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Currently, architecting a rational and efficient nanoplatform combing with multi-therapeutic modalities
is highly obligatory for advanced cancer treatment. In order to remedy the self-limiting hypoxic dilemma
of photodynamic therapy (PDT), herein, a facile photosensitizer (i.e., chlorin e6, Ce6) and bioreductive
prodrug (i.e., tirapazamine, TPZ)-coloaded hyaluronic acid (HA) nanomicelles (denoted as TPZ@HA-Ce6)
was developed for the cascading mode of photo-bioreductive cancer therapy. Taking the typical
advantage of Ce6 coupled HA conjugate, TPZ was easily and successfully accommodated into the
hydrophobic core of HA-Ce6 nanomicelles, yielding TPZ@HA-Ce6. It showed good dispersibility and
stability with the hydrodynamic size of ca. 170 nm. It targeted the CD44 overexpressed cancer cells by
receptor-mediated endocytosis way and killed them effectively with singlet oxygen and the subsequent
TPZ radicals resulting from the oxygen depletion of PDT. The later was further verified by the hypoxia
probe in vivo. Using murine mammary carcinoma 4T1 model, TPZ@HA-Ce6 nanomicelles exhibited
cascading and synergistic anticancer effect of PDT and TPZ bioreductive therapy compared with each
monotherapy. This work suggests the promising prospect of the hybrid hyaluronic nanomicelles for
highly efficient cancer combination treatment.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Cancer still challenges human being’s life and health in the
world. Though many therapeutic techniques are applied in clinics,
any single one could not successfully conquer themalignant tumor
due to its limited efficiency. Currently, developing the advanced
therapeutic approach against cancer is being attached enormous
attention, which is usually architected on a nanoplatform
combining with two or three therapeutic modalities for the
maximum therapeutic efficacy with minimal side effects [1]. As a
typical and traditional therapeutic technique based on the reactive
oxygen species (ROS), PDT is still received tremendous attention
due to its effectiveness, selectivity, noninvasiveness, controllability
and etc. [2,3]. From the main principle of PDT (type II), i.e.
photochemical reaction of photosensitizers with oxygen upon
laser irradiation, the ROS yield is greatly dependent on the
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concentration of oxygen [4]. However, one common microenvi-
ronment hallmark of solid tumor is hypoxia, which is caused by the
abnormal vasculature and the chaotic tumor blood flow and gets
serious from outside to the inside of tumor, thus greatly
diminishing the efficiency of PDT [5]. Also, with PDT proceeds,
the intratumoral oxygen would be gradually consumed, and this
self-limiting effect further decreases the photokilling effect [5].
Evenworse, the induced hypoxia state after PDTcould increase the
metastatic potency of tumors by stimulating the release of hypoxia
inducible factor 1α (HIF-1α) and vascular endothelial growth factor
at the tumor-stromal interface [6].

Mounting strategies have been conceived to combat the
hypoxic dilemma post-PDT, like the hyperoxygenation treatment
[7], using nanoenzyme (e.g., MnO2) to yield oxygen [8], or
combining with the inhibitor of HIF-1α [9], thus enhancing the
tumoricidal efficiency of PDT. Among of which, combination with
the hypoxia-activated prodrug with photosensitizer provides an
effective way to further eliminate the remaining cancer cells with
the produced highly cytotoxic agents [10,11]. As one typical
reductive prodrug, tirapazamine (TPZ) could generate the free-
radical intermediate cytotoxic species (i.e., hydroxyl radical and
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. (A) The preparation of photo-bioreductive drug loaded nanomicelles
TPZ@HA-Ce6; (B) The cascading oncotherapeutic mode mediated by TPZ@HA-Ce6
nanomicelles.
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benzotriazinyl radical) under low-oxygen conditions and remove
the hydrogen atoms from the nearby macromolecules to cause the
structural damages [12]. TPZ had been encapsulated into various
inorganic and organic nanosystems for cancer combination
therapy [12–18]. For example, Gu’s group had designed a ROS
responsive nanovesicle to release the loaded TPZ for further
enhanced cell apoptosis [14]. Furthermore, an angiogenic vessel
targeted delivery system with capabilities of photoactively
releasing TPZ achieved the amplified antitumor effect both in
vitro and in vivo [15]. In order to kill the tumor cells both proximal
and distal to vessels, tumor homing and penetrating peptides (e.g.,
iRGD and TAT)weremodified on the surface of photosensitizer and
TPZ coloaded nanovehicles, and they significantly penetrated into
the hypoxic area to eliminate all cancer cells [16,18]. Such systems
were reported to be very effective, however, several problems like
the relative complex preparation process, the vector-induced
toxicity and the premature release of drugs, vice versa restrict their
further development and application. Therefore, exploring a
simple and effective system to deliver both photosensitizer and
TPZ into the tumor for the highly efficient therapeutic outcome is
very desirable.

