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Abstract
Background: Photodynamic therapy (PDT) has been recognized as a promising tumor treatment for its
minimal invasiveness, low side effects and on-demand light controllability. However, the oxygen-
dependent PDT could exacerbate tumor hypoxia to upregulate the expression of hypoxia-inducible factor-
1α (HIF-1α), which would promote tumor growth and metastasis. Inhibition of HIF-1α activity is very
necessary to PDT for effective tumor suppression.

Results: Herein, we developed a self-remedied nanomedicine based on a photosensitizer and a HIF-1α
inhibitor to surmount the Achilles' heel of PDT for enhanced antitumor e�cacy. Speci�cally, the
nanomedicine (designated as CYC-1) was prepared by the self-assembly of Ce6 and YC-1 through π-π
stacking and hydrophobic interactions. Carrier-free CYC-1 held an extremely high drug loading rate,
uniform size distribution and favorable stability. Compared with free Ce6, CYC-1 exhibited an improved
cellular uptake behavior and an enhanced ROS production capability. Besides, CYC-1 had the
overwhelming superiority on restraining tumor proliferation over the combined administration of Ce6 and
YC-1. More importantly, CYC-1 preferred to accumulate in tumor tissue for e�cient PDT by inhibiting the
activity of HIF-1α. Ultimately, this YC-1-assistant PDT effectively restrained the tumor growth and caused
a low system toxicity.

Conclusions: This carrier-free self-remedied strategy overcame the Achilles' heel of PDT on tumor
suppression while induced a minimal side effect, which would expedite the development and clinical
translation of nanomedicine for PDT against hypoxic tumors.

Introduction
As an emerging therapeutic modality in clinic, photodynamic therapy (PDT) has gained increasing
attention nowadays for its unique advantages in tumor treatment [1–3]. It is well-known that PDT could
induce cell apoptosis by utilizing photosensitizers to produce cytotoxic reactive oxygen species (ROS) in
the presence of light and oxygen [4–6]. However, most photosensitizers are lipophilic compounds with a
strong hydrophobicity and they are easy to aggregate in water [7–9]. In addition, the oxygen-dependent
PDT would also restricted due to the hypoxic microenvironment of tumors [10–12]. Worse yet, the
continued oxygen consumption by PDT would aggravate the tumor hypoxia, leading to the upregulation
of hypoxia-inducible factor-1α (HIF-1α) [13–15]. Activated HIF-1 plays an important role in mediating
adaptive responses to changes in tumor oxygenation, which could promote tumor growth and metastasis
[16–18]. Moreover, the overexpressed HIF-1α has been con�rmed to be associated with the treatment
failure and increased patient mortality [19, 20]. Thus, inhibition of HIF-1α activity is rather necessary to
PDT for effective tumor suppression.

YC-1 (3-(5′-hydroxy-methyl-2′-furyl)-1-benzylindazole) has been widely recognized as a small molecular
inhibitor of HIF-1α for tumor therapy [21–23]. Speci�cally, YC-1 could block the expression of HIF-1α at
the post-transcriptional level so as to inhibit the transcription factor activity of HIF-1 [24]. Preclinical
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studies indicated that effective inhibition of HIF-1α would markedly impair tumor growth [25].
Furthermore, the downregulation of HIF-1α might sensitize tumors to PDT thereby improving the
therapeutic effect [26–28]. It is supposed that the combination of YC-1 with PDT would signi�cantly
elevate the antitumor e�ciency by HIF-1α inhibition. In view of the fact that different therapeutic agents
hold diverse physicochemical properties and pharmacokinetics, construction of drug codelivery systems
might be an effective strategy to realize their combined effect [29–32]. However, most of the traditional
carrier-assistant drug delivery systems have some inevitable de�ciencies including complex components,
tedious preparation process and low drug loading rates [33, 34]. What’s more, the extra excipients may
have the potential toxicity and induce adverse immune responses [35–37]. In this case, the emerging drug
self-delivery systems (DSDSs), which consist of pure drugs without additional carriers, have suggested
tremendous advantages and application potential in recent years [38, 39]. Even so, it is still di�cult to
screen suitable drugs for preparing DSDSs and making them work in concert.16 Particularly, HIF-1α
inhibitor-based DSDSs have rarely reported for enhanced PDT.

