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Abstract

Uncontrolled cancer cell proliferation, insufficient blood flow, and inadequate endogenous
oxygen lead to hypoxia in the tumor tissues. Herein, we report a unique type of hypoxia-
responsive human serum albumin (HSA)-based nanosystem (HCHOA) prepared by cross-
linking hypoxia-sensitive azobenzene group between photosensitizer chlorin e6 (Ce6)-
conjugated HSA (HC) and oxaliplatin prodrug-conjugated HSA (HO). The HCHOA
nanosystem is stable under normal oxygen partial pressure with the size of 100-150 nm. When
exposed to hypoxic tumor microenvironment, the nanosystem could quickly dissociate into
ultrasmall HC and HO therapeutic nanoparticles with the diameter smaller than 10 nm,
significantly enabling their enhanced intratumoral penetration. After the dissociation, the
quenched fluorescence of Ce6 in the produced HC nanoparticles could be recovered for
bioimaging. At the same time, the production of singlet oxygen was increased because of the
enhancement in the photoactivity of the photosensitizer. On account of these improvements, the
combined photodynamic therapy and chemotherapy were realized to display superior antitumor

efficacy in vivo. Based on this simple strategy, we were able to achieve the dissociation of
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hypoxic-responsive nanosystem to enhance the tumor penetration and therapeutic effect.
Keywords: chemotherapy, human serum albumin, hypoxia, intratumoral penetration,

photodynamic therapy

Versatile nanoparticles for precise delivery of therapeutic drugs to solid tumors show a great
prospect to enhance the treatment efficiency and reduce systemic side effects during the
administration.l!! On account of the malformation of blood vessels and dense extracellular
matrix in the tumor microenvironment, nanoparticles must overcome the barriers of interstitial
delivery to achieve deep tumor penetration.!”] The size of nanoparticles plays an important role
in transporting them to deep tumor tissues, since the diffusion distance is inversely proportional
to the particle size.l’! Nanoparticles with larger sizes of approximately 100-150 nm, although
possessing a great advantage in improving pharmacokinetics and prolonging the blood
circulation, are inferior in the case of tumor penetration due to their large diffusion barrier in
the tumor space as compared to their ultrasmall counterpart.'¥! On the contrary, nanoparticles
with ultrasmall sizes below 10 nm have better tumor penetration capability but shorter blood
circulation half-life and ineffective tumor accumulation because of their rapid clearance.!]
Ideally, nanoparticles should have relatively larger diameters to achieve better tumor
accumulation by enhanced permeability and retention (EPR) effect during the blood circulation,
and could release therapeutic ultrasmall nanoparticles that are loaded or attached to the large
nanoparticles upon arrival at the tumor site.[6!

Size-switchable therapeutic nanoagents capable of responsive to external stimuli (e.g., light,
radiation, and ultrasound) or intrinsic tumor microenvironment conditions (e.g., pH, redox, and
enzyme) have been developed to achieve deeper tumor penetration, better tumor accumulation,
and more effective treatment efficiency.l”) Hypoxia, caused by insufficient oxygen supply, is a
common feature in most solid tumors.®! Hypoxic and normoxic tissues show significant
differences in the microenvironment, providing an opportunity for tumor-specific diagnosis and
treatment triggered by oxygen partial pressure.”! It has also been reported that azobenzene
derivatives could be reduced to aniline derivatives by various reductases and this process is
closely related to the degree of hypoxia.l'?l Due to excellent hypoxia-sensitive property,
azobenzene derivatives have been employed as hypoxia-responsive fluorescent probes to detect
hypoxia levels!'!l and for the delivery of therapeutic drugs!'?! or genes!!3! to hypoxic cancer
cells. However, azobenzene-based nanoparticles with hypoxia-responsive dissociation capacity

to augment the tumor penetration and therapeutic efficiency have still not been well investigated
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so far.

