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Abstract

Anticancer modalities based on oxygen free radicals, including photodynamic therapy and
radiotherapy, have emerged as promising treatments in the clinic. However, the hypoxic
environment in tumor tissue prevents the formation of oxygen free radicals. Here we introduce a
novel strategy that employs oxygen-independent free radicals generated from a polymerization
initiator for eradicating cancer cells. The initiator is mixed with a phase-change material and
loaded into the cavities of gold nanocages. Upon irradiation by a near-infrared laser, the phase-
change material is melted due to the photothermal effect of gold nanocages, leading to the release
and decomposition of the loaded initiator to generate free radicals. The free radicals produced in
this way are highly effective in inducing apoptosis in hypoxic cancer cells.
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Gold nanocages filled with a phase-change material (PCM) are used as a carrier for AIPH to
achieve controlled generation of free radicals, which is oxygen-independent and can be used for
the therapy of hypoxic cancer.
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Reactive oxygen species (ROS), including peroxide, superoxide, hydroxyl radical, and
singlet oxygen, can kill cells by causing oxidative damage to lipids, proteins, and DNA.
Cancer treatment based on ROS has been widely adopted for clinical applications in the
form of radiotherapy,[X] photodynamic therapy (PDT),[2] sonodynamic therapy (SDT),[3] and
chemotherapy.l4] For all these anticancer modalities, the therapeutic effect is critically
dependent on the local concentration of oxygen. Most tumors tend to develop a hypoxic
region,®] especially in the area far away (>70 um) from the nutritive blood vessels.[8] Prior
studies have established that cells in such a hypoxic region are highly resistant to chemo-[’]
and radiotherapy.[8]

One possible solution to the aforementioned issue is to deliver a precursor compound into
the tumor for /n situ generation of radicals upon activation. Here we report the
demonstration of 2,2”-azobis[2-(2-imidazolin-2-yl) propane] dihydrochloride (AIPH) as a
promising candidate for such an application. AIPH is a water-soluble azo compound that
decomposes rapidly under thermal or irradiation stimulation to generate alkyl radicals.[°]
These radicals are toxic toward cells by directly oxidizing cell components or reacting with
oxygen to generate secondary cytotoxic free radicals, including both alkoxyl and peroxyl
radicals.[1% Even under hypoxic condition, the radicals can still be generated to increase
intracellular lipid hydroperoxides and thus induce apoptosis.[*1] However, AIPH is
chemically unstable due to its susceptibility to decomposition /n vivo, which inevitably
reduces its availability at the tumor site and increase the side effects. In this study, we
demonstrate the use of Au nanocages (AuNCs) filled with AIPH and a phase-change
material (PCM) to achieve controlled generation of free radicals for cancer therapy.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 3

Figure 1a shows a schematic procedure for AIPH/PCM loading and controlled generation of
free radicals. When irradiated with a near-infrared (NIR) laser, the heat generated through
the photothermal effect of AUNCs melts the PCM, causing the encapsulated AIPH to be
released and decomposed for the rapid generation of free radicals. The AUNCs were
synthesized using the galvanic replacement reaction between Ag nanocubes and HAuCl,4
according to a published method.[12] The average edge length of the resultant AUNCs was
60+12 nm, together with a wall thickness of ca. 7 nm. Figure 1b shows a transmission
electron microscopy (TEM) image of the AuNC:s, revealing small pores of 10-30 nm in size
on the walls. If needed, the size of pores in the walls of AuUNCs could be varied by adjusting
the amount of HAuUCI, added, in an effort to optimize the loading and release of AIPH/
PCM.[12] We then loaded a mixture of AIPH and PCM into the cavities of AuNCs by
slightly modifying a previously reported protocol.[*3] Briefly, the AuNCs were dispersed in
methanol, followed by the dissolution of PCM (lauric acid, m. p. = 44-46 °C) and AIPH.
The loaded AuNCs (denoted as Au-PCM-AIPH) were retrieved by centrifugation, followed
by gentle washing with methanol. Compared with the pristine sample, the loaded AuNCs
exhibited a noticeable difference in contrast when imaged under TEM (Figure 1, b and c).
The differential scanning calorimetry (DSC) curves shown in Figure 1d confirm that PCM
was successfully loaded into the cavities of AUNCSs. Figure 1e shows the data of a
thermogravimetric analysis (TGA) of the loaded AuNCs in the range of 50-600 °C, giving a
loading amount of 13.9% (by wt.) for the AIPH/PCM mixture. We further determined the
loading capacity of AIPH by UV-vis spectroscopy. The weight percentage of AIPH in Au-
PCM-AIPH was about 7.9%, which implies a weigh percentage of 6.0% for the PCM.

