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ARTICLE INFO ABSTRACT

Photodynamic therapy (PDT) is a promising treatment modality for tumor suppression. However, the hypoxic
state of most solid tumors might largely hinder the efficacy of PDT. Here, a functional covalent organic fra-
mework (COF) is fabricated to enhance PDT efficacy by remodeling the tumor extracellular matrix (ECM). Anti-
fibrotic drug pirfenidone (PFD) is loaded in an imine-based COF (COFrya.puta) and followed by the decoration
of poly(lactic-co-glycolic-acid)-poly(ethylene glycol) (PLGA-PEG) to fabricate PFD@COFra pura @PLGA-PEG,
or PCPP. After injected intravenously, PCPP can accumulate and release PFD in tumor sites, leading to down-
regulation of ECM compenents such as hyaluronic acid (HA) and collagen I. Such depletion of tumor ECM
reduces the intratumoral solid stress, a compressive force exerted by the ECM and cells, decompresses tumor
blood vessels, and increases the density of effective vascular areas, resulting in significantly improved oxygen
supply in tumor. Furthermore, PCPP-mediated tumor ECM depletion also enhances the tumor uptake of sub-
sequently injected Protoporphyrinl IX (PPIX)-conjugated peptide formed nanomicelles (NM-PPIX) due to the
improved enhanced permeability and retention (EPR) effect. Both the alleviated tumor hypoxia and improved
tumor homing of photosensitizer (PS) molecules after PCPP treatment significantly increase the reactive oxygen
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species (ROS) generation in tumor and therefore realize greatly enhanced PDT effect of tumor in vivo.

1. Introduction

Photodynamic therapy (PDT) is well known as a noninvasive ther-
apeutic procedure with high selectivity for tumor inhibition.
Photosensitizer (PS), light, and oxygen are three essential components
of PDT [1,2]. Upon the illustration of harmless light with a specific
wavelength, nontoxic PS can transfer the energy from light to oxygen to
generate cytotoxic reactive oxygen species (ROS), which leads to rapid
cell death through apoptosis and/or necrosis [3-5]. Given that tradi-
tional PSs are highly hydrophobic and lack of tumor selectivity, to
improve the tumor homing of PSs, nanotechnologies that constructing
PS-involved nanoparticles (PNPs) have been widely developed and
proved to be feasible ways to improve the pharmacokinetics and tumor
accumulation of PSs, which mainly rely on the enhanced permeability
and retention (EPR) effect [6-8]. However, due to the poorly formed
tumor vessels and irregular proliferation of tumor cells, PDT always
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suffers from insufficient oxygen supply and weakened EPR effect of
PNPs in tumor regions, which greatly restrict the ROS generation in
whole tumor and thereby significantly decrease the therapeutic out-
comes of PDT in vivo [9-11].

Recent studies showed that tumors are not composed merely of
tumor cells alone. Instead, they are complex systems that comprising
tumor cells, non-tumor cells, and blood vessels etc., all embedded in a
fibrous material network known as the extracellular matrix (ECM)
[12,13]. The ECM is a critical component of the tumor microenviron-
ment and proved to play key roles in tumor initiation, growth, metas-
tasis, and therapy resistance [14-17]. Particularly, the ECM and cells
can squeeze the tumor blood vessels, which reduces or prevents blood
flow to the tumor regions, thus leading to the reduction of oxygen
supply and drug delivery to tumor tissues [18-20]. Simultaneously, the
abnormally rigid matrix in tumors can also act as a physical barrier to
hinder the diffusion of oxygen and drugs, further limiting the
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therapeutic efficacy of PDT [21,22]. In view of the serious obstruction
of tumor ECM for PDT, utilizing matrix-depleting agents to digest tumor
ECM might be a feasible way to enhance the treatment efficacy of PDT
in vivo. However, since ECM components such as collagen and hya-
luronic acid (HA) provide basic structure and support to bones and
normal tissues [23], developing safe patterns that ensure the selectively
working of matrix depleting agents in tumors is necessary and mean-
ingful.

Covalent organic frameworks (COFs) are an emerging class of
crystalline porous polymers which have gained considerable research
attention in recent years [24,25]. Owing to their tunable molecular
structures, high surface area, and diverse functionality, COFs are widely
studied and applied in multiple fields including gas adsorption and
separation, catalytic science, energy storage, and optoelectronics
[26-30]. Moreover, due to the robust covalent bond linkage and the
metal ion free feature, COFs also possess outstanding chemical stability
as well as good biocompatibility [31,32], which show great potential
for biomedical applications. Recent studies have indicated that COFs
can serve as promising drug carriers with high loading capacity, ap-
propriate release behavior, and low cytotoxicity [33-35]. Therefore,
utilizing COFs for tumor targeted delivery of matrix-depleting agents in
vivo is of great attraction.