Herein, we developed a self-delivery nanomedicine based on YC-1 and the photosensitizer of Ce6 for
enhanced photodynamic tumor therapy by HIF-1α inhibition. As illustrated in Scheme 1A, Ce6 and YC-1
could self-assemble into the nanomedicine (designated as CYC-1) by virtue of π-π stacking and
hydrophobic interactions. Without extra carriers, CYC-1 possessed very high drug loading rate and it
avoided the side effects caused by excipients. Besides, the intravenously administrated CYC-1 preferred
to accumulate at the tumor site and then be internalized by tumor cells for effective drug delivery
(Scheme 1B). More importantly, CYC-1 was demonstrated to downregulate the expression of HIF-1α in
tumors thereby sensitizing the cells to PDT. As a result, in spite of the aggravated hypoxia by PDT, CYC-1
still signi�cantly inhibited the tumor growth and induced a low systemic toxicity. This self-remedied
strategy surmounted the Achilles' heel of oxygen-dependent PDT and decrease the resistance of tumors
to PDT, which presented a novel paradigm on the development of nanomedicine for effective PDT
against malignancies.

Materials And Methods
Materials

Chlorin e6 (Ce6) was purchased from Frontiersci. YC-1 (3-(5′-hydroxy-methyl-2′-furyl)-1-benzylindazole)
was obtained from ApexBio. 2’,7’-dichloro�orescein diacetate (DCFH-DA), singlet oxygen sensor green
(SOSG), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342, Calcein-
AM/PI Live/Dead Viability/Cytotoxicity Kit and SDS-PAGE gel preparation kit were procured from
Beyotime biotech. Co., Ltd. (China). Dulbecco’s modi�ed eagle’s medium (DMEM), fetal bovine serum
(FBS) and penicillin-streptomycin solution (PS) were purchased from Invitrogen Corp. Anti-HIF-1α
antibody, anti-GAPDH antibody and corresponding secondary antibody were obtained from Abcam Corp.

Cell culture
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Murine mammary carcinoma (4T1) cells were cultured in DMEM medium containing 10% FBS and 1% PS
in an atmosphere with 5% CO2 at 37 ℃.

Synthesis of CYC-1

Firstly, 59.6 μL of Ce6 and 30.4 μL of YC-1 (both dissolved in DMSO with a concentration of 10 g/L) were
mixed and stirred for 4 h away from light. Subsequently, above solution was added into 3 mL of dd.
water. The solution was ultrasounded for 0.5 h and stirred for 6 h afterwards. Then, the solution was
dialyzed overnight (MWCO 1kDa) and centrifuged (3000 rpm) for 5 min, so that the rest of free Ce6 and
YC-1 as well as the aggregated Ce6 could be removed. The �nal product CYC-1 was obtained with 1:1
feed ratio by mass. Other formulations with different mass ratios of Ce6 and YC-1 were synthesized with
the same method.

Characterizations

The hydrodynamic diameters and zeta potential of CYC-1 were evaluated by Nano-Zetasizer Zen 3600
(Malvern). The morphology of CYC-1 was observed by transmission electron microscopy (TEM) using
JEOL-1400 PLUS. UV-Vis absorbance spectra of Ce6, YC-1 and CYC-1 were determined by Evolution 300
(Thermo Scienti�c). High performance liquid chromatography (HPLC) were measured by SPD-M20A
(SHIMADZU). Fluorescence spectra were characterized by Lumina (Thermo Scienti�c). Images of
confocal laser scanning microscope (CLSM) were obtained and analyzed by LSM 880 (Carl Zeiss). H&E
staining of sectioned tissues was imaged by Eclipse Ni-U (Nikon). In vivo �uorescence images were
obtained by In-Vivo FX PRO (BRUKER).

