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Abstract: Local hypoxia in tumors is an undesirable conse-
quence of photodynamic therapy (PDT), which will lead to
greatly reduced effectiveness of this therapy. Bioreductive pro-
drugs that can be activated at low-oxygen conditions will be
highly cytotoxic under hypoxia in tumors. Based on this
principle, double silica-shelled upconversion nanoparticles
(UCNPs) nanostructure capable of co-delivering photosensi-
tizer (PS) molecules and a bioreductive pro-drug (tirapaz-
amine, TPZ) were designed (TPZ-UC/PS), with which
a synergetic tumor therapeutic effect has been achieved first
by UC-based (UC-) PDT under normal oxygen environment,
immediately followed by the induced cytotoxicity of activated
TPZ when oxygen is depleted by UC-PDT. Treatment with
TPZ-UC/PS plus NIR laser resulted in a remarkably sup-
pressed tumor growth as compared to UC-PDT alone, imply-
ing that the delivered TPZ has a profound effect on treatment
outcomes for the much-enhanced cytotoxicity of TPZ under
PDT-induced hypoxia.

P DT involves the administration of tumor-localizing photo-
sensitizers (PSs) followed by the activation with a specific
wavelength of light, and is clinically approved for the
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treatment of several types of solid cancer."! The anti-
tumorigenic effects of PDT are achieved by the destruction
of cells and tumor blood vessels by reactive oxygen species
(ROS) (for example, singlet oxygen, 'O,), which has a range
of vascular effects, including transient vascular spasm, vas-
cular stasis, the formation of thrombi, and permanent vessel
occlusion.”? Although vascular destruction reduces tissue
oxygenation and thereby destroys tumors, the hypoxic micro-
environment that consequently arises during PDT has been
found to be responsible for the poor responses to radio- and
chemotherapy, as well as to the following PDT itself, leading
to considerably limited efficacy of PDT to tumors.’) More-
over, induced hypoxia in tumors can stimulate the release of
hypoxia inducible factor 1a and vascular endothelial growth
factor, which can increase metastatic efficiency.”! This neg-
ative consequence can be mitigated by developing advanced
therapeutic approaches that overcome or even make use of
the hypoxic microenvironment.

Hyperoxygenation by the inhalation of pure oxygen by
patients at high pressures during PDT has been used to
overcome tumor hypoxia; however, this method has only
marginal benefits, because inhalated oxygen will not change
the hypoxia efficiently owing to the temporary cessation of
blood flow during PDT.®! Combining PDT and photothermal
therapy (PTT) can also enhance the therapeutic effect of PDT
in tumors, since an appropriate level of hyperthermia can
increase intratumoral blood flow and consequently promote
tumor oxygenation. However, this method lacks specificity
for hypoxic tissues and may induce an undesirable heat shock
response during PTT.[®!

Fortunately, in spite of the greatly reduced therapeutic
efficacy in PDT, the induced hypoxia can be exploited by
introducing an agent that is selectively toxic to hypoxic cells
so as to overcome the therapeutic resistance of the hypoxic
tumors. Since bioreductive drugs will typically produce highly
cytotoxic agents under hypoxic conditions, their cytotoxic
activities can be triggered when used in conjunction with
treatments that induce hypoxia.

Nevertheless, to potentiate the anticancer efficacy of PDT
by using bioreductive drugs, an oxygen-deficit environment
must be created for the bioreductive pro-drug activation.!”
The limited efficiency of conventional PDT is primarily due to
the low tissue penetration of visible light and poor tumor
accumulation of PS molecules.”! The recent development of
UCNPs capable of converting near-infared light (NIR) into
UV-visible light enables the delivery of light to deep tissue
and the use of PDT to treat previously inaccessible lesions."!
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However, it is not known to date whether UC-based PDT is
capable of creating strong enough hypoxia in tumors or not
via the co-delivered PS molecules (silicon phthalocyanine
dihydroxide, SPCD) to activate bioreductive pro-drugs,
typically, for example, tirapazamine (TPZ).!'"! In fact, TPZ
can be stimulated by various intracellular reductase enzymes
to generate a free-radical intermediate cytotoxic species. But
this free radical tends to be rapidly oxidized back to the
parent molecule, which has little effect on cells, while, under
low-oxygen conditions, the highly reactive TPZ radical will
remove hydrogen atoms from nearby macromolecules, caus-
ing them structural damage (Supporting Information, Fig-
ure S1).

