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a b s t r a c t

Photodynamic therapy (PDT) is a promising tumor treatment modality that can convert oxygen into
cytotoxic singlet oxygen (SO) via photosensitizer to ablate tumor growth. However, the uncontrolled
cancer cell proliferation during tumor development and the oxygen consumption during PDT always
result in an insufficient oxygen level in tumors, which can adversely affect the PDT efficiency in turn. We
designed an oxygen-generating PDT nanocomplex by encapsulating a manganese dioxide nanoparticle
(MnO2 NP) in an indocyanine green (ICG) modified hyaluronic acid nanoparticle (HANP) to overcome this
limitation. Because of the excellent fluorescent and photoacoustic properties, the tumor accumulation of
the ICG-HANP/MnO2 (IHM) nanocomplex was monitored by fluorescent imaging and photoacoustic
imaging after intravenous administration into the SCC7 tumor-bearing mouse model. Both high fluo-
rescent and photoacoustic signals were detected and found peak at 6 h post-injection (tumor-muscle
ratio: 4.03 ± 0.36 for fluorescent imaging and 2.93 ± 0.13 for photoacoustic imaging). In addition, due to
the high reactivity of MnO2 NP to H2O2, an unfavorable tumor cell metabolic, the oxygen content in the
tumor is elevated 2.25 ± 0.07 times compared to that without IHM treatment as ultrasound imaging
confirmed. After laser irradiation, significant tumor growth inhibition was observed in the IHM-treated
group compared to the ICG-HANP-treated group, attributed to the beneficial oxygen-generating property
of IHM for PDT. It is expected that the design of IHM will provide an alternative way of improving clinical
PDT efficacy and will be widely applied in cancer theranostics.

© 2016 Elsevier Ltd. All rights reserved.
Cancer is a major public health concern in most parts of the
world [1,2]. Due to the high mortality rate and treatment costs,
great efforts have been devoted to efficient cancer treatment ap-
proaches. Among the current cancer therapy strategies, photody-
namic therapy (PDT) is a new non-invasive modality and is
expected to surpass the traditional cancer treatment methods such
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as chemotherapy, radiotherapy, and surgery. For example, exten-
sive preclinical studies are utilizing PDT to overcome classical drug
resistance or escape pathways to improve the efficacy of many
pharmaceuticals [3,4]. Encouragingly, PDT has been approved by
United States Food and Drug Administration (FDA) for the treat-
ment of patients with esophageal cancer, Barrett's esophagus, and
non-small cell lung cancer [1]. In the process of PDT, an excited
photosensitizer can undergo type I (electron transfer) or, in most
cases, type II (energy transfer) reaction to produce reactive oxygen
species (ROS) resulting an apoptosis or necrosis in exposed cells
[5e7]. Specifically, type I reactions generate radical and radical
anion species (O2�

� or HO�), while type II reactions can produce
singlet oxygen (1O2) via transferring energy to nearby oxygen
molecules [7,8]. Obviously, the effect of type II PDT largely depends
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on the amount of oxygen in the tumor [9,10]. Unfortunately, as we
know, most solid tumors are characterized by hypoxia [11], an
inadequate oxygen supply that is caused by deteriorating micro-
environments, abnormal blood vessels, and uncontrollable cancer
cell proliferation [12]. Clinical studies have proven that the cells in
hypoxia regions are prone to being resistant to radiotherapy and
chemotherapy [11e13]. Additionally, it has been reported that PDT
efficiency is significantly decreased or even diminished when O2
pressure goes below 40 mmHg [14,15], which is usually lower than
15 mmHg in most types of tumors [11,13]. Therefore, the efficiency
of PDT treatment for cancer is still limited and a new PDT strategy is
highly desired.

Nanomedicine to ameliorate cancer's therapeutic effects has
attracted great attention in recent years [16e19]. As far as PDT is
concerned, various nanomaterial-PS complexes have been pro-
posed to improve PS delivery efficiency and reduce PDT side effect
[20], aiming to promote PDT applications in tumor treatment. For
example, high PS loading nanoformulation, a tumor specific tar-
geting nanoplatform, and hybrid tumor treatment nano-
composition have all been widely reported by many research
groups, including us [20e23]. In addition, new PS with excellent
photostability and biocompatibility was invented aiming to
enhance PDT effects [24e26]. Although these investigations
demonstrated promising PDT tumor ablation effects, the key
constraint of PDT, low amounts of oxygen in the tumor, was not still
lifted. So far, a few attempts have been reported for attenuating
hypoxia in tumor milieu [27,28], many of which are developed by
directly transporting oxygen molecules (O2) by nanovehicles with
finite oxygen loading capacity [1,29,30]. Improving oxygenation in
the tumor to enhance PDT effect is still challenging.

Previous studies suggest that cancer cells normally produce
more ROS, for example H2O2, than normal cells, because of the
rapidmetabolic activity in cancer cells [31,32]. Herein, by exploiting
the high reactivity of manganese dioxide nanoparticles (MnO2 NP)
with H2O2 [33,34], we rationally designed an O2 generating and
tumor-targeted hybrid nanoparticle in order to improve tumor PDT
efficiency (Fig. 1a). Specifically, indocyanine green (ICG) as a
photosensitizer was covalently conjugated onto the surface of hy-
aluronic acid nanoparticles (HANP), achieving a near infrared (NIR)
laser-activated photosensitizer (IHANP). Subsequently, MnO2 NP
was encapsulated into IHANP to improve the biocompatibility and
tumor targetability. Importantly, the yielding MnO2 NP complexed
IHANP (IHM) can be internalized into tumor cells when binding
with CD44 overexpressed on tumor cells via HANP [35,36]. After
hyaluronidase degradation, released MnO2 NP will react with H2O2,
a massive tumor metabolite [32,37], to generate oxygen molecules
that are vital for improving PDT efficacy. To optimize a therapeutic
time window, we took advantage of the fluorescent and photo-
acoustic (PA) imaging property of ICG and monitored the tumor
accumulation of IHM. In our complex, PA imaging can provide
structural information of biological tissues such as blood vessel
distribution in tumor, and fluorescent imaging is capable of offering
complementary information of PA from whole body. Both of the
imaging modalities will facilitate analyzing the in vivo behavior of
IHM. Moreover, we also applied ultrasound/photoacoustic imaging
technique to observe the generation of oxygen in tumor area, so
that PDT can be initiated with abundant oxygen. As imaging sug-
gested, a NIR laser was applied at 6 h post-injection of IHMwhen it
peaked in tumor, converting oxygen into cytotoxic singlet oxygen
(SO) via ICG for tumor ablation. Compared with control groups, an
enhanced tumor ablation effect was observed after oxygen-
evolving IHM facilitated PDT in SCC7 tumor mouse xerograph,
and no recurrence was detected during our study. Collectively, IHM
with excellent biocompatibility is able to a) effectively target tumor
cells with CD44 as well as producing an enhanced permeability
retention (EPR) effect; b) in situ generate O2 to enhanced PDT effi-
cacy; and c) ablate tumor growth with negligible side effects. Our
results suggested the promise of IHM in image-guided cancer
therapy and created an opportunity to improve PDT efficiency. It is
expected that our new strategymay facilitate the translation of IHM
into the clinic as a theranostic agent.