In vitro singlet oxygen detection

For �uorescence detection, SOSG was used to detect in vitro singlet oxygen by �uorescence spectrum.
Brie�y, SOSG (5 μM) was incubated with CYC-1 (2.37 mg/L) or the equivalent concentration of Ce6 (2
mg/L) and YC-1 (0.37 mg/L) in PBS. Then, the solutions in light groups were exposed to light (635 nm, 80
mW/cm2). The �uorescence intensity of each group was recorded every 10 s with an excitation
wavelength of 488 nm and emission wavelength of 537 nm. For CLSM observation, after seeded and
incubated for 24 h, 4T1 cells were washed with PBS and treated for 4 h with CYC-1 (2.37 mg/L) or the
equivalent concentration of Ce6 (2 mg/L) and YC-1 (0.37 mg/L). After washed thrice, the cells were
incubated with DCFH-DA (10 μM) for 30 min and then subjected to irradiation (1.8 J/cm2, 29.8 mW/cm2)
for 30 s. The �uorescence signals were imaged afterwards.

Cellular uptake

The cellular uptake behaviors of Ce6 and CYC-1 were assessed by CLSM and �ow cytometry. 4T1 cells
were seeded and incubated for 24 h. Then, the culture medium was removed and the cells were treated
with CYC-1 (5.93 mg/L) or the equivalent concentration of Ce6 (5 mg/L) for 0, 2, 4, 8 and 24 h. To assess
the cellular uptake performance, the intracellular �uorescence was observed by CLSM. Besides, the cells
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were also harvested and the cellular �uorescence was analyzed by �ow cytometry for quantitative
detection.

MTT assay

4T1 cells were seeded in 96-wells plates for incubation. After that, the cells were treated by Ce6, YC-1 or
CYC-1 with gradient concentrations for 4 h. Subsequently, 4T1 cells of irradiation groups were exposed to
laser (1.8 J/cm2, 29.8 mW/cm2) for 1 min. Afterwards, the cells were incubated for another 20 h. Then 20
μL of MTT (5 g/L) was put into every well and incubated for 4 h. Later, all the culture medium was
removed and 150 μL of DMSO was added to every well to dissolve the purple formazan. The plates were
shook on the shaker at a low speed for 15 min and the absorbance at the particular wavelength (570 nm)
of the solution was determined by microplate reader.

Live/dead cell staining and cell apoptosis analysis

For live/dead cell staining assay, 4T1 cells were seeded in glass bottom dish for incubation.
Subsequently, the cells were treated with CYC-1 (2.37 mg/L) or the equivalent concentration of Ce6 (2
mg/L) and YC-1 (0.37 mg/L). After 4 h, the plates were exposed to irradiation (1.8 J/cm2, 29.8 mW/cm2)
for 30 s or kept in the dark. Then all of the cells were incubated for another 20 h. After washed with PBS
twice, the cells were stained with calcein-AM/PI for 15 min and washed twice again. The cellular
�uorescence was observed by CLSM. For cell apoptosis analysis, the cells were treated with CYC-1, Ce6 or
YC-1 using the similar method. After irradiated for 20 s and incubated for 20 h, the cells were washed with
PBS and stained with Annexin V-FITC/PI. Finally, the cells were harvested and the cellular �uorescence
was analyzed by �ow cytometry for apoptotic detection.