Herein, a nanoplatform UC/PS composed of gadolinium
(Gd*")-doped UCNP core and double silica shells, that is,
middle dense and outer mesoporous silica layers for efficient
PS (SPCD) and pro-drug (TPZ) loading, has been con-
structed. The NaYF,:Yb*"/Er**/Gd*" UCNPs were synthe-
sized by a solvothermal method as previously reported.!"!l The
upconversion emissions of UCNPs at 652 nm overlay with the
broad absorption spectrum of SPCD, allowing efficient
energy transfer from the core to the PS (Figure 1a). To
marry UCNP with PS in one unit, a modified reverse
microemulsion method was employed (Figure 1b). NP-5
(IGEPAL CO-520) was first added to cyclohexane to form
reverse micelles, and the hydrophobic UCNPs were then
transferred to the micelle water pool after ligands exchange
between oleate and NP-5. Following the sequential addition
of PS and ammonia, tetraethyl orthosilicate was injected into
the system and interacted with SPCD to yield a uniform core—
shell structure with the UCNP core (Figure 1c¢) being coated
with a dense silica shell to ensure the high payload and
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Figure 1. a) Fluorescence spectrum of UCNPs under 980 nm laser light excitation (red line) and UV/Vis
absorption spectrum of SPCD (black line). b) Formation of UCNPs coated with PS-doped dense silica. ¢)—
e) Representative transmission electron micrographs of UCNPs, UCNP coated with dense silica, and UCNPs
coated with both dense and outer mesoporous silica shells (UC/PS).
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negligible leakage of PS (Figure 1d)." FTIR spectroscopy
confirms the successful trapping of SPCD in the silica shell
(Supporting Information, Figure S2). UC/PSs were finally
obtained using an aqueous phase regrowth method to coat
a mesoporous silica outer layer on the dense silica surface
(Figure 1e) for TPZ loading, thereby endowing the nano-
structure with the excellent functions of SPCD and TPZ co-
delivery. TPZ (6 pgmg ™) release from UC/PS was time- and
pH-dependent (Supporting Information, Figure S3). Mean-
while, the inorganic silica component of UC/PS makes them
highly biocompatible, and no significant cytotoxicity can be
found to both cancer (HeLa) (Supporting Information,
Figure S4) and healthy cells (NRK-52E and BRL) even at
1000 uygmL ' UC/PS (Supporting Information, Figure S5).
Similarly, histological analyses of mice injected with
100 mgkg ™' UC/PS reveal no pathological changes after 7
and 30 days (Supporting Information, Figure S6), confirming
the satisfactory histocompatibility of UC/PS in vivo.

As we know that the production of ROS such as singlet
oxygen ('0,) plays a major role in PDT. 980 nm laser
irradiation on UC/PS resulted in an UC fluorescence emission
that matched the absorption of SPCD moieties and caused
intermolecular energy transfer to generate 'O,. DPBF, whose
fluorescence is irreversibly quenched by 'O,, has long been
used to detect this kind of ROS.®1'0, productions by the UC/
PS, PS-unloaded UC, PS alone were investigated and
compared under NIR laser irradiation. There are no changes
in DPBF fluorescence in UC, PS, or the control group in
which only the laser irradiation was used (Figure 2a),
indicating that there is no 'O, generated when UC or PS
was introduced solely. In contrast, the presence of UC/PS
resulted in a high rate of DPBF fluorescence decay, evidenc-
ing the 'O, production.