1. Results and discusstion

1.1. Preparation of IHM

Manganese dioxide nanoparticles (MnO2 NP) were synthesized
as reported [38,39] in the organic phase. The next day, a hedgehog-
like ball of MnO2 was obtained and the diameter was measured as
35 ± 2.5 nm (Fig. 1 and S1). Meanwhile, hyaluronic acid nano-
particles (HANPs) were prepared and functionalized with a near-
infrared photosensitizer ICG (ex/em: 780/800 nm, Fig. S2) [20,40].
This photosensitizer-labeled HA nanoparticle was named as IHANP.
Specifically, HANP is composed of the hydrophilic hyaluronic acid
(HA) part and the hydrophobic 5b-chrolanic acid part. The yielding
HANP is a yarn like nanoparticle with hydrophilic surface and hy-
drophobic cave inside. With NIR absorbance, it was expected that
ICG could facilitate a relative deep tissue penetration of PDT. Due to
the overexpression of CD44 in tumor cells and the tumor-enhanced
permeability retention effect, IHANP can effectively accumulate in
the tumor as an ideal nanocarrier [20,40]. To enrich the amount of
oxygen in the tumor, hydrophobic MnO2 was encapsulated into the
hydrophobic caves in IHANP with high pressure homogenizer,
forming a MnO2/IHANP complex and denoted as IHM. In order to
optimize the MnO2 loading efficiency, IHM integrated with
different MnO2 and IHANP ratios (1:9, 1:4 and 2:3, w/w) were
investigated (Table 1). It was found that the loading efficiency was
highest (81.55% ± 3.31%) when the MnO2 and IHANP ratio was 1:4
and this composition was applied throughout the study. Abundant
oxygen was produced when IHM encountered H2O2 as shown in
Fig. 1b, so we hypothesized that the oxygenwould attenuate tumor
hypoxia as well as increase the PDT efficiency. Compared to IHANP
(180 ± 3.5 nm), IHM diameter increased to 239 ± 4.2 nm measured
by transmission electron microscopy (TEM) and dynamic light
scattering (DLS) due to the encapsulation of MnO2 (Fig. 1c). To
further confirm the construction of IHM, vis/UV/NIR absorbance
spectrum of IHM was acquired. A broad distinctive peak was
observed around the 350e375 nm range for MnO2 was observed
due to the surface plasmon band [28,41]. Specific peaks from both
MnO2 and ICG were observed at 420 nm and 780 nm, respectively,
suggesting the successful encapsulation of MnO2 into IHANP. A
slight red shift of absorbance spectrum from 780 nm to 800 nm of
IHM was also observed, which could have been caused by the close
interaction between the ICG dyes on IHM. In addition, emission
wavelength was not found to change for both ICG and IHM,
implying the fluorescent property of ICG was not affected after it
was conjugated onto HANP (Fig. S3b). Although metal nano-
particles are reported can quench fluorescent signals [19], in this
study MnO2 is not able to quench ICG fluorescent signals. This is
because MnO2 only showed strong absorbance at around 400 nm
(Fig. 1d), while emission of ICG is around 810 nm [20]. In addition,
the crystal structure of manganese species was studied by the X-ray
diffraction (XRD) in Fig. 1e. Significant XRD peaks were recorded in
MnO2 and IHM at 2q¼ 12.3, 24.3, 36.6, and 65.7�, and could bewell-
assigned to the (001), (002), (100), and (110) planes of birnessite-
type MnO2, respectively [39]. All these data indicate that MnO2
nanoparticle and IHM was successfully synthesized. In view of the
strong photoacoustic (PA) effect of ICG, different concentrations of
IHM were evaluated by the photoacoustic imaging system and no
obvious PA signals changes were observed in the ICG-treated group



Fig. 1. Preparation and Characterization of IHM. (a) Scheme of IHM for tumor recognition and O2 evolving for effective PDT under NIR laser illumination. (b) Design of IHM. MnO2

NPs were encapsulated into the reel of thread like HANP with ICG covalently conjugated on the surface. MnO2 reacted with H2O2 and produced rich oxygen for increasing PDT
efficiency. (c) Dynamic light scattering analysis of HANP (180 ± 4.5 nm), MnO2 (35 ± 2.5 nm), and IHM (239 ± 5.8 nm). TEM image for IHM is inserted. Scale bar equal to 200 nm. (d)
UV/vis/NIR absorption spectra of HANP, MnO2, ICG, and IHM. Characterized peaks of MnO2 at 400 nm and ICG at 800 nmwere observed in IHM, implying the successful construction
of IHM. Insert is ICG absorbance spectrum with optimized scale. (e) XRD pattern of MnO2, IHANP and IHM. For MnO2 nanospheres, significant XRD peaks were recorded at
2q ¼ 12.3, 24.3, 36.6, and 65.7�, and could be well-assigned to the (001), (002), (100), and (110) planes of MnO2, respectively.
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(Fig. S4). Before moving forward, biostability of IHM was identified
in water, PBS, FBS, and DMEM. Although MnO2 precipitated
immediately, IHM demonstrated nice dispensability and stability in
physiological condition (Fig. S5a). No precipitate and absorbance
spectrum changes were found in 48 h (Fig. S5b), supporting that
MnO2 NP was successfully loaded into IHANP. It has to note that the



Table 1
MnO2 loading efficiency.