Western blot analysis

4T1 cells were seeded and incubated with CYC-1 (5.93 mg/L) or the equivalent concentration of Ce6 (5
mg/L) and YC-1 (0.93 mg/L) for 2 h. Then the cells were incubated for 2 h under hypoxia environment.
Subsequently, the cells were irradiated by laser (1.8 J/cm2, 29.8 mW/cm2) for 10 s or kept in the
darkness. After further incubation for 20 h, the cells were cooled on ice and thoroughly washed by PBS
thrice. Ice cooled RIPA solution with two enzyme inhibitors was then added into the cells for cell lysis (30
min). The cell lysate solution was collected and centrifuged (12,000 rpm, 20 min, 4 ℃) to remove
unbroken cells, nuclei and cell fragments. The separated proteins were quanti�ed by BCA protein Assay
Kit and normalized to the same concentration. After that, the samples were separated by electrophoresis
using SDS-PAGE gel and transferred to a PVDF membrane which was blocked in TBST with 5% skim milk
for 1 h afterwards. The membrane was then incubated with the rabbit anti-HIF-1 alpha or the rabbit anti-
GAPDH primary antibody at 4 ℃ overnight. Next, the HRP conjugated goat anti-rabbit secondary
antibody was incubated with the membrane for 2 h at RT. The PVDF membrane was washed by TBST
thrice. Finally, the western lightning ECL substrate was loaded to the membrane under dark and the
�uorescence was monitored by enhanced chemiluminescence exposor.
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In vivo �uorescence imaging

The in vivo experiments were conducted according to the guidelines of animal experiments established
by Laboratory Animal Center of Southern Medical University (Guangzhou, China) as well as the
Regulations of Guangdong Province on the Administration of Experimental Animals. In vivo tumor model
was established by subcutaneous injection of 4T1 cells into the female BalB/C mice. The 4T1 tumor-
bearing mice were administrated with CYC-1 (2.07 mg/kg) by intravenous injection. At the preset time, the
mice were imaged by small animal imaging system. After 12 h, the mice were sacri�ced to collect the
heart, liver, spleen, lung, kidney and tumors for ex vivo �uorescence imaging.

Immuno�uorescence staining

Immuno�uorescence staining was conducted to examine the expression of HIF-1α protein after
treatment. Brie�y, 4T1 tumor-bearing mice were administrated with CYC-1 (2.07 mg/kg) or the equivalent
concentration of Ce6 (1.75 mg/kg) or YC-1 (0.32 mg/kg) by intravenous injection. 4 h later, the mice in
light groups were irradiated (635 nm, 80 mW/cm2) for 10 min. After another 20 h, the mice were
sacri�ced. Tumor tissues were collected and sliced to tumor frozen sections. The slices were incubated
with rabbit anti-HIF-1 alpha primary antibody containing 3% BSA at 4 ℃ overnight. Afterwards, the Alexa
Fluor 594 labeled secondary antibody was added for 1 h incubation. The cell nuclei were stained with
DAPI for 20 min later. Finally, the tumor sections were imaged by CLSM.

In vivo anti-tumor study

4T1 tumor model was established as described above. Subsequently, the tumor-bearing mice were
divided into 6 groups randomly (7 mice for each group) for the administration of CYC-1 (2.07 mg/kg) or
the equivalent concentration of Ce6 (1.75 mg/kg) or YC-1 (0.32 mg/kg) by intravenous injection. 4 h later,
the mice in light groups were irradiated (635 nm, 80 mW/cm2) for 10 min. The tumor volume (V) and
body weight of each mouse were recorded every other day for 2 weeks. V was de�ned as following
formula: V = (length × width2)/2. On day 15, the mice were sacri�ced to collect the major organs (heart,
liver, spleen, lung, kidney) and tumors for further tissue section and hematoxylin and eosin (H&E)
staining. The blood sample was also collected from the mice for further blood routine and blood
biochemical examination. The photography of each section was performed using a Nikon upright
microscope.