We investigated the release of AIPH from the loaded AuNCs with or without NIR laser
irradiation. As shown in Figure 2a, the release of AIPH could be controlled by varying the
power density and/or the duration of laser irradiation. A higher laser power density
corresponds to a higher temperature and thus a faster release of AIPH from the interiors of
AUNCs. After laser irradiation for 20 min, the cumulative release percentages could reach
22.1 and 34.7% at power densities of 0.2 and 0.4 W-cm~2, corresponding to equilibrium
temperatures of 54 and 68 °C, respectively. In contrast, only 6.3% of AIPH was released
without laser irradiation due to the limited diffusion of molecules through the solid
PCM.[13.24] We then characterized the release and decomposition of AIPH by measuring the
concentration of 2,2”-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) free radicals
(ABTS™:), which were formed through a reaction between ABTS and the free radicals from
AIPH. The generated ABTS™- exhibited a characteristic absorbance between 500-950 nm.
As shown in Figure 2b, time-dependent generation of ABTS*- was observed when ABTS
was incubated with Au-PCM-AIPH at 37 and 44 °C, respectively. The concentration of
ABTS* at 44 °C was significantly higher than that at 37 °C, suggesting the faster release
and decomposition of AIPH at a higher temperature.

The radicals from the initiator can react with various cell components, leading to DNA
damage, lipid peroxidation, and protein degradation.[15] In the present work, we used red
blood cells (RBCs) as a model to characterize the generation of AIPH radicals. As one of the
end products of lipid peroxidation, methane dicarboxylic aldehyde (MDA) was measured as
a marker of cell damage induced by Au-PCM-AIPH. RBCs incubated with Au-PCM-AIPH
showed noticeable lipid peroxidation and increase of MDA level (Figure 2c¢). The higher
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concentration of Au-PCM-AIPH used, the more MDA generated. Meanwhile, NIR laser
irradiation imposed a significant impact on MDA generation. Upon NIR laser irradiation for
30 min, the amount of MDA was increased by 1.2, 1.5, and 1.7 fold at a concentration of
0.25, 1, and 2 mg-mL~1, respectively, while MDA was only increased by 1.1, 1.3, and 1.4
fold in the group without laser irradiation. The generated AIPH radicals were able to disrupt
the membrane, making it more permeable and thus inducing hemolysis. It should be pointed
out that NIR irradiation alone in the absence of Au-PCM-AIPH did not induce hemolysis.
We also quantitatively analyzed the hemolysis by incubating RBCs with Au-PCM-AIPH at
37 and 44 °C, respectively. After incubation at 37 °C for 3 h, the influence of Au-PCM-
AIPH on RBCs was negligible and no obvious hemolysis was observed (Figures 2d and S1).
When incubated at 44 °C for 3 h, the sample differed noticeably from the other groups,
exhibiting deep red supernatant as an indicator of hemolysis. The absorbance at 410 nm was
about five times as strong as what was observed in the absence of Au-PCM-AIPH (Figure
2d).