Sample (w/w) Loading contents (%) Loading efficiency (%)

MnO2: IHANP (1:9) 6.97 69.7 ± 2.03%
MnO2: IHANP (1:4) 16.31 81.55 ± 3.31%
MnO2: IHANP (2:3) 23.54 58.85 ± 4.19%
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tumor microenvironment is usually acidic due to the acidic me-
tabolites caused by anaerobic glycolysis in hypoxia. This acidic
condition has been considered not only as a key regulator for some
lysosomal enzyme activation but also a promoter for certain tumor
metastatic factors gene [42,43]. Therefore, the oxygen generation of
IHM with H2O2 at different pH were tested. As observed by ultra-
sound imaging in Fig. S6, more amount of oxygen was found when
IHM reacts with H2O2 at pH 6.5 and pH 7.5, indicating that IHM is
more efficient in oxygen generation in acid tumor microenviron-
ment than in neural pH. The same phenomenon was reported
elsewhere as well [28]. All of these results illustrated the successful
construction of IHM. Compared with the other nanocomplexes for
improving the oxygen amount in tumor area [1,27e30], our active/
passive tumor targeted IHM provided complementary multi-
imaging modalities to guide PDT. As HA is naturally existing in
human body, this nanocomplex is less toxic andmore promising for
clinic translation. Moreover, by changing the surface modification
or payload, HANP based nanocomplex can be easily extend to the
other theranostic applications.
1.2. Cellular targetability of IHM

Tumor cell targetability was first studied by fluorescent staining
on CD44, a cell-surface HA receptor, overexpressed (SCC7), and low
(NIH3T3) expressed cell lines [40,44]. It was clear to see that a large
amount of IHM bound with SCC7 cells and internalized into the
cytoplasm mediated by the overexpressed CD44 on tumor cell
surface while free ICG was mostly unbound on SCC7 cells (Fig. S7).
To determine IHM specificity to CD44, 100 � excess amount of
HANPwas added prior to IHM being applied. As expected, little IHM
was able to bind to the cells because CD44 was saturated. In
addition, when CD44 was expressed low, for example in NIH3T3
cells, the cell labeling efficiency was also found low. Taking these
results together, it is considered that IHM has excellent tumor cell
targatability and can be internalized into cells efficiently.
1.3. Characterization of oxygen generating and PDT efficiency of
IHM

PDT is a new cancer treatment approach that utilize ROS to
ablate tumors [45]. Although type I and type II can occur simulta-
neously [45,46], it has been accepted that type II PDT plays a pri-
mary role for the biological PDT effect [6,47]. Therefore, the amount
of oxygen in tumors can significantly affect PDT efficacy. Before
evaluating the PDT efficacy of IHM, the oxygen generation ability
was first studied by an ultrasound imaging system in vitro. In our
ultrasound images, the white color indicates a strong ultrasound
signal, while the black color presents a weak ultrasound signal.
When oxygen was produced, tiny bubbles were visualized by ul-
trasound imaging. H2O2 was added exogenously in this in vitro
study. BecauseMnO2 NP is highly reactivewith H2O2 intoMn2þ and
O2, IHM is expected to generate oxygen compared to IHANP
without MnO2 NP. As shown in Fig. 2a, no obvious oxygen bubbles
were found in the IHANP group even after H2O2 was added. On the
contrary, large amounts of oxygen bubbles (white spots) were
observed in the IHM group treated with H2O2. When more H2O2
was added, more oxygenwas produced and little oxygenwas found
without H2O2 in the IHM group, suggesting oxygen evolving is H2O2
dependent.

To confirm that oxygen evolving is beneficial for SO generation,
singlet oxygen sensor green (SOSG) that only responds to SO was
utilized in the subsequent study. Strong fluorescent intensity from
SOSG (ex/em: 504/525 nm) was observed in the IHM group treated
with H2O2 after 808 nm laser irradiation (0.3 W/cm2) over time
because of the sufficient oxygen in the system. In contrast, the
IHANP group demonstrated a moderate amount of SO and became
saturated at about 5 min after laser irradiation due to the quick
consumption of oxygen (Fig. 2b). During laser irradiation, a
2.45 ± 0.24 times more amount of SO were detected by SOSG in the
IHM group treated with H2O2 and laser than that of the IHANP
group (Fig. 2c), suggesting that oxygen is helpful in the generation
of SO for a successful PDT effect. To further confirm the oxygen
producing ability of IHM, the SO generation of IHM in tumor cells
was tested subsequently. More oxygenwas produced, more SO was
formed. First of all, H2O2 was gauged in tumor cells by a commercial
20,7’edichlorofluorescin diacetate (DCFDA) kit [8,20,48].

As Fig. S8 shows, non-fluorescent DCFDA was deacetylated and
oxidized into fluorescent 20,7’edichlorofluorescein (DCF, ex/em:
495/529 nm) in SCC7 cells by intracellular H2O2\ and visualized by
fluorescent microscopy, suggesting the amount of H2O2 is sufficient
in tumor cells. Next, SCC7 cells were treated with IHM and irradi-
ated with the NIR laser. The generation of SO intracellular of SCC7
was stained by SOSG and visualized in fluorescent microscopy.
Strong fluorescent signals were observed in the IHM-treated cells
after laser irradiation, while weak signals were found in the IHANP-
treated group. No fluorescent signals were detected in the free
SOSG-treated group and SO inhibitor-treated group, implying that
the fluorescent changes were caused by reactions between SO and
SOSG specifically. It is important to note that H2O2 was not visu-
alized by SOSG. Given the importance of oxygen in cancer PDT, it is
considered that IHM-treated cells will generatemore oxygen and in
turn produce more SO under laser irradiation.

1.4. Cytotoxicity study with IHM

In light of the outstanding SO generation ability and tumor
targetability, cytotoxicity of IHM was evaluated in SCC7 cells using
the Cell Counting Kit-8 (Sigma-Aldrich, MO, USA). In the IHM sys-
tem, ICG, which has already been approved by the U.S. FDA for
clinical applications and it was reported as a photosensitizer with
NIR absorbance, was helpful for deep tissue penetration. Hyal-
uronic acid is a naturally existing reagent in the human body and
has been widely used in cosmetics. In addition, after reacting with
H2O2 in the tumor to produce oxygen for improving PDT efficacy,
MnO2 decomposed into non-toxic and soluble Mn2þ ions. Thus, it is
expected that without NIR laser activation, toxicity of IHM is
negligible. The tumor cell ablation effect will mostly depend on the
IHM mediated PDT. As shown in Fig. 3a, little toxicity of both IHM
and IHANP was detected without laser illuminated. When an
808 nm laser was applied (0.5 W/cm2, 10 min), a significant SCC7
cell proliferation was observed suppressed in IHM- and IHANP-
treated groups induced by PDT; however, more cells (86.83± 4.13%)
were found dead in the IHM group in which production of more SO
than the IHANP group was found (56.88± 8.60%) (Fig. 3). To verify
advantages of IHM over IHANP, the effect of tumor cell ablationwas
compared among different materials by calcein-AM and propidium
iodide (PI) staining. As shown in Fig. 3b, almost all cells were dead
after the IHM treatment while more cells survived in the IHANPT-
treated group. No toxicity was observed for MnO2- and ICG-
treated cells without laser irradiation. The strong tumor cell pro-
liferation ablation property of IHM-mediated PDT demonstrated