Hyaluronic acid (HA) is a well-known excellent and widely
applied natural polymer in biomedical and pharmaceutical areas
[19]. As a kind of glycosaminoglycan component of the extracellu-
larmatrix, HAwith a backbone of alternating D-glucuronic acid and
N-acetyl-D-glucosamine units is hydrophilic, biodegradable, bio-
compatible and immunoneutral. Especially, it could target the
receptors such as CD44 overexpressed on many kinds of tumor
cells’ surface [20,21]. So HA has been extensively utilized to
functionalize the nanovehicles to confer the stability, compatibility
and targeting ability [22–24]. Another way, many hydrophobic
molecules were linked to HA to yield the amphiphilic conjugate
[22–27], which can be self-assembled into nanomicelles under
aqueous conditions. Moreover, these nanomicelles could harbor
other anticancer drugs and/or imaging probes into their hydro-
phobic inner cores for cancer theranostics [20,25,26]. Also, these
systems could be digested by hyaluronidase (HAase) over-
expressed in tumor cells and exhibit enzyme stimulated “On/
Off” releasing behavior of its cargoes [21,27]. Particularly, photo-
sensitizers had been integrated into the HA based nanosystems to
realize multimode imaging (e.g., fluoresce imaging, photoacoustic
imaging) guided tumor photoablation both in vitro and in vivo
[27–29]. In a word, HA provides a very mature candidate for
constructing the simple and smart nanoplatform for cancer
theranostics.

Based on the above, herein, we aimed to fabricate a simple
photosensitizer and TPZ co-encapsulated hyaluronic acid nano-
micelles for the targeted photo-bioreductive cascading treatment
of cancer (Scheme 1). The clinical used photosensitizer Ce6 was
chemically attached to HA to yield an amphiphilic conjugate,
which formed self-assembledHA-Ce6 nanomicelles. Then, TPZwas
readily loaded into the HA-Ce6 nanomicelles by ultrasonication,
forming TPZ@HA-Ce6 (Scheme 1A). The detail characterization,
cellular endocytosis, the photoactive properties, the intratumor
hypoxic microenvironment, the synergistic anticancer activity of
PDT and TPZ radials mediated chemotherapy were evaluated
against 4T1 murine mammary cancer model. This work suggests a
very simple but highly efficient agent of drug loaded HA
nanomicelles for the combined oncotherapy.

The photo-bioreductive nanomicelles TPZ@HA-Ce6 were fabri-
cated by two steps. Firstly, the amphiphilic HA-Ce6 conjugate was
synthesized according to the reported method [27] and character-
ized by 1H NMR, UV–vis absorption and fluorescence spectroscopy
(Figs. S1A–D in Supporting information). The obtained HA-Ce6
could be easily self-assembled into micelles as detected by
dynamic light scattering (DLS) with the hydrodynamic diameter
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ca. 173 nm (PDI = 0.265) and transmission electronic microscopy
(TEM) (Figs. S1E and F in Supporting information). Secondly, the
hydrophobic TPZ molecules were readily loaded into the HA-Ce6
nanomicelles under sonication to yield the drug loaded nano-
micelles (denoted as TPZ@HA-Ce6). As shown in the UV–vis
absorption spectra of TPZ@HA-Ce6 (Fig. 1A), the obvious peak at
about 480 nm for TPZ and the peaks at 404 nm and 660 nm for Ce6
were clearly observed. The maximum drug loading efficacy was
approximately 21% when the ratio of [Ce6]/[TPZ] = 1:0.5, and the
encapsulation rate was approximately 60.0%. Measured by DLS
(Fig. 1B), its hydrodynamic diameter was about 170 nm with
PDI = 0.272, which was nearly the same as that of HA-Ce6
nanomicelles. Furthermore, the TEM morphically characterization
showed the very well spherical shape of TPZ@HA-Ce6 with the
dehydrated diameter about 100 nm (inset of Fig. 1B).

