the ROS
level in A549 cells exposed to Au-1a, Au-1a@MSN(R), and
the MSN carrier alone by using the fluorescent dye dihy-
droethidium (DHE) as a probe. As shown in Figure 4a,
treatment of the cells with Au-1a@MSN(R) resulted in
a rapid and significant increase in intracellular ROS gener-
ation in a time- and dose-dependent manner, whereas an
equal amount of the drug carrier MSN alone induced a much
lower increase in ROS generation in A549 cells. In contrast,
Au-la (at up to 40 um concentration) did not trigger the
overproduction of reactive oxygen species in this cell line
under similar conditions. Thus, the induction of ROS over-
production may play a crucial role in the enhanced anticancer
efficacy of Au-1a incorporated within the MSN nanosystem.

Excess intracellular ROS could activate diverse signaling
pathways to trigger cell apoptosis.”” As depicted in Fig-
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Figure 3. a) Inhibition of TrxR activity by Au-1a@MSN(R) in A549 cells
for 24 hours. b) Western blot analysis of expression levels of TrxR and
Trx in A549 cells treated with Au-1a@MSN((R) for 24 hours.
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Figure 4. Activation of apoptotic signaling pathways in cancer cells by
Au-1a@MSN(R). a) Plot showing the overproduction of ROS against
time in A549 cells exposed to Au-1a@MSN (R), Au-1a, and MSN

(1.5 mgmL™). b) Proposed signaling pathways of apoptosis induced
by Au-Ta@MSN (R).
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ure S14, the phosphorylation of pro-apoptotic kinases p38
and JNK increased in a dose-dependent manner. In contrast,
the phosphorylation of the two anti-apoptotic kinases ERK
and AKT were effectively suppressed by Au-1a@MSN(R).
Moreover, cellular ROS accumulation induced by
Au-1a@MSN(R) resulted in DNA damage as revealed by
increased expression of various protein markers. As shown in
Figure S15, treatment of cells with Au-1a@MSN(R) resulted
in elevation of phosphorylated p53 at the serine 15 site. The
protein levels of phospho-ATM, phospho-Chkl, phospho-
BRCAL1, and a DNA damage marker Ser139-Histone H,A.X
were also upregulated in response to cell treatment with
Au-1a@MSN(R). Collectively, Au-1a@MSN(R) could inhibit
the TrxR system, which may subsequently trigger ROS-
mediated apoptosis signaling in cancer cells (Figure 4b).

In summary, we have synthesized a cancer-targeted
mesoporous silica nanoparticle system to overcome the high
toxicity of anticancer gold complexes and to enhance their
anticancer efficacy. The RGD peptide surface decoration
effectively enhances the cellular uptake of the drugs, and
increases the recognition between cancer and normal cells.
The efficacy and safety index of Au-1a@MSN(R) is greater
than that of the free Au-1a complex. Encapsulation amplified
the inhibitory effects of Au-la on the enzyme thioredoxin
reductase (TrxR). This study highlights the usefulness of
cancer-targeted nanoparticles for delivery of anticancer
gold(IIT) porphyrin molecules to achieve enhanced anti-
cancer efficacy with fewer side effects.
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