Results And Discussion
Preparation and characterization of CYC-1

CYC-1 was prepared by the self-assembly of Ce6 and YC-1 via an amended nanoprecipitation method. To
obtain an ideal nanomedicine, the self-assembly process of Ce6 and YC-1 was studied at different feed
ratios. As shown in Fig. 1A, TEM observations indicated that Ce6 and YC-1 at the feed ratio of 1:1 could
fabricate into spherical nanoparticles with relatively uniform size and morphology. Furthermore, the
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particle size distribution was evaluated by DLS. As displayed in Fig. 1B, at the feed ratio of 1:1, the
harvested nanomedicine had the minimum average size and its distribution was regular. Subsequently,
the assembly mechanism was explored by using the UV-Vis spectrum. After treated with NaCl, no obvious
changes were found on the shapes of the UV-vis spectra (Fig. 1C), which suggested an ignorable
intermolecular electrostatic interaction in CYC-1. However, different spectra of CYC-1 were observed when
dissolved in water and DMSO (Fig. 1D). Particularly, CYC-1 held a broader and red-shifted Soret band of
Ce6 in aqueous phase, which indicated π-π stacking and hydrophobic interactions between Ce6 and YC-1.
What’s more, the addition of hydrophobic SDS signi�cantly impacted the spectrum of CYC-1 (Fig. 1E),
demonstrating that SDS participated in the assembly of CYC-1. Based on these, it was speculated that
the π-π stacking and hydrophobic interactions might be the main drivers of drug self-assembly. The drug
loading rates of Ce6 and YC-1 were con�rmed to be 84.3% and 15.7% by using UV-vis spectrum (Fig. S1)
and high performance liquid chromatography (HPLC) (Fig. S2). Afterwards, the stability of CYC-1 was
also evaluated. As shown in Fig. 1F, the particle size and PDI of CYC-1 were detected to have no obvious
�uctuations in one week. The favorable stability of DSDS was the precondition for biomedical
applications. Taken together, by virtue of π-π stacking and hydrophobic interactions, Ce6 and YC-1 at
proper feed ratio could assemble into the nanomedicine with a uniform morphology and size distribution
as well as favorable dispersity and stability (Fig. 1G).

Evaluation of cellular uptake and ROS generation

After successful preparation of CYC-1, its cellular uptake behavior was evaluated by CLSM and �ow
cytometry. As displayed in Fig. 2A, with the prolonged incubation time, 4T1 cells treated with either Ce6 or
CYC-1 exhibited a gradually enhanced red �uorescence, which demonstrated an incubation time-
dependent cellular uptake. However, compared with Ce6, CYC-1 could be internalized more effectively
with a much stronger red �uorescence in 4T1 cells. Similar results were con�rmed by the quantitative
�uorescence analysis using �ow cytometry (Fig. 2B). No matter incubation for 2, 4, 8 or 24 h, the
�uorescence intensity of 4T1 cells treated with CYC-1 was more than 5 times as high as that of treated
with Ce6. These results indicated that the self-assembled nanomedicine gained the superiority on cellular
drug delivery over the hydrophobic photosensitizer.

Furthermore, the ROS production ability of CYC-1 was also detected to assess its potential for PDT. Above
all, the ROS generated by Ce6 and CYC-1 was monitored by �uorescence spectrum using SOSG as the
1O2 probe. As shown in Fig. 2C, in the absence of light, both Ce6 and CYC-1 failed to produce 1O2. Once

exposed to light, the SOSG �uorescence dramatically increased, indicating abundant production of 1O2.
Subsequently, the cellular ROS level was measured by CLSM using DCFH-DA as the ROS sensor. As
described in Fig. 2D, after treated with CYC-1 and light, 4T1 cells presented bright green �uorescence,
which implied lots of ROS production. Of special note, although Ce6 in solution could generate abundant
ROS, it was unable to elevate the ROS level of tumor cells under light irradiation. Consistent conclusion
was obtained by the mean �uorescence intensity (MFI) analysis (Fig. 2E). Compared with the PBS group,
only a little �uorescence enhancement was found in 4T1 cells treated with Ce6 and light, which should be
ascribed to the limited cellular internalization of hydrophobic Ce6 (Fig. 2A). The main reason for it should
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be the limited cellular internalization of hydrophobic Ce6 (Fig. 2A). To sum up, this self-delivery strategy
could signi�cantly improve the cellular uptake of therapeutic agents and promote the ROS production in
cells for effective photodynamic tumor therapy.