The cellular uptake of Au-PCM nanoparticles in A549 human lung cancer cells was studied
by doping the PCM with rhodamine 6G to obtain Au-PCM-RG. As shown in Figure S2, the
cellular uptake of Au-PCM-RG was time-dependent. After incubation for 4 h, Au-PCM-RG
mainly located in lysosomes. Since tumor hypoxia limits the generation of oxygen free
radicals, it is important to demonstrate that AIPH free radicals could still be generated in a
hypoxic environment. Using 2°,7’-dichlorodihydrofluorescein diacetate (DCFHDA) as an
indicator, we examined the amount of AIPH-based free radicals generated in both hypoxia
and normoxia. As shown in Figures 3a and S3, A549 cells treated with Au-PCM-AIPH in
normoxia exhibited bright fluorescence after NIR irradiation. Fluorescence with a similar
intensity was also observed in cells treated in hypoxia, indicating that the generation of free
radicals was independent of oxygen level. In the control group with Au-PCM-AIPH alone,
only weak fluorescence could be detected under similar conditions. This result indicates that
AIPH could not be released from AuNCs in the absence of NIR laser irradiation. For the
group treated with free AIPH, the fluorescence was also very weak, which was probably due
to the limited uptake of free AIPH by cells. Even with NIR irradiation, we did not observe
any significant enhancement in fluorescence intensity. We then investigated the apoptosis of
Ab549 cells, as induced by the radicals from Au-PCM-AIPH, using membrane blebbing as an
indicator, which usually occurs during cell apoptosis and necrosis. The blebs were stained
red with a lipophilic membrane dye Dil. As shown in Figure 3b, blebs appeared in both
normoxia- and hypoxia-treated cells after 4 and 8 h. Meanwhile, cell shrinkage was
observed compared with the control group. These results suggest that the AIPH radicals are
able to effectively induce cell apoptosis under both normoxic and hypoxic conditions.

The therapeutic effect of Au-PCM-AIPH was further evaluated using morphological changes
to the actin filaments (F-actin). For the group without laser irradiation, the F-actin (stained
with Phalloidin-Alexa Fluor 555, red) was well-organized and highly elongated (Figure 4a).
Upon irradiation for 10 min, the F-actin became retracted and condensed for both normoxia
and hypoxia groups. Significant damage to the cytoskeleton was observed in the group with
laser irradiation for 30 min, which was similar to the cells treated with free AIPH for 12 h
(Figure S4). We then quantified the laser-triggered cytotoxicity of Au-PCM-AIPH
nanoparticles against A549 cells using 3-(4,5-dimethyl-2-thiazolyl)2,5-diphenyl-2H-
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tetrazolium bromide (MTT) assay. When the concentration of Au-PCM-AIPH was
increased, the cell viability gradually decreased (Figure 4b). Upon NIR irradiation, Au-
PCM-AIPH showed significantly enhanced capability in killing cells (with 60.5% of the
cells being killed) compared with that without irradiation (only 35.5% of the cells being
killed), indicating the rapid generation of free radicals. Only minor cytotoxicity was detected
in the group treated with empty AuNCs (Figure S5a). The irradiation of NIR did not cause
additional cytotoxicity when the temperature was controlled below 45 °C. In the free AIPH
group, concentration-dependent cytotoxicity was found and the NIR laser irradiation showed
no further impact on cell viability (Figure S5b). It is worth noting that both lauric acid and
poly(vinyl pyrrolidone) (PVP), a colloidal stabilizer used for the synthesis of AUNCs, have
been widely used in drug delivery and can be considered as biocompatible materials.[16]

The cytotoxicity of Au-PCM-AIPH was also evaluated under hypoxic condition. As shown
in Figure 4c, Au-PCM-AIPH exhibited comparable inhibition rate toward A549 cells in both
hypoxic (61.1%) and normoxic groups (62.3%), indicating that the cytotoxicity of Au-PCM-
AIPH was independent of oxygen level. This result is consistent with a previous report
where alkyl radicals aggravated cell apoptosis under low oxygen pressure.[11] As a control,
we studied the influence of oxygen on photodynamic therapy (PDT), an oxygen-dependent
technique for killing cancer cells. After irradiation for 5 min (40 mW-cm2), protoporphyrin
(PPIX) under normoxia showed a cell inhibition rate of 81% at a concentration of 20
ug-mL~1 (Figure 4c). In contrast, a pronounced decrease in inhibition rate (58%) was found
under hypoxia. The PDT effect could also be observed by staining the dead cells with trypan
blue (Figure S6). These results clearly demonstrate that PDT-induced cell death greatly
relies on oxygen concentration while AIPH-triggered cell death is independent of oxygen.