Fig. 2. Enhanced 1O2 generation of IHM in vitro and intracellular. (a) Ultrasound images observed the O2 generation of IHM in different amounts of H2O2 (0, 2, 10, 50 and
100 mM). No O2 was detected in the IHNAP with H2O2 group. The white color was set as the high ultrasound signal and black color was considered as the low ultrasound signal. (b)
In vitro 1O2 generation of IHANP and IHM with (þ) and without (�) H2O2 under NIR laser irradiation (808 nm laser, 0.15 W/cm2) for a continuous time. *P < 0.05. A time dependent
ROS generation of IHANP and IHM was observed. In the presence of H2O2, IHM generated more ROS after being irradiated by the NIR laser. (c) In vitro 1O2 (SO) generation of ICG,
IHANP, and IHM with H2O2 under NIR laser irradiation (808 nm laser, light dose rate: 0.3 W/cm2). *P < 0.05. Because of the O2 evolving ability, IHM was able to generate the most
amount of ROS. (d) Detection of SO generated by IHM in SCC7 cells. More SO was observed in IHM-treated cells, while less SO was found in IHANP-treated cells in the existence of
laser irradiation. The generation of SO can be inhibited by NAC, a ROS scaavenger, even with laser illumination. Scale bar equals to 50 mm.

Fig. 3. Enhanced cytotoxicity of IHM after laser irradiation. (a) Relative viabilities of SCC7 cells after incubation with IHANP and IHM at different concentration with or without
808 nm laser irradiation (0.5 W/cm2, 10 min). Those cells were then washed with PBS and incubated in fresh cell medium for 24 h before MTT assay was conducted. (b) Calcein AM/
PI staining to visualize SCC7 cell viability treated with MnO2, ICG, IHANP, and IHM (with or without laser irradiation). Green color is Calcein AM (ex/em ¼ 490/515 nm) showing
staining of live cells and the red color is propidium iodide (PI; ex/em ¼ 535/615 nm) showing staining of dead cells. Values are means ± SD (n ¼ 3). Scale bar equals to 100 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that IHM can inhibit SCC7 cell proliferation in a dose-dependent
manner more efficiently compared with IHANP and ICG with the
same laser irradiation.

1.5. Tumor accumulation and biodistribution of IHM in the tumor-
bearing mouse model

Encouraged by the remarkable tumor targetability and oxygen
evolving facilitated PDT effect in vitro, tumor accumulation and
biodistribution of IHM was studied in vivo. One hundred mL of IHM
(360 mg of IHM, equivalent to 58 mg of MnO2 or 20 mg of ICG) was
intravenously (i.v.) injected into the SCC7 tumor-bearing mouse
model and fluorescent images were taken at indicated time points
post-injection (p.i.). Free ICG (20 mg) was also i.v. administrated as a
control. Excitation and emission wavelengths were set for ICG as
780/800 nm (Fig. S3). As shown in Fig. 4 a and d, strong fluorescent
signals were observed in the IHM-administered group in a time
dependent manner. The tumor-to-muscle (T/M) ratio at 1, 4, 6, 12,
and 24 h p.i. was calculated as 1.15 ± 0.22, 2.03 ± 0.31, 4.03 ± 0.36,
2.61 ± 0.30, and 1.87 ± 0.24 respectively, indicating IHM would
accumulate mostly in the tumor at 6 p.i. No significant fluorescent
signals were observed gathering at the tumor site in the ICG-
injected group due to the lack of targetability. To confirm the tu-
mor accumulation and specificity of IHM, SCC7 tumor-bearing mice
received IHM were sacrificed at 6 h p.i. and major organs were
excised and collected for fluorescent imaging. As shown in Fig. S9,
fluorescent intensity was found highest in the tumor than the other
normal organs including the heart, kidneys, liver, lung muscle, and
spleen. It is not a surprise that some IHM accumulation was found
in the liver due to the uptake of phagocytic cells in the reticulo-
endothelial system and by the liver sinusoidal endothelial cells
expressing another HA receptor (HARE) as we and others observed
Fig. 4. Non-invasive in vivo imaging monitoring the tumor accumulations of IHM. (a)
bearing mice at different times. Arrows indicate the tumors location. (b) Photoacoustic i
different times. (c) Ultrasound imaging monitoring the generation of O2 in tumors after in
administered IHM and ICG, suggesting IHM peaked in tumor at 6 h p.i. (e) Normalized PA sig
tumor at 6 h p.i. (f) Relative echo intensity of SCC7 tumor-bearing mice administered IHM
before [20,49], which can be significantly optimized by modifica-
tion of more hydrophilic reagents, for example poly(ethylene gly-
col) (PEG) [44].

In addition to fluorescent imaging, photoacoustic (PA) imaging
is another new imaging modality with high resolution and deep
imaging depth. Compared to whole body fluorescent imaging,
although PA imaging can only image a region of interest, it is able to
provide a detailed bioinformation, for example blood vessel dis-
tribution and imaging agents accumulating in the tumor. Due to the
strong photoacoustic effect of ICG (Fig. S4), PA imaging was applied
to analyze the tumor accumulation of IHM. As shown in Fig. 4 b and
e, IHM accumulation was clearly observed in tumor blood vessels
over time. Compared to the signals before IHM was injected, PA
signals in the tumor were found increase by 1.45 ± 0.24, 1.9 ± 0.35,
3.58 ± 0.29, 2.93 ± 0.13, and 2.13 ± 0.28 times at 1, 4, 6, 12, and 24 h
p.i., respectively (Fig. 4e). This accumulation also peaked at 6 h p.i.
as fluorescent imaging demonstrated and started to decrease after
6 h p.i. A similar biodistribution of IHMwas observed by PA imaging
ex vivo as fluorescent imaging, confirming that IHM holds excellent
tumor targetability and specificity (Fig. S10). These imaging results
verified that IHM can accumulate in the tumor effectively and the
6 h p.i. time point is the most appropriate to initiate PDT because of
the maximum accumulation of IHM in the tumor.