Cytotoxicity of CYC-1

Prior to detecting the antitumor performance, the cytotoxicity of CYC-1 was investigated against 4T1 cells
via MTT assay. As indicated in Fig. 3A, in the absence of light irradiation, Ce6, YC-1 and CYC-1 had such a
low toxicity that the cell viability was higher than 85%. However, after irradiated with light, Ce6 exhibited
an obviously enhanced cytotoxicity due to the initiation of PDT. Such striking differences also illustrated
the controllability of PDT in tumor therapy. More importantly, in comparison with the PDT of Ce6, CYC-1
with light showed a much more robust antitumor effect. One of the main reasons should be the improved
cellular uptake of therapeutic agents after self-assembly. Another primary reason might be that the YC-1
mediated HIF-1α inhibition sensitized the tumor cells to PDT, leading to an increased cytotoxicity. Besides,
it should be noted that CYC-1 could restrain the cell proliferation more effectively than the combined
administration of Ce6 and YC-1 in the presence of light. This result highlighted again the advantage of
the self-remedied nanomedicine in tumor therapy.

Subsequently, the anti-proliferation ability was further evaluated by detecting the cell apoptosis using
�ow cytometry. As shown in Fig. 3B, when without illumination, the percentages of viable cells were more
than 96% in all groups. The limited PDT of Ce6 could only cause less than half the tumor cells apoptosis.
However, with the assistance of YC-1, the PDT e�cacy of Ce6 was ampli�ed that over 60% of the cells
were found in early or late apoptotic state. More interestingly, there were almost no living cells after
treated with CYC-1 and light, which demonstrated the best antitumor effect owing to the HIF-1α inhibition
and self-delivery strategy. In addition, the cells after different treatments were performed for live/dead
staining analysis by CLSM (Fig. 3C). Particularly, 4T1 cells treated with CYC-1 and light showed bright red
�uorescence and a dash of green �uorescence, verifying that the overwhelming majority of the cells had
been dead after the YC-1-assistant PDT.

To validate the inhibitory effect of YC-1 on HIF-1α, 4T1 cells after various treatments were carried out for
western blot analysis. Notably, previous investigations had con�rmed that the self-delivery strategy of
CYC-1 could signi�cantly improve the cellular uptake and ROS production of Ce6 (Fig. 2). In this case, the
cells treated with CYC-1 should consume more oxygen for PDT than those treated by Ce6 in the presence
of light. However, the most expression of HIF-1α was actually observed on the cells treated by Ce6 and
light (Fig. S3), which indicated the maximal oxygen consumption. Moreover, after simultaneously treated
with YC-1, the PDT of Ce6 induced HIF-1α activation was found to be suppressed. Based on these, it
could be deduced that YC-1 could really inhibit HIF-1α to surmount the Achilles' heel of PDT for enhanced
antitumor e�ciency.

Antitumor study in vivo
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Antitumor study of CYC-1 was performed under light irradiation against the 4T1 tumor-bearing mice (Fig.
4A). After intravenous administration, the biodistribution of CYC-1 was investigated by �uorescence
imaging using small animal imaging system. As illustrated in Fig. 4B, the injected CYC-1 initially
distributed throughout the body with the blood �ow. Subsequently, a preferential �uorescence
aggregation was found on the tumor site, which implied an effective tumor accumulation of CYC-1 via
EPR effect. 12 h after injection, the mouse was sacri�ced to collect the tumor tissue and main organs for
ex vivo imaging. Obviously, in addition to the main metabolic organ of liver, tumor exhibited the strongest
�uorescence accumulation, which further demonstrated the EPR-mediated passive targeting ability of
CYC-1.