For live cells, ROS pro-
duction was examined by
using 2',7'-dichlorofluores-
cin diacetate (DCFH-DA).
Once diffusing into cells,
DCFH-DA is deacetylated
by cellular esterases to
a non-fluorescent com-
pound, which is further oxi-

sHi

1 dized by ROS into 2.7-
TEOS dichlorofluorescein (DCF),
O O O which has characteristic

excitation and emission
maxima of 488 and 525 nm,
respectively. There was little
changes of DCF fluores-
cence signals detected by
flow cytometry in cells
treated with phosphate-buf-
fered saline (PBS) or PS and
then radiated with or with-
out the 980 nm laser (Fig-
ure 2b). The results imply
that NIR light alone or
combined with PS cannot
lead to the production of
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Figure 2. Enhanced PDT using UC/PS activated with single-wavelength
laser light. a) Comparisons of 'O, production among control, UC, PS,
and UC/PS groups following laser light irradiation at 980 nm

(1.4 Wem™?), as determined by the decay in DPBF fluorescence, which
was measured at its peak intensity of 410 nm. Data represent mean
+SD (n=3). b) ROS generation in cells treated with PDT, as assessed
by flow cytometry. c) Confocal fluorescence images of cells after

980 nm laser light irradiation (1.4 Wcm™, 5 min).

additional ROS, even at increased NIR laser power. In UC
group, the development of reactive oxidative stress resulted
from the impairment of the antioxidative capacity of a cell
rather than the formation of intracellular ROS.

For cells cultured with UC/PS, intracellular fluorescence
signals were markedly increased after exposure to 980 nm
laser light. Incremental exposure to NIR energy leads to
correspondingly increased fluorescence intensity, signaling an
increase in ROS. The UC-based PDT effect was further

o

assessed by confocal laser scanning microscopy. Figure 2¢
shows that the fluorescence intensity of ROS (blue color)
detected using the fluorescein isothiocyanate (FITC) band
pass filter was significantly higher in cells labeled with UC/PS
than control cells treated with PBS or cultured with UC
followed by laser irradiation under the similar cellular
uptakes of both UC and UC/PS, as demonstrated by the
intensified intracellular luminescence of UCNP detected
using the 980 nm band pass filter. Together with the results
of flow cytometry, the above evidence indicates that UC/PS
under laser irradiation will produce ROS in cell.

The ability of TPZ-UC/PS in inducing cell death as
compared to free TPZ was assessed in HeLa cells, as
demonstrated in Figure 3. Considering the oxygen-dependent
nature of PDT and TPZ, 10% pO, was set in cell apoptosis
study to be as far as possible close to the physiological
conditions.™* Cell viability is similar upon treatment with PBS
or free TPZ alone, with or without laser exposure, implying
that laser irradiation and TPZ themselves have little detri-
mental effects. Once TPZ was loaded into UC/PS, the cell
lethality was largely enhanced by the chemotherapeutic effect
of TPZ. It is notable that cell viability is markedly reduced
upon irradiation with 980 nm laser following treatment with
either UC/PS or TPZ-UC/PS. The results confirm the effect of
UC/PS as a PDT agent. Importantly, UC/PS-based PDT
combined with TPZ-UC/PS shows great advantages over
single UC-PDT, single TPZ-UC/PS or simple mixing of UC-
PDT with free TPZ (Supporting Information, Figure S7).
Thus, oxygen depletion by the UC-PDT photochemical
reaction is sufficient to create hypoxia, and consequently,
activate intracellular TPZ and increase cytotoxicity effec-
tively.