Besides the excellent tumor targeting, we also evaluated the
IHM oxygen generating potency in tumor by ultrasound imaging.
As shown in Fig. 4c, after systematic administration, oxygen was
observed increasing in the tumor over time in the IHM-injected
SCC7 tumor, while the oxygen amount was not found to change
significantly in ICG-treated mice. Echo intensity in the tumor was
quantified to represent the amount of oxygen and the most oxygen
was detected at 6 h p.i. when IHM peaked as confirmed by fluo-
rescent and photoacoustic imaging. It has been reported that tumor
NIR fluorescent imaging of intravenously injected IHM accumulation in SCC7 tumor-
maging of intravenously injected IHM accumulation in SCC7 tumor-bearing mice at
travenously injected IHM. (d) Tumor/muscle (T/M) ratio of SCC7 tumor-bearing mice
nals of SCC7 tumor-bearing mice administered IHM and ICG, suggesting IHM peaked in
and ICG, suggesting the O2 amount peaked at 6 h p.i.
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cells are able to generate large amount of H2O2 at a constant rate,
which will be on a log scale when cell numbers are increased over
to a certain amount [32]. Thus, the IHM reaction with H2O2 is on a
slow and time-dependent manner, which is also consistent with
the other reports [27,28,50]. Compared to the oxygen amount
before injection, oxygen in the IHM-treated tumor was found to
increase by 2.25 ± 0.07 fold. However, oxygen changes were not
detectable in the ICG and IHANP-administered groups (Fig. 4 and
S11). Because the near-infrared (NIR) optical absorbance peak of
hemoglobin would change from its deoxygenated status (750 nm)
to the oxygenated state (850 nm), the absorbance of hemoglobin at
750 and 850 nm are commonly adopted for PA imaging to evaluate
the blood oxygenation status as reported [30]. We measured oxy-
gen changes before and after IHM injection (Fig. S12). More oxygen
was detected by PA imaging in HANP/MnO2 group than control
groups. It has to note that we did not use IHM to confirm the oxygen
generation here as ICG will affect the PA signal with hemoglobin.
Therefore, we further confirmed that the 6 h time point was suit-
able for PDT due tomaximumoxygen being produced by IHM in the
tumor, and this significantly improved PDT's therapeutic effect.

1.6. In vivo PDT by systematic administration

At last, PDT efficiency of IHM was evaluated by monitoring tu-
mor ablation. When tumor volume reached around 80 mm3, SCC7
tumor-bearing mice were randomly divided into eight groups
(n ¼ 5/group): mice treated with HANP without (w/o) laser irra-
diation, mice treated with HANP with (w/) laser irradiation, mice
treated with ICG without laser irradiation, mice treated with ICG
with laser irradiation, mice treated with IHANP without laser
irradiation, mice treated with IHANP with laser irradiation, mice
treated with IHM without laser irradiation, and mice treated with
IHM with laser irradiation. To achieve a therapeutic effect, HANP,
ICG, IHANP (287 mg of IHANP, equivalent to 20 mg of ICG), and IHM
(360 mg IHM, equivalent to 58 mg of MnO2 or 20 mg of ICG) were
injected intravenously into tumor-bearing mice, respectively. At 6 h
p.i. when IHM peaked in the tumor and maximum oxygen was
produced, an 808 nm (0.8 W/cm2, 10 min) laser was applied to
tumors to initiate PDT. Since ICG was also known as a photothermal
therapy agent [20], an IR thermal camera was used to monitor and
control the tumor temperature below 42 �C in all groups. The tumor
sizes were recorded every other day to verify the PDT effect for up
to 14 days (Fig. 5). Although the IHANP-treated tumor was indeed
ablated in the first 6 days after PDT, it started to grow after that
time, implying that the low power laser irradiation cannot fully
inhibit the tumor growth due to the low oxygen-induced insuffi-
cient PDT. In a marked contrast, tumors in the IHM-treated group
were ablated significantly and cured after 14 days (Fig. 5a). No
recurrence was observed in 30 days and most mice survived
(Fig. 5b), suggesting that oxygen-generating IHM attenuated the
low PDT efficiency in the tumors. A slight ablation was noticed in
the ICG-administered tumors due to the non-targetability and low
tumor uptake of ICG. Tumor growth rate was not obviously affected
in the rest of the groups and most of the mice died due to the
extremely large tumor (Fig. 5c). At end of our study, 80% mice with
IHM treated survived because one mouse with sever proctoptosis
was requested to be sacrificed. As most proctoptosis occurred in
nude mouse is due to the immunodeficiency, we consider IHM did
not have a bad affect on this sacrificed mouse. Mice body weight
were not found to change for all groups (Fig. 5d).

To study the in vivo toxicity of IHM, tumor tissues and normal
organs were harvested and subjected to H&E staining. Nuclear will
be stained as dark blue and cytoplasm will be stained as pink. As
shown in Fig. S13, severe tumor tissue damagewas clearly observed
in the IHM-treated tumor compared with tumors in other groups,
suggesting that PDT was effective and efficient because of the
abundant oxygen in IHM-treated tumor during PDT. Typical dead
cells stained by H&E was labeled by red arrows in IHM groups and
there are little live cells with intact cytoplasm. On the contrary, the
tumor tissue structurewas less damaged in IHANP group due to the
less efficient PDTcomparedwith IHM treated group. No destruction
was found in normal organs with or without laser irradiation,
consistent with the unaffected body weight. These results
demonstrated that because of the sufficient intratumoral oxygen
evolving property, IHM is an effective PDT agent for tumor ablation
with negligible side effects.

In order to account for the significant improvement of tumor
PDT, several factors were taken into consideration. First, caspase-3,
the apoptosis initiator, was evaluated in IHM-, IHANP-, and HANP-
treated tumors after laser irradiation because one of the possible
pathways of the PDT ablate tumor is inducing tumor cells apoptosis
[8]. It can be seen in Fig. 6 that an elevated caspase-3 expression
was detected in the IHM tumors with laser irradiation, while quite a
bit of caspase-3 was seen in the IHANP-treated tumors even with
laser irradiation. Little caspase-3 was found in the HANP-treated
tumors after laser irradiation, suggesting that PDT in the IHM-
treated tumors are more effective in tumor ablation. Little
capase-3 elevation was detected compared to the IHM-treated
group (Fig. S14). Afterwards, two hypoxia markers, pimonidazole
and hypoxia-inducible factor 1-a (HIF1-a), were analyzed. As ex-
pected, little pimonidazole and HIF1- a were observed in the IHM-
treated tumor with laser irradiation due to the oxygen-evolving
attenuated tumor microenvironment (Fig. 6). In contrast, IHANP-
and HANP-treated tumors were found to have a high expression of
pimonidazole and HIF1-a, due to the hypoxia pre-existing condi-
tion and consumption of oxygen in the tumor (Figs. S15 and S16).
Collectively, the expression changes of biomarkers demonstrated
that IHM can effectively ablate the tumor by inducing apoptosis via
efficient PDT. The generation of oxygen not only attenuated tumor
hypoxic microenvironments, but also improved tumor treatment
efficiency. Overall, these results confirmed that IHM can signifi-
cantly improve PDT effect by producing sufficient oxygen in the
tumor which facilitated tumor ablation.