Human serum albumin (HSA) as a major component of serum proteins has been widely used
for the drug delivery on account of its intrinsic biocompatibility, abundant source and having a
variety of functional groups for facile modifications.!'*) In this work, we synthesized a size-
switchable nanosystem (HCHOA) by using a hypoxia-responsive azobenzene linker to
covalently bridge photosensitizer chlorin e6 (Ce6)-conjugated HSA (HC) and oxaliplatin
prodrug-conjugated HSA (HO). At normal oxygen partial pressure, the HCHOA nanosystem
possesses the diameter of around 100 to 150 nm, beneficial for their long-term blood circulation
and enhanced tumor accumulation through the EPR effect. Under hypoxic conditions, these
large nanoparticles rapidly dissociate into ultrasmall HC and HO nanoparticles with the
diameter below 10 nm owing to the cleavage of the azobenzene moiety in the HCHOA structure
by numerous reductases, leading to a significant increase in intratumoral permeability. Upon
the dissociation under hypoxic environment, the quenched photoactivity of Ce6 in the HCHOA
nanosystem could be activated with enhanced fluorescence and singlet oxygen production for
achieving better therapeutic outcome.

The tailored design of the HCHOA nanosystem is showed in Figure l1a. The Ce6
photosensitizer and Oxa(IV)-COOH prodrug were separately conjugated with HSA via the
formation of amide bonds to produce albumin-based ultrasmall HC and HO nanoparticles with
the diameter of less than 10 nm (Figure S1), respectively. Then, different amounts of hypoxia-
sensitive linker, azobenzene-4,4'-dicarboxylic acid, were added to covalently crosslink HC and
HO (1:1 weight ratio) by carbodiimide hydrochloride / N-hydroxysuccinimide coupling,
yielding HCHOA assemblies. Under hypoxic conditions, hypoxia-responsive azobenzene
moiety in the HCHOA nanosystem would be reduced and cleaved, resulting in the dissociation
of the nanosystem into ultrasmall HC and HO therapeutic agents with enhanced penetration
into deep tumor tissues for better tumor-inhibiting outcome (Figure 1b,c).

Transmission electron microscopy (TEM) images and dynamic light scattering (DLS) data
revealed that the sizes of obtained HCHOA nanoparticles increased from 77.2 nm to 604.6 nm
upon increasing the weight ratio of the hypoxia-responsive linker (Figure 1d,e). The size of the
products rapidly expanded to be more than 500 nm when the weight ratio exceeded 0.8:10, due
to the nanoparticle self-aggregation. As illustrated by UV-Vis spectra (Figure 1f), the
absorbance of HCHOA nanoparticles at around 335 nm corresponding to the azobenzene linker
was obviously enhanced with the increasing concentration of the added linker, suggesting
successful incorporation of gradually rising linker content in the synthesized nanoparticles. On

the other hand, the fluorescence of HCHOA nanoparticles gradually decreased upon increasing
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the weight ratio of azobenzene linker, which was mainly due to the fluorescence quenching
effect of incorporated Ce6 under increased assembly (Figure 1g).['>] As compared with free Ce6,
HC showed slightly reduced efficiency of light-induced singlet oxygen generation at the same
Ce6 concentration (Figure 1h). Larger HCHOA nanoparticles appeared to produce less singlet
oxygen, which may be caused by reducing the photoactivity of photosensitizer.

The HCHOA obtained with the weight ratio of 0.4:10 between the azobenzene linker and
HSA protein was employed for further investigations, since the nanoparticles produced in this
ratio exhibited the diameter of 100-150 nm suitable for blood circulation and effective tumor
passive accumulation.['8! Concomitantly, considering the fact that this particular type of
nanoparticles would produce less singlet oxygen than other smaller nanoparticles under
normoxic conditions, there was favorable reduction of phototoxicity to normal tissues even
when they were illuminated by stray light during animal studies. The loading capacities of Ce6

and Oxa(1V) in this type of HCHOA were measured using absorbance spectra and inductively

coupled plasma optical emission spectrometry (ICP-OES), which were 1.28 % and 1.82 %,
respectively.

As an important control, 4’4-biphenyldicaboxylic acid (H2BPDC) that is stable under hypoxic
environment was used to covalently conjugate with HC and HO under the same method,
affording the HCHOH nanoparticles. As demonstrated by TEM images and DLS measurements,
HCHOH exhibited similar morphology and diameter to HCHOA (Figure 2a-d), suggesting that
HCHOH is a suitable system for comparison.