Inspired by it, the antitumor e�cacy of CYC-1 was then evaluated in vivo after intravenous injection. As
shown in Fig. 4C, the tumor growth was monitored every other day. The mice in PBS group without any
treatments were used as the control, whose tumors grew very fast. Besides, YC-1 and CYC-1 had a certain
ability of tumor suppression while the latter exhibited a better effect. The possible reason should be that
the nanosized CYC-1 could be accumulated into tumor tissues more effectively to inhibit the HIF-1α
activity and impair tumor growth. More importantly, in the presence of light, CYC-1 had absolute
superiority over Ce6 on the tumor inhibition, which should be attributed to the improved drug delivery
e�ciency after self-assembly as well as the enhanced PDT e�cacy through HIF-1α inhibition. Besides,
the body weights of the mice were increasing during the treatments (Fig. 4D), which indicated a low
system toxicity of these therapeutic agents. At the end of treatments, the tumor tissues were obtained for
photographing (Fig. 4E) and weighing (Fig. 4F), which further veri�ed the best antitumor effect of CYC-1
under light irradiation. Moreover, the tumor tissues were also stained by H&E for histological examination.
Compared with other groups, the tumors treated with CYC-1 and light held lots of damaged cells without
nucleus (Fig. 4G), illustrating that the YC-1 assistant PDT could maximally destroy the tumor tissue to
restrain its malignant proliferation.

In order to deeply explore the mechanism of YC-1, the tumor tissues were carried out for
immuno�uorescent staining after various treatments. As re�ected in Fig. 4H, the immuno�uorescence of
HIF-1α in YC-1 and CYC-1 groups was weaker relative to that in PBS group, which con�rmed the HIF-1α
inhibition mediated by YC-1. Conversely, the tumor tissue after the PDT of Ce6 showed an obviously
enhanced immuno�uorescence, suggesting that the PDT aggravated the tumor hypoxia and caused the
upregulation of HIF-1α. Even so, CYC-1 with light was found to not increase the expression of HIF-1α. This
signi�cant difference strongly demonstrated that YC-1 as a competent inhibitor of HIF-1α could
effectively mitigate the tumor hypoxia to improve the therapeutic effect of PDT. The self-remedied
strategy of CYC-1 was capable of surmounting the Achilles' heel of PDT, suggesting a great potential in
hypoxic tumor therapy.

Biosafety analysis of CYC-1

Favorable biosafety is necessary for therapeutic agents in biomedical applications. Although
nanomedicine could realize the targeted drug delivery through EPR effect, it is inevitable to have some
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aggregation on normal tissues. To assess the biosafety of CYC-1 in vivo, the main organs of the mice
after treatments were sliced and stained by H&E. As shown in Fig. 5A, the histological morphologies of
these organs were observed to have no obvious variations, which implicated a low side effect. The major
reasons for it should be that the PDT of CYC-1 had a good regioselectivity under local irradiation and it
was less toxic when without light exposure. Moreover, the serum biochemical indexes of blood urea
nitrogen (BUN), alanine aminotransferase (ALT), aspartate transaminase (AST) and uric acid (UA) were
detected to have no signi�cant abnormality (Fig. 5B), which suggested little damage of therapeutic
agents to liver and kidney. Additionally, blood routine analysis of the mice was also carried out (Fig. 5C).
Relevant parameters were basically in normal scopes, con�rming a favorable blood compatibility of CYC-
1. Undoubtedly, CYC-1 held good antitumor performance with few adverse reactions.

Conclusion
In summary, a carrier-free self-remedied nanomedicine was developed to surmount the Achilles' heel of
PDT for effective tumor suppression. By adjusting the feed ratio, Ce6 and YC-1 successfully assembled
into the nanomedicine of CYC-1 with a high drug loading rate and uniform size distribution. Besides, CYC-
1 had a good dispersibility and stability in aqueous phase regardless of the strong hydrophobicity of Ce6
and YC-1. Moreover, compared with free Ce6, CYC-1 exhibited an improved cellular uptake behavior, which
was of bene�t to generate more ROS in the presence of light irradiation. Besides, CYC-1 displayed much
better antitumor effect in comparison with the combined administration of Ce6 and YC-1 which
suggested the advantages of this self-delivery strategy for tumor suppression. Regardless of the fact that
the oxygen-dependent PDT could exacerbate the hypoxia to cause a decreasing therapeutic e�cacy, the
YC-1-assistant PDT was demonstrated to signi�cantly inhibit the tumor growth by downregulating the
expression of HIF-1α. This carrier-free self-remedied strategy overcame the Achilles' heel of PDT and
leaded to a minimal side effect, which would expedite the development and clinical translation of
nanomedicine for PDT against hypoxic tumors.
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Figure 1