The obtained TPZ@HA-Ce6 nanomicelles could be stable in PBS
as long as 96 h, as the mean hydrodynamic size kept almost
unchanged (Fig. 1C). Since HA was HAase responsive, it could be
observed that TPZ@HA-Ce6 partially decomposed upon interacted
with HAase (Type I) for 12 h (Fig. S1G in Supporting information),
indicating that TPZ and Ce6 could be released once entered cells.
The photosensitive behavior of TPZ@HA-Ce6 was detected
fluorescently using singlet oxygen sensor green (SOSG). With
increasing the irradiation time, the singlet oxygen generation of
TPZ@HA-Ce6 and HA-Ce6 increased gradually (Fig.1D). To note, for
TPZ@HA-Ce6, the singlet oxygen generationwas much higher than
that of HA-Ce6, indicating that TPZ may enhance the photochemi-
cal efficiency of Ce6. Meanwhile, the oxygen depletion could be
detected with a dissolved oxygen meter upon laser irradiation. It
could be observed that the dissolved oxygen concentration for
TPZ@HA-Ce6 decreased very quickly within 30min as compared
with that of HA-Ce6 (Fig. 1E). The results were in accordance with
the singlet oxygen detection. In contrast, the buffer or free TPZ
itself showed no oxygen depletion under the same condition. The
depletion of oxygen would result in the hypoxic environment in
tumors, which triggered the activation of TPZ. Additionally,
TPZ@HA-Ce6 was biocompatible and the hemolysis rate was very
low (Fig. 1F).

HA was extensively demonstrated as a universal ligand
recognizing the CD44 receptor, so the targeted cellular internali-
zation of TPZ@HA-Ce6 nanomicelles was further investigated.
CD44 receptor overexpressed human breast cancer cells MDA-MB-
231, murinemammary cancer cells 4T1, and CD44 negative normal
human breast cells MCF-10A as control were specifically chosen to
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Fig. 1. (A) UV–vis spectroscopy, (B) DLS and TEM image (inserted) of TPZ@HA-Ce6 nanomicelles; (C) The hydrodynamic size of TPZ@HA-Ce6 nanomicelles after different
standing time; (D) Singlet oxygen generation and (E) oxygen depletion profiles of TPZ@HA-Ce6 nanomicelles under irradiation; (F) Hemolysis of TPZ@HA-Ce6 nanomicelles.
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be incubated with TPZ@HA-Ce6 in this work. Compared with free
Ce6, TPZ@HA-Ce6 could effectively deliver Ce6 into the cancer cells
(Fig. S2 in Supporting information). As shown in the confocal
microscopic images in Fig. S3A (Supporting information), both the
treated MDA-MB-231 and 4T1 cells exhibited significant red
fluorescence signal of Ce6 in the cytoplasm after 12 h incubation,
but in the treated MCF-10A cells, there were slight fluorescent
signals to be observed in the cytoplasm. The results suggested that
TPZ@HA-Ce6 could recognize the CD44 receptors overexpressed
on the cancer cells’ surfaces and then be endocytosed effectively.
To further confirm this selective cellular uptake behavior, HA was
incubatedwith the cells prior to the treatment of TPZ@HA-Ce6, and
the fluorescence signals in the cytoplasm were obviously
decreased (Fig. S3B in Supporting information), which mean that
the cellular uptake of TPZ@HA-Ce6 was greatly inhibited by free
HA. These results further demonstrated that TPZ@HA-Ce6 nano-
micelles could recognize the CD44 receptor overexpressed cancer
cells and then be endocytosed, thus delivering the loaded drugs
into the cancer cells.