We first studied whether the HCHOA nanoparticles could be stored for a long period of time.
After the lyophilization, the HCHOA nanoparticles were instantaneously re-dissolved in
phosphate buffered saline (PBS) with no obvious size change (Figure 2f), showing a great
storage capacity for future applications. The obtained nanoparticles could also be well dispersed
in different solutions, including water, PBS and cell culture medium, without any aggregation
after the incubation for 3 days, indicating its excellent stability under physiological conditions
(Figure S2). To explore the hypoxia-responsive degradability of these nanoparticles, HCHOH
and HCHOA were incubated in simulated hypoxic conditions using rat liver microsomes with
nicotinamide adenine dinucleotide phosphate (NADPH) and argon gas bubbling for various
treatment periods. The morphology of HCHOH exhibited no significant change after 24 h as
shown by the TEM images, suggesting that HCHOH was rather stable in hypoxic conditions
(Figure 2e). Interestingly, HCHOA showed time-dependent degradation into ultrasmall species
in hypoxic environments on account of the cleavage of the azo bond. These results demonstrate

that the azo bond cleavage in HCHOA is directly responsible for the degradation.!!”]
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For most conventional organic light emitting materials, their luminescence is often weakened
or quenched in aggregated state, which is referred to as aggregation-caused quenching
(ACQ).I'"8 Similarly, photochemical efficiency of a photosensitizer drops sharply when its
concentration is increased or it is densely encapsulated in nanocarriers, attributed to the ACQ
effect and obvious reduction in the generation of reactive oxygen species.!'”) Therefore, the
fluorescence and singlet oxygen production from photosensitizers would be rapidly enhanced
when changing them from aggregated state to free monomeric state.

We hypothesized that the fluorescence and photoactivity of loaded Ce6 would be recovered
after the hypoxia-induced degradation of the HCHOA nanoparticles into ultrasmall HC and HO
species. Indeed, the fluorescence of Ce6 was significantly enhanced by treating the HCHOA
nanoparticles under hypoxic conditions over time (Figure 2g). On the contrary, the fluorescence
of Ce6 in HCHOH did not exhibit significant change under hypoxic conditions. In addition to
the fluorescence recovery, the singlet oxygen generation capability was tested using singlet
oxygen sensor green (SOSG) as an indicator.!?’! The photosensitizing ability of these two types
of nanoparticles with the same Ce6 concentration was evaluated by comparing their singlet
oxygen production efficiency under the 660 nm light irradiation (Figures 2h and S3). Untreated
HCHOH and HCHOA nanoparticles displayed similar photosensitizing capabilities as indicated
by the similar increase in the SOSG fluorescence. For HCHOH and HCHOA nanoparticles
pretreated with rat liver microsomes/NADPH under hypoxic conditions for 24 h, the singlet
oxygen generation capacity was significantly enhanced from HCHOA as compared to HCHOH.
This phenomenon could be accounted by the hypoxia-triggered generation of ultrasmall
therapeutic HC and HO, leading to significant enhancement in the photoactivity of the
photosensitizer.[*!] These results are consistent with the TEM observations, validating that the
azobenzene linker conjugating between HC and HO could be cleaved to recover the
fluorescence and consequently the photoactivity of Ce6.

Intracellular hypoxia-responsive degradation of HCHOA was then evaluated in vitro. First,
the intracellular uptake efficacy of HCHOA nanoparticles by 4T1 murine breast cancer cells
was examined by confocal laser scanning microcopy (Figure 3a). Strong Ce6 fluorescence
inside cells was observed after prolonging the incubation time, suggesting that HCHOA could
be sufficiently internalized by the cells. Next, we studied the in vitro cell-killing efficiency of
various samples including free Oxa(IV) prodrug, HO, and HCHOA after the incubation with
4T1 cells for 48 h (Figure S4). The obtained data reveal that, although HO and HCHOA were
less cytotoxic than free prodrug, they were still sufficiently efficient in killing cancer cells.