2. Conclusion

In this work, we successfully designed a novel oxygen-
generating agent, IHM, to improve PDT efficacy by encapsulation
of MnO2 NP into IHANP nanoparticles. The encapsulated MnO2 can
sensitively react with the unnecessary metabolic H2O2 in the tumor
to produce oxygen molecules after IHM was broken up by hyal-
uronidase in tumor cells. Abundant oxygen was detected in vitro
and in vivo by ultrasonic imaging. With the guide of fluorescent and
photoacoustic imaging, the oxygen-generating IHM-treated group
ablated tumor growth with PDT more effectively than the IHANP-
treated tumors, which were not able to provide oxygen inside tu-
mors. Immunofluorescent staining confirmed both HIF1- a and
pimonidazole decreased in the IHM-treated group, implying the
oxygen generating in the tumor not only improves PDT efficacy, but
also attenuates tumor hypoxia. Additionally, no obvious toxicity of
IHM was found in the IHM-treated mouse organs by H&E exami-
nation. When these results are taken together, it is considered that
IHM holds great potency for fluorescent and photoacoustic
imaging-guided tumor PDT with remarkably improved efficacy,
especially for those hypoxia tumors. Overall, our design of IHM can
be an alternative way for imaging-guided enhanced tumor PDT
with oxygen-generating capability. More importantly, the IHM
attenuated hypoxia environment can also be beneficial for
chemotherapy and radiation therapy. Related work is under
investigation in our group.



Fig. 5. In vivo PDT effect of IHM by intravenous administration into a SCC7 tumor mouse model. (a) Typical photographs of SCC7 tumor-bearing mice at different days after IHM
treatment. (b) Tumor growth curves of different groups of SCC7 tumor-bearing mice. Error bars represent the standard deviations of 5 mice per group. *P < 0.05. (c) SCC7 tumor-
bearing mice survival rate after receiving different treatments. (d) Body weight of the mice was measured during the 14-day evaluation period under the different conditions.
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3. Materials and methods

3.1. Reagents

Sodium hyaluronic acid (HA, 234 kDa) was bought from Lifecore
Biomedical Company (MN, USA). Ethylenediamine (EDA), 1-ethyl-
3(3-(dimethylamino)propyl)carbodiimide (EDC), and N-hydrox-
ysuccinimide (NHS) were obtained from J&K Company (Beijing,
China). 5b-Cholanic acid (CA), tetrabutylammonium hydroxide
(TBA), and propidium iodide (PI) were purchased from Sigma-
Aldrich Co. (MO, USA). Amine-PEG-amine (molecular
weight ¼ 2 kDa) was purchased from Shanghai Seebio Biotech-
nology (Shanghai, China). ICG-Sulfo-Osu (ICG) was obtained from
Dojindo Molecular Technologies (Tokyo, Japan). A CCK-8 assay kit
and 4,6-diamidino-2-phenylindole (DAPI) were purchased from
Sangon Biotech Co. (Shanghai, China). Calcein-AM was obtained by
Invitrogen (NY, USA). SCC7 (squamous cell carcinoma) was bought
from American Type Tissue Culture Collection (ATCC) (VA, USA).
The 20,7’-dichlorofluorescenindiacetate (DCFDA) and singlet oxy-
gen sensor green (SOSG) kit were purchased from Thermo Fisher
Scientific (MA, USA). Caspase-3 antibody was purchased from
Abcam (MA, USA). FITC conjugated goat anti-rabbit immunoglob-
ulin G was obtained from Life Technologies (NY, USA).
3.2. Preparation of IHANP

The following HANP conjugations were performed according to
the previously described procedures with slight modifications
[20,40]. Briefly, amine-PEG-amine (NH2-PEG-NH2) and free ICG
were dissolved in anhydrous DMSO containing 3% of DIPEA and
stirred for 40min at room temperature. The synthetic NH2-PEG-ICG
was then purified by HPLC using a linear gradient of 10%e65%
acetonitrile/water (0.1% TFA) for 30 min at 3.5 mL/min and then
lyophilized. Meanwhile, to dissolve hyaluronic acid (HA) in anhy-
drous DMSO, HAwas converted to the tetrabutylammonium salt of
HA (HA-TBA) according to previously reported methods [40]. The
HA-TBA was then chemically modified with 5b-cholanic acid (CA)
in the presence of EDC and NHS at 60 �C. After 40 min, NH2-PEG-
ICGwas then added into the reaction solution and stirred overnight
at room temperature. The reaction solution was dialyzed against
methanol/ultrapurewater (1:1, v/v) and ultrapurewater for 4e12 h.
After being lyophilized, HA-CA-ICG (IHANP) was obtained and
stored at 4 �C in the dark until further use.
3.3. Preparation of MnO2 nanoparticle (MnO2 NP)

MnO2 was prepared according to the literature [39]. Briefly,
0.25 g of KMnO4 was dissolved in 125 mL of distilled water, and the
mixture was stirred for about 0.5 h. A total of 2.5 mL of oleic acid
was added, and a steady emulsion was formed. After the emulsion
was maintained at room temperature for 24 h, a brown-black
product was collected, and washed several times with distilled
water and alcohol to remove any possible residual reactants.
Finally, the product was dried in air at 60 �C for 12 h.
3.4. Preparation of IHM

IHANP loaded with MnO2 (IHM) was readily prepared bymixing



Fig. 6. Effect of IHM on tumor hypoxia and tumor ablation. (a) Representative images of tumors treated with IHM, IHANP, and HANP after laser irradiation. Hypoxic section was
visualized by pimonidazole and HIF1-a staining. An attenuated hypoxia was observed in the IHM-treated tumors after laser irradiation, while severe hypoxia was confirmed in the
IHANP- and HANP-treated tumors with laser illumination. PDT-induced tumor apoptosis was detected by the caspase-3 antibody. Due to sufficient oxygen in tumors after IHM
treatment, a large amount of caspase-3 expression was found, suggesting PDT induced apoptosis effectively. Low expression of caspase-3 was detected in the IHANP-treated group.
Little caspase-3 was observed in the HANP-treated group. Scale bar equal to 20 mm. (b) Quantification of pimonidazole, HIF-a and caspase-3 expression.
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MnO2 dissolved in trichloromethanewith IHANP in ultrapurewater
and homogenized (D-3L, PhD Technology LLC, MN, USA) for
15e20 min (20 000e25 000 psi). The resulting mixture was added
into the ultrafiltration tube (Cut off ¼ 100 kDa) and was further
centrifuged at 8000 rpm for 30 min to remove free MnO2, then
freeze dried.