Next, we studied the in vitro cytotoxicity of TPZ@HA-Ce6
nanomicelles in dark. TPZ@HA-Ce6 with different ratio of [Ce6]:
[TPZ] = 10:0.3,10:1 and 10:2were incubatedwith 4T1 cells for 24 h,
and the relative cell viability was all above 90% at the low ratios of
10:0.3 and 10:1 except the high ratio of 10:2 (Figs. S4A–C in
[(Fig._2)TD$FIG]

Fig. 2. The relative cell viability of 4T1 cancer cells treated with free Ce6, free TPZ,
HA-Ce6 and TPZ@HA-Ce6 nanomicelles (A) in dark and (B) under irradiation
(660 nm, 0.5W/cm2, 5min); the concentration of Ce6 for group 1 to 4 is 1.25, 2.5, 5.0
and 10.0mg/mL respectively; the concentration of TPZ for group 1 to 4 is 0.13, 0.25,
0.5 and 1.0mg/mL respectively.
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Supporting information and Fig. 2A), indicating that TPZ@HA-Ce6
were relatively safe to 4T1 cells in dark. TPZ@HA-Ce6 also showed
negatable cytotoxicity to MCF-10A cells (Fig. S4D in Supporting
information).

The photo-bioreductive cascading therapeutic efficiency of
TPZ@HA-Ce6 nanomicelles was then explored against 4T1 cancer
cells upon laser irradiation. Series concentration of TPZ@HA-Ce6
together with free TPZ, free Ce6 and HA-Ce6 were incubated with
4T1 cells for 12 h and then irradiated with laser (660 nm, 0.5
W/cm2, 5min), and the relative cell viability was shown in Fig. 2B.
Free TPZ showed almost no anticancer activity against 4T1 cells,
and HA-Ce6 showed higher photokilling efficiency than free
Ce6, suggesting the targeted photodynamic anticancer activity of
HA-Ce6 nanomicelles. In comparison with HA-Ce6 or free TPZ,
prominent anticancer effect was observed for TPZ@HA-Ce6 treated
4T1 cancer cells upon irradiation. Moreover, TPZ@HA-Ce6 exhib-
ited dose-dependent anticancer efficiency. For example, the
relative cell viability of TPZ@HA-Ce6 + Laser (at the equiv. [Ce6]
= 10.0mg/mL and [TPZ] = 1.0mg/mL) treated group decreased to
about 16.2%, while the group treated with HA-Ce6 + Laser
decreased to 65.8% at the same concentration (Fig. 2B). Such
enhanced anticancer efficiencies were most probably attributed
to the oxygen consumption of HA-Ce6 upon irradiation and the
activated TPZ by the generated redox environment. This rational
was further demonstrated by the obvious enhanced anticancer
activity of TPZ@HA-Ce6 in the oxygen-deficient cell model
(Fig. S5A in Supporting information) using CoCl2 as a hypoxia
inducer, which could directly replace Fe2+ in heme-like sub-
stances to destroy the combinability with oxygen and/or even the
oxygen-carrying activity [30,31]. TPZ@HA-Ce6 exerted much
higher hypoxic environment to generate TPZ radicals than that of
Ce6. To note, the cancer cell photo-killing efficiency of TPZ@HA-
Ce6 was much greater than that of the mixture of free TPZ and
free Ce6 (Fig. S5B in Supporting information), which further
demonstrated the targeted and highly efficient cascading
anticancer activity of photo-bioreductive therapy mediated by
TPZ@HA-Ce6 nanomicelles.