To evaluate the PDT efficiency, corresponding nanoparticles without the Oxa(IV) prodrug,
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i.e., HCHA containing the azobenzene linker and HCHH having the HoBPDC linker were
synthesized as controls using HC and untreated HSA (1:1 ratio) under the abovementioned
method. Different samples (free Ce6, HC, HCHH and HCHA) were incubated with 4T1 cells
under normoxic or hypoxic conditions for 12 h and then irradiated with 660 nm light (20 mW
cm?) for 1 h. After further 24 h incubation, relative cell viability was studied by the standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 3b,c).
Both free Ce6 and HC exhibited high phototoxicity to cells in oxygen-rich environment, but
significantly weak phototoxicity in hypoxic conditions mainly due to insufficient oxygen supply.
As compared to HCHH, light-induced cell destruction efficiency of HCHA remained at higher
level even under hypoxic conditions where oxygen level was approximately 1%.

The effect of combinational therapy was then investigated in vitro by subjecting the 4T1 cells
with HCHA, HCHOH or HCHOA (Figure 3d,e). After the incubation with different samples
for 12 h, cells were either kept in the dark or irradiated with 660 nm light for 20 min (20 mW
cm2). As compared to PDT alone (HCHA plus irradiation) and chemotherapy alone (HCHOA
in the dark), the combined treatment by HCHOA with light irradiation was found to be most
effective in cancer cell killing effect under either normoxic or hypoxic conditions. In contrast,
HCHOH could effectively kill tumor cells under normoxic conditions, while the killing effect
under hypoxia was significantly weakened. Confocal images of Calcein AM and propidium
iodide (PI) stained 4T1 cells after various treatments further validated the cell viability data by
the MTT assay (Figure 3f). In comparison to HCHOH nanoparticles, hypoxia-sensitive
HCHOA could dissociate into free protein-based therapeutic species under hypoxic conditions,
showing enhanced photoactivity of the photosensitizer to promote the PDT performance for
enabling combined effect of PDT and chemotherapy.

Tumor-associated fibroblastic cells and extracellular matrix in the tumor microenvironment
contain large amounts of collagen and proteoglycans as barriers to obstruct the penetration of
large-sized nanoparticles.??! Due to the presence of hypoxia in the tumor microenvironment,
the penetration of HCHOA after the dissociation into free HSA-based complexes should be
investigated in detail. It was hypothesized that, under hypoxic environment, the dissociation of
larger HCHOA nanoparticles into ultrasmall HC and HO complexes could enhance the
penetration into solid tumors. As an in vitro model, 3D multicellular tumor spheroids (MCTSs)
were utilized to study the penetration behavior by incubating free Ce6, HC, HCHOH, or
HCHOA with MCTSs under hypoxic conditions. After the incubation with different
formulations for 24 h, the sample penetration within MCTSs was observed by confocal

microscopy. As revealed in Figure 4a, bright red fluorescence in the case of free Ce6 and HC
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was widely distributed in most regions of MCTSs, mainly because of their smaller sizes that
enable better penetration. For MCTSs incubated with HCHOH, however, the fluorescence of
Ce6 rapidly decreased upon increasing depth and only localized at the peripheral region of these
MCTSs, indicating inadequate penetration ability of HCHOH with diameters in the range of
100-150 nm. On the other hand, HCHOA displayed better penetration capability. This is due to
its dissociation into ultrasmall HC and HO complexes under hypoxic environment for better
penetration, and thus Ce6 fluorescence could be visualized in MCTSs at increased depth as
compared to HCHOH.

To observe the intra-tumoral distribution of different formulations, we performed
immunofluorescence staining assay for tumor slices obtained from mice injected with HC,
HCHOH, or HCHOA nanoparticles (Figure 4b). After intravenous injection of different
nanoparticles for 24 h, the tumors were stained with anti-CD31 antibody to visualize blood
vessels and then imaged by confocal microscope. For mice injected with HCHOH, the
fluorescence of Ce6 was mostly colocalized with or situated near tumor blood vessels,
indicating limited tumor penetration of HCHOH nanoparticles. In the tumor slices of mice
injected with HC or HCHOA nanoparticles, Ce6 florescence was detected away from blood
vessels, confirming outstanding extravascular diffusion ability of HC and HCHOA
nanoparticles. These results demonstrate that HCHOA could be degraded into ultrasmall
albumin complexes to enable efficient tumor diffusion in hypoxic tumor microenvironment,
showing a great potential to enhance the therapeutic effect of tumor.