3.5. Characterization of IHM

The particle size and size distribution of IHM NPs were
measured by dynamic light scattering DLS (Varian Medical Sys-
tems, Palo Alto, USA). Zeta potential measurements were per-
formed at 25 �C on a Malvern Zeta Size-Nano Z instrument (UK).
The nanostructure and size of IHM were observed by transmission
electron microscopy (TEM) (Bruker, Germany). UVevis absorbance
spectra of HANP, MnO2, ICG, and IHM were observed with the
Multiskan GO microplate reader (Thermo Fisher Scientific, MA,
USA). Fluorescent signals of ICG and IHM were measured using a
fluorescence spectrophotometer (Varian Medical Systems, Palo
Alto, USA). X-ray diffraction (XRD) patterns of the samples were
analyzed by a Rigaku Ultima IV X-ray diffractometer equipped with
a Cu radiation source using an operation voltage and current of
40 kV and 40 mA.

3.6. In vitro photoacoustic tomography

IHM and ICG contained the same amount of ICG (16, 8, 4, 2, and
1 mg/mL), IHM andMnO2, which contain the same amount of MnO2,
were subjected to PA imaging. HANP, MnO2, ICG, and IHMwere put
into Eppendorf tubes (1.5 mL) before imaging and all the tubes
were immersed at the same depth in the deionized water. Photo-
acoustic tomography of all samples were captured at 808 nm using
Endra Life Sciences's Nexus128 (MI, USA).
3.7. In vitro ultrasonography of O2 bubbles from IHM

An ultrasound imaging system (Toshiba Nemio 30, Japan) was
utilized to visualize the O2 bubbles generated by IHM NPs in a test
tube containing H2O2 at different concentrations. As the IHM and
IHANP were respectively injected to H2O2, the contrast was moni-
tored by the Vevo 770 micro-US imaging system (VisualSonics,
Ontario, Canada, RMV-704, 40 MHz, B-mode).
3.8. In vitro enhanced 1O2 generation of IHM

A commercial 1O2 kit, singlet oxygen sensor green (SOSG), was
employed to study IHM enhanced generation of 1O2. The fluores-
cence of SOSG is quenched in its intact form and produces strong
fluorescence after 1O2 oxidation. To verify the potentiated 1O2
generation potency, aqueous solutions of IHANP and IHM were
added into 1.5 mL Eppendorf tubes containing SOSG solution. Then
in the experimental groups, 10 mMof H2O2 ultrapure water solution
was added and an 808 nm continuous laser was applied at a power
of 0.3 W/cm2 for 10 min. The entire surface of the samples was
adjusted to confirm that they were covered by the laser spot. The
fluorescent intensity that is proportional to the amount of 1O2 was
measured every minute and detected with the fluorescence spec-
trometer with 490 nm excitation and 525 nm emission. The control
groups were incubated under the same conditions without H2O2.
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3.9. Cell culture and cell internalization of HANP

Human squamous cell carcinoma cell line (SCC-7 cells) and NIH-
3T3 cells were cultured in an 8-well chamber in Dulbecco's Modi-
fied Eagle Medium (DMEM)/high glucose medium supplemented
with 10% FBS and 1% antibiotic solution at 37 �C and 5% CO2. The
next day both cells were washed by cold PBS and incubated with
IHM (280 mg/mL containing 20 nM ICG) at 37 �C for 4 h with 5% CO2
atmosphere. For the blocking test, free HANP (1 mg/mL) was added
to cells 30 min before IHM was applied. After incubation, all cells
were washed by cold PBS thoroughly. The cells were finally fixed in
cold ethanol for 15 min at �20 �C and cells were mounted with
medium containing DAPI for 10 min in the dark. Cell targetability of
IHM was observed by a confocal microscope (Leica Microsystems,
Germany) and the excitation and emission wavelengths were set at
780 nm and 800 nm for ICG, respectively.

3.10. Confocal fluorescence imaging

We assessed the intracellular H2O2 levels with 20,70- dichloro-
fluoresceindiacetate (DCFDA), a H2O2 indicator that can be rapidly
oxidized by H2O2 to emit green fluorescence. Human squamous cell
carcinoma cell line were maintained following protocols provided
by the American Type Tissue Culture Collection. One day before
imaging, cells were passed and plated on 18 mm glass bottom
dishes. The next day, both cells were washed by cold PBS and
incubated with DCFH at 37 �C for 6 h with 5% CO2 atmosphere. Cells
in control groups were pretreated with N-acetylcysteine (NAC) as a
ROS scavenger. At last, cell imaging was carried out after washing
cells with PBS three times. Confocal fluorescence imaging studies
were performed with a confocal microscope (Leica Microsystems,
Germany).

Further, a singlet oxygen sensor green (SOSG) reagent was
employed to study IHM enhanced generation of 1O2. One day before
imaging, cells were passed and plated on 18 mm glass bottom
dishes. The next day, both cells were washed by cold PBS and
incubated with both IHM and 2 mL SOSG working solution at 37 �C
for 6 h with 5% CO2 atmosphere. Cells in the control groups were
pretreated with N-acetylcysteine (NAC) as a ROS scavenger. Then
the groups were exposed to 808 nm laser (0.5 W/cm2) irradiation
for 5 min. Lastly, cell imaging was carried out with a confocal mi-
croscope (Leica Microsystems, Germany) after washing cells with
PBS for three times.

3.11. Cytotoxicity

The SCC7 cells were seeded in a 96-well plate at a density of
8000 cells per well, and cultured overnight at 37 �C in a 5% CO2
incubator. The next day, cells were washed with PBS and incubated
with IHANP and IHM solutions at a series of concentrations for 6 h
under the same condition (the ICG content in this HANP formula-
tion were measured to be 6.6%). After being washed with PBS, the
experimental cell medium was replaced with fresh DMEM culture
medium (100 mL) and exposed to the 808 nm laser for 10 min
(0.5 W/cm2). Subsequently, cells were placed at 37 �C in a 5% CO2
incubator for 12 h. The other groups were incubated under the
same conditions without irradiation. Cell viability was evaluated by
the CCK-8 assay kit. The optical density (OD) was measured at
450 nm and recorded by a microplate reader.