In conclusion, we have demonstrated a hybrid nanosystem based on AuNCs, PCM, and a
conventional polymerization initiator (AIPH) for the generation of free radicals in the
absence of oxygen. This new platform offers a number of advantages, including enhanced
stability, controlled release, and photo-triggered therapeutic effect. Different from
radiotherapy and chemotherapy that are highly dependent on the oxygen level, the AIPH-
based therapy can also destruct cancer cells in the absence of oxygen, holding promise for
the treatment of hypoxic tumors. As a proof-of-concept study, the emphasis of this work was
placed on the demonstration of an oxygen-independent strategy for the treatment of hypoxic
tumors. The efficacy still needs to be improved by optimizing the components and
conditions involved. On one hand, new initiators with sharp initiation temperatures should
be developed to enable more swift and efficient generation of free radicals. On the other
hand, the loading efficiency of the initiator should be improved by adjusting the loading
protocols in an effort to reduce the amount of AUNCs administered. In addition, a multiple
cancer killing mode that combines both photothermal therapy and the generation of free
radicals can also be used to further augment the treatment efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
a) Schematic illustration showing the controlled release and generation of free radicals upon

irradiation by a NIR laser. b, c) TEM images of AuNCs (b) before and (c) after loading of
the PCM-AIPH mixture. d) DSC curves recorded from the PCM and Au-PCM-AIPH
samples, respectively. ) TGA curves obtained for the empty AuNCs (dashed) and PCM-
AIPH-loaded AuNCs (solid).
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a) Release profiles of AIPH from Au-PCM-AIPH under the irradiation of a NIR laser at
different power densities. b) Generation of ABTS* as induced by the free radicals released
from Au-PCM-AIPH at different temperatures. ¢) Changes to MDA content in RBCs treated
with different concentrations of Au-PCM-AIPH with or without NIR laser irradiation. d)
UV-Vis absorption spectra of RBCs incubated with empty AuNCs (1.5 mg-mL™1) and Au-
PCM-AIPH (1.5 mg-mL™1) at 37 and 44 °C, respectively, for 3 h.
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Figure 3.
a) Detection of AIPH-induced ROS in A549 cells by DCFHDA staining. The A549 cells

were treated with AIPH (20 pg-mL™1) or Au-PCM-AIPH (AIPH: 20 pug-mL~1) in normoxic
and hypoxic culture media, respectively, for 2 h and then irradiated by an 808-nm laser for
30 min. Scale bar = 50 pm. b) Morphology of A549 cells after incubation with Au-PCM-
AIPH (AIPH: 20 pg-mL™1) for 2 h and irradiated with an 808-nm laser for 30 min, and then
incubated for another 4 h and 8 h in normoxic and hypoxic media, respectively. The cells
were stained with a lipophilic membrane dye Dil to visualize the morphological change.
Scale bar = 50 um.
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a) F-actin morphology of A549 cells incubated with Au-PCM-AIPH in normoxic and
hypoxic media under irradiation for different times. The cells were stained with Phalloidin-
Alexa Fluor 555 (a F-actin staining dye, red) and DAPI (a nuclear staining dye, blue). Scale
bar = 25 um. b) Cell viability after treatment with different concentrations of Au-PCM-
AIPH with or without NIR laser irradiation for 20 min. Values represent mean + standard
deviation (n = 6). ¢) Cell viability of A549 cells treated with Au-PCM-AIPH (AIPH: 20
ug-mL~1) or PPIX (20 pug-mL™1) for 2 h and then irradiated with an 808-nm or 405-nm laser
in normoxic and hypoxic media. The values were represented as mean + standard deviation

(n=6)
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