Next, 4T1 tumor-bearing mice after intravenous injection of different nanoparticles were
imaged by Maestro EX optical imaging system for verifying the accumulation of HCHOA
(Figure 4c). The fluorescence signal of Ce6 from ultrasmall HC nanoparticles was significantly
weakened over time due to rapid clearance by the mouse body. After mice were injected with
HCHOH nanoparticles, the fluorescence signal at the tumor region was not obviously observed,
because of severe quenching of the Ce6 fluorescence in these nanoparticles with larger size
(Figure 4d,e). Interestingly, HCHOA nanoparticles presented higher tumor accumulation
visualized by in vivo fluorescence, mainly due to the recovery of the Ce6 fluorescence at
hypoxic tumor microenvironment after hypoxia-responsive dissociation into ultrasmall
complexes. The mice were sacrificed at 24 h after intravenous injection of various nanoparticles,
and major organs were harvested. The semi-quantitative biodistribution of these nanoparticles
in tumors and major organs further showed that the Ce6 fluorescence of HCHOA nanoparticles
in the tumor site was significantly stronger than that of other formulations (Figure 4d,f). In

particular, HC nanoparticles exhibited lower fluorescence as compared to HCHOA
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nanoparticles, possibly due to poor blood circulation lifetime of such small nanoparticles. In
addition, quantitative biodistribution measurements were conducted by measuring the Pt level
in different organs using ICP-OES (Figure S5). The results evidenced better tumor uptake of
HCHOA nanoparticles through enhanced EPR effect as compared to ultrasmall sized HO
nanoparticles after intravenous injection. Furthermore, kidneys in the group of HO
nanoparticles showed higher Pt signal, further indicating that the nanoparticles could be rapidly
excreted from the body via the renal metabolism.

In order to verify that the strategy of using hypoxia-induced nanoparticle dissociation would
be useful in improving the efficacy of cancer treatment in vivo, thirty nude mice bearing 4T1
tumors were used, including group 1: untreated; group 2: HCHOA; group 3: HCHA plus 660
nm light irradiation; group 4: HCHOH plus 660 nm light irradiation; group 5: HCHOA plus
660 nm light irradiation (Ce6: 4 mg kg'!, Oxa(IV): 5.7 mg kg'!). As shown in Figure 5a, the
tumor growth was slightly suppressed by chemotherapy with HCHOA (Group 2) or PDT with
HCHA (Group 3). Similarly, for mice injected with HCHOH under 660 nm light irradiation
(Group 4), the development of tumor was only moderately inhibited. Significantly, it was
observed that the group of HCHOA with light irradiation (Group 5) offered the greatest tumor
growth inhibition as compared to all other treatment groups. The average tumor weights and
corresponding photographs of tumors excised from different treatment groups illustrated that
the HCHOA nanoparticles with light irradiation presented the best antitumor efficiency (Figure
5b,c). Therefore, relying on specific microenvironment of tumor hypoxia, HCHOA
nanoparticles could be dissociated to ultrasmall albumin-based complexes for deeper
penetration into tumor tissues, achieving synergistic effect of enhanced PDT and chemotherapy.

In addition, hematoxylin and eosin (H&E) staining was conducted for tumor slices after
various treatments (Figure 5e). The results indicate that the HCHOA nanoparticles with light
irradiation led to the highest degree of cancer cell apoptosis as compared with other groups,
which is consistent with the obtained therapeutic outcome based on tumor volumes. H&E
stained images of major organs from HCHOA treated mice showed that this therapeutic system
did not cause any noticeable tissue damage or side effect to these normal organs (Figure S6).
The body weight of mice was not affected by various treatments, suggesting that there was no
serious systemic toxicity to the mice after the administration of HCHOA nanoparticles (Figure
5d). Furthermore, the serum biochemistry assay and complete blood panel tests were conducted
at the same time, showing no significant difference as compared with those of untreated control
mice (Table S1). Therefore, these results demonstrated that HCHOA nanoparticles showed no