Enhanced photodynamic therapy was also investigated by 3060-
Di (Oacetyl) -405'-bis [N, N-bis (carboxymethyl) aminomethyl]
fluorescein, tetraacetoxymethyl ester (Calcein AM)/Propidium Io-
dide (PI) staining (Sangon Biotech, Shanghai, China). The SCC7 cells
were seeded in a 6-well plate with a density of 1 � 105 cells and
grown to 80e90% confluence. The SCC7 cells were incubated with
parallel concentrations of HANP, free ICG, IHANP, and IHM for 6 h.
After being washed with PBS several times and immersed in fresh
culture medium (1mL), the experimental groupswere imagedwith
the laser beam (808 nm, 0.5 W/cm2) for 10 min followed by incu-
bation for 12 h at 37 �C and 5% CO2. Control groups in the dark were
incubated in fresh DMEM medium. After removing fresh DMEM
medium, calcein AM (4 mmol/L) and PI solutions (4 mmol/L) in PBS
were added to SCC7 cells and incubated for 30 min at 37 �C with 5%
CO2. Finally, PBS was used to clean the cells three times. Images of
the cells were obtained by fluorescence microscope.

3.12. In vivo FL and PA imaging of SCC7 tumor xenografts in nude
mice

Animal experiments were conducted under protocols approved
by Animal Care and Use Committee (CC/ACUCC) of Xiamen Uni-
versity. Subcutaneous sites of athymic nude mice (sevenweeks old,
female, 20e24 g) were injected with a suspension of 4 � 106 SCC7
cells in PBS (80 mL). When the tumor size (in the right leg region)
reached average size of 80mm3, mice were randomly allocated into
two groups: (a) IHM (360 mg of IHM containing 58 mg of MnO2 and
20 mg of ICG) were injected into the tail vein of the mice and (b) free
ICG (20 mg) were injected into the tail vein of the mice. Fluorescent
images were acquired at 1, 4, 6, 12, and 24 h after injection using
IVIS Lumina II (Caliper Life Sciences, MA, USA; Excitation Filter:
740 nm, Emission MFilter: 780 nm).

When tumor volumes reached 80e100 mm3, mice were
randomly allocated into two groups: IHM ((360 mg of IHM con-
taining 58 mg of MnO2 and 20 mg of ICG) and free ICG (20 mg) were
injected into the tail vein of the tumor-bearingmice. After injection,
PA images of the tumor sites were recorded on Endra Life Science's
Nexus128 (808 nm) at 0, 1, 4, 6, 12, and 24 h. At 6 h after the one-
dose injection, SCC7 tumors and normal organs (the heart, liver,
spleen, kidneys, pancreas, and muscle) were collected for acquisi-
tion of photoacoustic signal.

3.13. In vivo ultrasound (US) imaging

The tumor-bearing mice were anesthetized using 2% isoflurane
(Abbott Laboratories, IL, USA)mixed with 100% O2 delivered using a
veterinary anesthesia delivery system (ADS 1000; Engler Engi-
neering Corp., FL, USA). For the echo images of O2 produced from
IHM, IHM (360 mg of IHM containing 58 mg of MnO2 and 20 mg of
ICG) was injected via the tail vein. The images were obtained by a
Vevo 2100 micro-US imaging system (Visual Sonics MS-250D,
40 MHz, B-mode) on pre-injection, immediately after post-
injection, and in the course of 1, 2, 4, 6, 12, and 24 h of US
irradiation.

In order to investigate the change of oxygen content at the tu-
mor site before and after PDT treatment, the other dose was
administrated following the same procedure. The tumors were
exposed to 808 nm laser irradiation for 10min at 6 h post-injection.
The echo images were obtained pre-irradiation and immediately
post-irradiation. The signal intensities of echo imaging were
measured using Vevo 2100 Workstation Software.

3.14. In vivo photodynamic therapy

SCC7 cells (4 � 106 cells in 80 mL of PBS) were injected into the
right leg of athymic nude mice (seven weeks old, 20e24 g). When
the tumor size reached 80e100 mm3, SCC7 tumor-bearing mice
were randomly divided into 8 groups: (a) IHM without laser, (b)
IHM with laser, (c) IHANP without laser, (d) IHANP with laser, (e)
free ICG without laser, (f) free ICG with laser, (g) HANP without
laser and (h) HANP with laser. Tumor volumes were determined
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using the formula: V ¼ a � (b2)/2, where a is the length and b is
width of each tumor in mm respectively. Compared to the original
tumor volume, the volume of the tumor was evaluated by
normalizing themeasured values. 100 mL of IHM at concentration of
3.6 mg/mL (360 mg of IHM containing 58 mg of MnO2 and 20 mg of
ICG), IHANP (287 mg of IHANP, equivalent to 20 mg of ICG), free ICG
(20 mg), and HANP were injected into the tail vein of the SCC7
tumor-bearing mice, respectively. All groups were received only
one inject for PDT treatment. At 6 h post-injection, tumors were
irradiated with the 808 nm laser at a power density of 0.8 W/cm2

for 10 min. In order to verify the potentiated PDT efficiency of IHM,
thermal images in tumors were taken using a FLIR A5 camera and
all groups received interrupted laser to maintain a constant tem-
perature (42 �C) to avoid photothermal effect.

Relative tumor volumes of all groups were calculated for 14 days
after the treatment. The body weight of the mice was measured at
the same time points. After 14 days of treatment, the relative tumor
volumes of all groups were calculated. Animals were killed and
tumors and major organs were collected for analysis. For the IHM-
treated group, tumors were collected on Day 3 after laser irradia-
tion. Histological changes and apoptotic cells in tumor tissues and
main organs were evaluated using hematoxylin and eosin (H&E)
staining.

3.15. Fluorescent immunostaining

The tumors were dissected and sliced by frozen section pro-
cedure into 10 mm sections at predetermined time points. To
observe PDT induced apoptosis at the tumor site, the Caspase-3
antibody was applied to stain on the tumor tissues from the
diverse treated groups. For the detection of hypoxia in the tumor,
the hypoxia marker, pimonidazole, was stained by a commercial
Hypoxyprobe-1 plus kit (Hypoxyprobe, Inc., USA) following the
protocol provided. Polyclonal rabbit anti-HIF-1a antibody (dilution
1:100, Novus Biologicals) was used to detect the expression of HIF-
1a as the primary antibody. After washing, the primary antibody
was detected by sequential application with FITC conjugated goat
anti-rabbit immunoglobulin G. Cell nuclei were visualized with
DAPI and slides were imagedwith a confocal microscope (Olympus,
USA).

4. Statistical analysis

Comparisons among groups were analyzed via independent
samples with the one-factor ANOVA test using SPASS 17.0 software.
All statistical data were obtained using a two-tailed student's t test
and homogeneity of variance tests (p values < 0.05 were considered
significant).
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