Preparation and characterization of CYC-1. (A) TEM images and (B) the particle size distributions of the
self-assembled nanomedicine with the feed ratios of Ce6 and YC-1 at 4 : 1, 2 : 1, 1 : 1, 1 : 2 or 1 : 4. Scale
bar: 200 nm. (C) UV-vis absorbance of CYC-1 in NaCl solutions (0.2 M, 0.4 M or 0.8 M). (D) UV-vis
absorbance of Ce6, YC-1 and CYC -1 in the distilled water or in DMSO. (E) UV-vis absorbance of CYC-1 in
the presence or absence of 0.2 % SDS. (F) The particle size distribution and PDI changes of CYC-1 in 7
days. (G) The proposed mechanism of the preparation of CYC-1 by the self-assembly of Ce6 and YC-1
through π-π stacking and hydrophobic interactions.
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Figure 2

Cellular uptake behaviors and ROS production ability of CYC-1. (A) CLSM images and (B) �ow cytometry
analysis of the �uorescence in 4T1 cells after treatment with Ce6 and CYC-1 for 2, 4, 8 or 24 h. Scale bar:
20 µm. (C) 1O2 production abilities of Ce6 and CYC-1 when with or without light irradiation. SOSG was
employed as the 1O2 probe. (D) CLSM images and (E) relative mean �uorescence intensity (MFI) analysis
of 4T1 cells after treatment with Ce6, YC-1 or CYC-1 in the presence or absence of light. DCFH-DA was
used as the ROS probe. Scale bar: 20 µm. “+” represented the addition of light irradiation.
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Figure 3

Anti-proliferation ability of CYC-1. (A) 4T1 cell viability detection by MTT assay, (B) 4T1 cell apoptosis
analysis by �ow cytometry and (C) live/dead cell staining analysis of 4T1 cells by CLSM after treatment
with Ce6, YC-1, Ce6 & YC-1, or CYC-1 in the absence or presence of light. Scale bar: 100 μm. “+”
represented the addition of light irradiation.
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Figure 4

Anti-tumor study in vivo. (A) Schematic illustration of the anti-tumor study of CYC-1 under light irradiation
against 4T1 tumor-baring mouse. (B) Real time �uorescence images of the tumor-bearing mouse as well
as ex vivo �uorescence images of sacri�ced organs and tumor tissue after intravenously injection with
CYC-1. In which, He, Li, Sp, Lu, Ki and Tu represented heart, liver, spleen, lung, kidney and tumor
respectively. (C) The relative tumor volume and (D) body weight changes of the mice after administration
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with Ce6, YC-1 or CYC-1 in the presence or absence of light in 15 days. (E) The images of represented
tumor tissues, (F) the mean tumor weight and (G) H&E staining of tumor tissues at the end of treatments.
(H) Immuno�uorescent staining of tumor tissues after treatment with Ce6, YC-1 or CYC-1 for 24 h in the
presence or absence of light. Scale bar: 50 μm. “+” represented the addition of light irradiation.

Figure 5

Biosafety analysis of CYC-1. (A) H&E staining of the heart, liver, spleen, lung and kidney after treatment
with Ce6, YC-1 or CYC-1 in the presence or absence of light. (B) Biochemical analysis of BUN, ALT, AST, UA
and (C) blood routine analysis of the mice after treatment with Ce6, YC-1 or CYC-1 in the presence or
absence of light. “+” represented the addition of light irradiation.
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