obvious toxicity to mice after 14 days under the tested dosage.
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In summary, multifunctional intelligent hypoxia-responsive HCHOA nanoparticles have been
successfully developed by a simple covalent cross-linking method for combinational PDT and
chemotherapy. The HCHOA nanoparticles with sizes of 100-150 nm upon systemic
administration show longer blood circulation and better tumor accumulation than that of control
groups. In hypoxic tumors, the azobenzene group in HCHOA nanoparticles would be cleaved
by reductases, resulting in the dissociation into individual HC and HO complexes with
diameters of below 10 nm to present significantly improved intratumoral penetration as
compared to non-hypoxia responsive HCHOH nanoparticles with similar sizes to HCHOA. On
account of the dissociation of HCHOA nanoparticles into ultrasmall albumin-based complexes
under hypoxic conditions, the photoactivity of Ce6 could be activated to recover its
fluorescence and increase the production of singlet oxygen. As a result, great anti-tumor
outcome has been achieved on animal models after combined PDT and chemotherapy with
HCHOA under light irradiation. Thus, we have designed a simple nanosystem that utilizes the
microenvironment of tumor hypoxia to enhance the diffusion of nanoparticles and achieve
better therapeutic effect. This work presents an elegant strategy to demonstrate tumor hypoxia-
responsive size change of therapeutic agents for enhanced intratumoral penetration and
improved anticancer performance. More importantly, albumin-based nanosystem is composed
of biocompatible and biodegradable components, which shows enormous potential for future

clinical translation.
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Figure 1. Synthesis and characterization of HCHOA nanoparticles. (a) Schematic illustration

about HCHOA and its the components. (b) Scheme indicating hypoxia-responsive dissociation

of HCHOA. (c) Scheme showing that, in the microenvironment of tumor hypoxia, hypoxia-

responsive HCHOA could disintegrate into individual HSA-based complexes with improved

tumor penetrating ability. (d) TEM images of HCHOA with different particle sizes synthesized
at different weight ratios of azo-linker and albumin. (e) DLS data of HCHOA with different

size prepared under different feeding ratios of azo-linker and albumin. (f) UV-vis-NIR spectra

of different HCHOA nanoparticles. (g) Fluorescence intensity of different HCHOA

nanoparticles with the same Ce6 concentrations. (h) Production of singlet oxygen measured by

the enhanced SOSG fluorescence for free Ce6, HSA-Ce6, and HCHOA nanoparticles with

different sizes.
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Figure 2. Hypoxia-responsive nanoparticle dissociation. (a) Structure of non-hypoxia-
responsive linker and (b) TEM image and DLS data of HCHOH synthesized using linker (a).
(c) Structure of hypoxia-responsive azo-linker and (d) TEM image and DLS date of HCHOA
synthesized using linker (c¢). (¢) TEM images of HCHOH and HCHOA nanoparticles after
incubation with rat liver microsomes/NADPH under hypoxia conditions for various periods of
time. (f) DLS size distribution of as-made HCHOA and the rehydrated sample after
lyophilization. Insets were the images of HCHOA before (1) lyophilization, (2) after
lyophilization, and (3) after rehydration. (g) Time-dependent fluorescence intensity of HCHOH
and HCHOA after being incubated with rat liver microsomes/NADPH under hypoxic
conditions. Insets were the corresponding fluorescence images of HCHOH and HCHOA after
being incubated with rat liver microsomes/NADPH under hypoxic conditions in different time
intervals. (h) Production of singlet oxygen measured by the enhanced SOSG fluorescence. The
groups of HCHOH and HCHOA treated with rat liver microsomes/NADPH were pre-incubated

in hypoxic conditions for 24 h.