To evaluate the in vivo photo-bioreductive cascading anticancer
efficiency of TPZ@HA-Ce6 nanomicelles, BALB/c mice bearing 4T1
tumors were treated with saline, free TPZ, HA-Ce6 + Laser,
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Fig. 3. (A) Tumor growth curves, (B) tumor inhibition rate and representative images, and (C) bodyweight changes of 4T1 tumor-bearingmice treatedwith saline (1), free TPZ
(2), HA-Ce6 + Laser (3), TPZ@[13_TD$DIFF]HA-Ce6 (4) and TPZ@HA-Ce6 + Laser (5); Significant differences were analyzed using Student’s t-test: [14_TD$DIFF]*P < 0.05, **P < 0.01, ***P < 0.001.
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TPZ@HA-Ce6, TPZ@HA-Ce6 + Laser, respectively. All the procedures
were approved by the Institutional Animal Care and Use
Committee of University of Electronic Science and Technology of
China. 6 h later, the irradiation groups were treated with 660 nm
laser (1.0W/cm2,10min). The tumor growth rate of each groupwas
monitored by evaluating the tumor volume for ten days (Fig. 3A).
Comparedwith the control group, the tumor size of groups treated
by free TPZ and TPZ@HA-Ce6 were moderately inhibited, which
were probably due to the intrinsic hypoxic microenvironment of
tumors that induce TPZ reduction. For the case of TPZ@HA-Ce6 +
Laser treated group, all the tumors almost no increase during the
whole experiment process, while HA-Ce6 + Laser still showed
moderate inhibition efficiency. It was very clear that the
combination therapy mediated by TPZ@HA-Ce6 under irradiation
exerted the highest anticancer activity compared with the
monotherapy. And that was because of the cascading effect of
PDT mediated by HA-Ce6 and the photo-killing efficiency of TPZ
radicals. At the endpoint, the tumors were taken out and the
representative digital photographs of tumors showed that the
tumor sizes for the TPZ@HA-Ce6 + Laser group was the smallest in
all groups (Fig. 3B). The relative tumor inhibition rate was
calculated to be 57.2%, 64.9%, 58.2% and 91.8% for free TPZ, HA-
Ce6 + Laser, TPZ@HA-Ce6 and TPZ@HA-Ce6 + Laser group,
respectively (Fig. 3B). The additive tumor inhibition rate of PDT
mediated byHA-Ce6 + Laser and TPZ bioreductive therapy could be
estimated (about 85.3%) according to the Formula S1 (Supporting
information). TPZ@HA-Ce6 together with laser irradiation showed
higher tumor inhibition rate than the additive value, suggesting
again the cascading and synergistic anticancer activity of PDT and
bioreduction therapy. These results were in accordance with that
of the tumor volume analysis.

To reveal the rationale behind the high anticancer efficiency of
TPZ@HA-Ce6 + Laser group, the extent of hypoxia in the 4T1 tumor
microenvironment after treatment with TPZ@HA-Ce6+Laser was
measured by pimonidazole staining, which is a well characterized
exogenous hypoxia marker and bind covalently to SH-containing
molecules in hypoxic tissue. It could be visualized by immunohis-
tochemical staining following animal sacrifice. As shown in Fig. S6
(Supporting information), the green fluorescence of the tumor
section for the mice treated with TPZ@HA-Ce6 was distributed
throughout the whole tumor, indicating the endogenous hypoxic
environment. To note, the green fluorescence signal of the hypoxic
area was well colocalized with the red fluorescence signal of Ce6.
The results suggested that HA-Ce6 could access the hypoxic area of
tumors. For the mice treated with TPZ@HA-Ce6 + Laser, much
higher fluorescencewas observed, which confirmed that TPZ@HA-
Ce6 plus laser augmented the existence of hypoxia in the tumors,
thus it could activate TPZ for another wave of bioreductive
therapeutic activity. Besides, the sufficient tumor accumulation
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and retention of TPZ@HA-Ce6 in tumor tissue might contribute to
the enhanced therapeutic efficacy of TPZ@HA-Ce6 + Laser. During
the whole experiment, the mice bodyweight of all groups was
nearly no change, indicating that TPZ@HA-Ce6 was relatively safe
to the mice (Fig. 3C). More discussions were in section S2
(Supporting information). Overall, this work demonstrates that
TPZ@HA-Ce6 is a safe and highly effective photo-chemo agent for
cancer combination therapy.

In summary, we reported a facile TPZ drug loaded nanomicelles
based on the amphiphilic and biocompatible HA-photosensitizer
conjugate for the cascading and synergistic photodynamic and
bioreductive therapy against the malignant tumor. The obtained
TPZ@HA-Ce6 nanomicelles could target the cancer cells overex-
pressed CD44 receptor and elicit very efficient PDT upon laser
irradiation compared with free photosensitizer. The fluorescence
imaging result demonstrated the induced hypoxic environment of
PDT, thus activating TPZ. Against the murine mammary 4T1 cancer
model, TPZ@HA-Ce6 nanomicelles could efficiently accumulated
into the tumor and resulted in the excellent therapeutic efficacy
due to the combined effect of photogenerated ROS and activated
TPZ species. This work suggests that TPZ@HA-Ce6 could be a
potent agent for highly efficient and targeted cancer combination
treatment.
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