Encouraged by the excellent biocompatiblity of UC/PS
and the remarkable efficacy of the simple TPZ application
with UC-PDT in vitro, we further performed the TPZ-PDT
in vivo. Further evidence of the critical role of PDT-induced
hypoxia in synergetically enhancing the anti-tumorigenic
efficacy of TPZ was demonstrated by in vivo experiments.
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Figure 3. Flow cytometric analyses of cell apoptosis treated with PBS, TPZ (1.25 uygmL™"), UC/PS (20.8 ugmL™"), or TPZ-UC/PS (20.8 ugmL™",
[TPZ] 1.25 pgmL™") at 10% pO,. Non-NIR: unirradiated cells; NIR: cells irradiated with 980 nm laser light.
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The chemical and physical properties of oxygen enable a wide
variety of methods to locally detect oxygen content in vivo.['”]
Here, '"®F-labeled MISO positron emission tomography
("FMISO-PET) was employed in the quantitative analysis
of the hypoxic sub-volumes in tumors based on the highly
reproducible values of *FMISO uptake before and after UC-
PDT." We selected the median ®FMISO tumor-to-back-
ground ratio (T/B) as discriminator for the oxygenation status
of tumors,'”! with the T/B value >1.47 delineated as the
hypoxic volume (HV). Because IR radiation on skin may
have a local thermal effect that can alter the tumor micro-
environment, tumors were laser-treated at 980 nm as a con-
trol. After 980 nm laser light irradiation, the T/B value
remained stable below the median in the location of the
tumors pre-treated with PBS or UC (Supporting Information,
Figure S8), indicating the negligible effect of NIR on tissue
oxygenation status. For tumors pre-injected with UC/PS
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Figure 4. a) CT, early and late PET, and CT/PET imaging of Hela cell
xenograft tumors pre-treated with UC/PS after intravenous injection of
BFMISO: i) tumor irradiated with the 980 nm laser light (1.4 Wcm ™2,
15 min) between the 2 PET scans; ii) tumor without any further
treatment. b) Time-dependent tumor growth curves obtained after the
indicated in vivo treatments. The marked and sustained difference
between groups (8) (TPZ-UC/PS+ NIR) and (4) (TPZ-UC/PS) in the
whole test of 16 days confirms the synergistic therapeutic effects of
UC-PDT with TPZ-UC/PS. Statistical analysis was performed using the
Student’s two-tailed t test (*P <0.05, **P<0.01, and ***P <0.001).
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shown in Figure 4a(i), T/B value in HeLa cell xenograft
tumor significantly increased from 1.0 to 2.15 in 30 min
starting from the treatment with 980 nm laser light irradiation
on tumor, but no significant change of HV was observed for as
long as two hours post-injection of UC/PS (Figure 4a (ii)).
Thus, UC-PDT is capable of inducing strong local hypoxia in
tumor, which makes TPZ-UC/PS a highly promising syner-
getic anticancer agent.

To confirm the anticancer efficacy of TPZ-PDT in vivo,
tumor-bearing nude mice (tumor diameter ca. 5 mm) were
randomly divided into eight groups: 1) PBS alone, 2) UC/PS
alone, 3) TPZ alone, 4) TPZ-UC/PS alone, 5) PBS +NIR,
6) UC/PS +NIR, 7) TPZ +NIR, and 8) TPZ-UC/PS + NIR.
Excitingly, the most significant suppression on tumor growth
was achieved in group (8), which was treated with TPZ-UC/
PS and irradiated at 980 nm (Figure 4b). Combining the
above results of ROS production and hypoxia generation by
UC-PDT, such a remarkable in vivo tumor growth inhibition
by group (8) indicates that the tumor hypoxia generated
accompanying the ROS production is sufficiently strong to
induce TPZ activation and suppress tumor growth, providing
sound in vivo evidence for the synergistic effects of UC-PDT
with bioreductive therapy using TPZ-UC/PS. TUNEL assays
(Supporting Information, Figure S9) also confirm that this
combined TPZ-PDT treatment can lead to marked cell
apoptosis, further demonstrating the synergistic effects.

In summary, this study demonstrates that UC-PDT can be
combined with bioreductive pro-drug for the NIR-induced
synergetic therapy of tumors. UC-PDT generates a large
amount of ROS in response to excitation by a 980 nm laser
that kills cancer cells, and also plays an important role in the
creation of hypoxic microenvironment by photochemical
oxygen depletion and in inducing microvascular damage in
tumors. Such a NIR-induced intratumoral hypoxia is suffi-
ciently strong to potentiate the bioreductive therapy by the
hypoxia-induced activation of co-delivered bioreductive pro-
drug, demonstrating a high-effective synergistic tumor ther-
apy. Thus, the combination of UC-PDT and TPZ has a great
potential for treating a subset of patients with large or deep-
seated tumors, and meanwhile the UCNP core can serve as
a multifunctional matrix in bioimaging and NIR-controlled/
MR-monitored drug release, and therefore can be exploited
as a platform for multimodal imaging-guided therapeutics."

Keywords: bioreductive pro-drugs - hypoxia -
photodynamic therapy - synergetic therapy -
upconversion nanoparticles
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