13



WILEY-VCH
(a) (b) (c)

DAPI LysoTracker Ce6 Merged Normoxic incubation Hypoxic incubation

n
o

I Free Ce6+L [ HC+L N Free Ce6+L [ HC+L
B HCHH+L [ HCHA+L

B HCHH+L [ HCHA+L

=3
=3

g
1h g 80
o
g w0
>
°
o 20
0
0.0625 0125 025 05 1 00625 0125 025 05 1

2h

Concentration of Ce6 (uM) Concentration of Ce6 (uM)

ot (d) Normoxic incubation (e) Hypoxic incubation

-
»
o

M HCHA+L [ HCHOA
[ HCHOH+L [l HCHOA+L

N HCHA+L [l HCHOA
[ HCHOH+L [l HCHOA+L

=3
=3

4 h

-3
=3

-3
=3

§
>
=
8
=
>
©
o

IS
S

8h

20
Ce6: 0.13 0.25 0.5 1 2

> : 013 025 0.5 1 2
M Oxa(lv): 028 056 113 225 4.5 Oxa(lV): 0.28 0.56

113 225 45
Concentration of Ce6 (uM) Concentration of Ce6 (uM)
and Oxa(IV) (ug mL) and Oxa(IV) (ug mL)
(f) Normoxic incubation Hypoxic incubation

~ s ~
HCHOH+L HCHOA+L % \

Figure 3. In vitro cell culture experiments. (a) Confocal images of HCHOA nanoparticles
incubated with 4T1 cells at different time points. Blue, red, and green colors represent 4°,6-
diamidino-2-phenylindole (DAPI), lysotracker-stained endosomes/lysosomes, and Ce6
fluorescence, respectively. In vitro PDT treatment of 4T1 cells by free Ce6, HC, HCHH, or
HCHA under 660 nm light irradiation (20 mW cm™, 1 h) with (b) normoxic or (¢) hypoxic
incubation (1 % O and 5 % CO; balanced with N;). Relative viability of 4T1 cells after
incubation with HCHA plus light irradiation, HCHOH plus light irradiation, and HCHOA with
or without light irradiation (660 nm, 20 mW cm™, 20 min) in (d) normoxic or (e) hypoxic
conditions. (f) Confocal fluorescence images of Calcein AM/PI stained 4T1 cells after various
treatments in normoxic or hypoxia conditions (Ce6: 4 uM, Oxa(IV): 9 ug mL™!). Green and red

colors represent Calcein AM and PI fluorescence, respectively.
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Figure 4. Intratumoral penetration and in vivo fluorescence of HCHOA nanoparticles. (a) In
vitro penetration of Ce6 into MCTSs after the incubation with free Ce6, HC, HCHOH, or
HCHOA in hypoxic conditions for 24 h. (b) Confocal fluorescence images of tumor slices from
mice at post-24 h injection of HC, HCHOH, or HCHOA. Red and green signals were from the
anti-CD31 stained blood vessels and Ce6 fluorescence, respectively. (c) Time-dependent
fluorescence images of HC, HCHOH, or HCHOA in mouse models. (d) Ex vivo fluorescence
images of major organs and tumors taken at 24 h after intravenous injection of HC, HCHOH,
or HCHOA nanoparticles. Li, Sp, Ki, H, Lu, and Tu stand for liver, spleen, kidney, heart, lung,
and tumor, respectively. (e) Relative fluorescence intensity of tumors from these three groups
of mice based on in vivo fluorescence images indicated in (c). (f) Semi-quantitative ex vivo

fluorescence intensity of major organs and tumors in (d).
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Figure 5. In vivo anticancer therapy with HCHOA nanoparticles. (a) Tumor growth curves of
different groups after various treatments in 4T1 tumor model. (b) Average tumor weights of
mice at the end of different treatments. (c) Photographs of tumors taken from different groups
of mice after 14 days. (d) Changes of average body weights from mice after different treatments
indicated. (¢) H&E stained images of tumor slices taken from different groups at day 5. Error
bars from (a) and (d) were based on standard errors of the mean. p values in (a) and (b) were

calculated by Tukey’s post-test (***p < 0.001, **p < 0.01, or *p < 0.05).
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A hypoxia-responsive albumin-based nanosystem could be dissociated into individual
therapeutic agents with sizes below 10 nm for increased intratumoral permeability under tumor
hypoxic environment. The photoactivity of the loaded chlorin €6 is activated with recovered
fluorescence and increased singlet oxygen production, achieving superior antitumor treatment

on animal models through combined photodynamic therapy and chemotherapy.
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