Keeping all these in mind, here, a functional COF-based ECM-de-
pleting nanosystem was developed to enhance tumor PDT. As illu-
strated in Scheme 1, anti-fibrotic drug pirfenidone (PFD) was loaded in
an imine-linked COF termed as COFrrapura (TTA: 4,4°,47-(1,3,5-tria-
zine-2,4,6-triyl)trianiline and DHTA: 2,5-dihydroxyterethaldehyde) and
followed by the decoration of amphiphilic polymer poly(lactic-co-gly-
colic-acid)-poly(ethylene glycol) (PLGA-PEG) to provide PFD@COF74.
puta@PLGA-PEG, or PCPP. PFD was reported can reduce the contents
of ECM components such as collagen and HA [36]. COFrra.puTa Was
chosen because of its good chemical stability and relatively large pore
size [37]. Moreover, PLGA-PEG was engaged to improve the dis-
persibility and biocompatibility of the nanosystem [38]. After injected
intravenously, PCPP was supposed to accumulate in tumor sites via the
EPR effect and release PFD in situ to down-regulate the levels of tumor
ECM components, leading to the reduction of tumor solid stress. This
was supposed to decompress tumor blood vessels, restore vascular
functionality, and thereby improve the oxygen supply in tumor.
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Moreover, PCPP treatment was also expected to enhance the tumor
homing of subsequently injected PPIX-conjugated peptide formed na-
nomicelles (NM-PPIX) which served as model PNPs due to the improved
EPR effect. The improved tumor oxygenation and increased tumor
uptake of PSs after PCPP treatment were supposed to promote the ROS
generation in tumor upon laser irradiation, thus realizing remarkably
enhanced tumor PDT effect in vivo.

2. Materials and methods
2.1. Materials

PFD and PPIX were provided by Aladdin Reagent (Shanghai, China).
PLGA-PEG  (PLGA000-PEG2ggo) Wwas obtained from Ponsure
Biotechnology (Shanghai, China). DHTA and TTA were provided by
Extension Technology Co.,Ltd (Jilin, China). Fmoc-PEGg-CH,CH,COOH
was provided by Biomatrik Inc. (Zhejiang, China). ROS-ID hypoxia/
oxidative stress detection kit was provided by Enzo Life Sciences. Inc.
(USA). Fetal bovine serum (FBS), RMPI 1640, penicillin-streptomycin,
agarose, trypsin, Dulbecco's phosphate buffered saline (PBS), and MTT
were obtained from Lonza Group Ltd. (Switzerland). L-012 was ob-
tained from Wako (Japan). All other reagents were used without further
purification.

2.2. Instruments

The morphologies of PCPP and NM-PPIX were examined with TEM
(JEOL-2100, Tokyo, Japan) and SEM (Zeiss Sigma FESEM). XRD spectra
was obtained on a Rigaku MiniFlex. The UV-vis absorbance was mea-
sured by a UV-vis spectroscopy (Lambda Bio40). Zeta potential and
particle size were measured by a zeta sizer (Nano ZS, Malvern
Instruments). Fluorescence images were obtained on a C1-Si (Nikon)
laser scanning confocal microscope (CLSM). The histologic sections
were observed with an inverted fluorescence microscope (IX 70,
Olympus, Japan). In vivo imaging experiments were conducted by
using IVIS imaging systems (PerkinElmer).
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Scheme 1. Schematic illustration of PCPP-mediated tumor ECM degradation to enhance tumor PDT effect. A) Restricted tumor PDT effect due to the insufficient
oxygen supply as well as the limited uptake of NM-PPIX in tumor. B) Selective delivery and release of PFD in tumor tissues by PCPP, PFD-mediated tumor ECM
depletion, promotion of tumor vasculature functionality, and alleviation of the hypoxic state of tumor. C) Enhanced ROS generation and tumor PDT effect due to the

improved oxygen supply and tumor uptake of NM-PPIX.
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Fig. 1. A) Scheme of the preparation of PCPP. B) TEM and SEM (inset) images of COFrra_pura. Scale bar: 200 nm. C) TEM and SEM (inset) images of PCPP. Scale bar:
200 nm. D) PXRD patterns of COFyra para and PCPP. E) Hydrodynamic size and ¢ potential of COFrra pura and PCPP. F) UV-vis absorbance of PFD, COFrra puTa,

PLGA-PEG, and PCPP. G) XPS spectra of COFrrapura and PCPP.

2.3. Preparation of COFrra pura

Pyrex tube with the size of 10 X 8 mm (o.d X i.d) was filled with
TTA (15 mg, 0.0424 mmol), DHTA (11 mg, 0.0662 mmol), dioxane
(0.15 mL), mesitylene (0.85 mL), and aqueous acetic acid (100 pL, 6 m)
sequentially. The mixture was dissolved through ultrasonic. The solu-
tion was degassed through three freeze-pump-thaw cycles. After natu-
rally warmed up to room temperature, the tube was placed in oven and
heated at 120 °C for 72 h. The solid was then isolated by filtration
washed with THF and sequentially fluxed with THF and acetone in a
Soxhlet extractor for 24 h (each solvent). After drying under dynamic
vacuum at room temperature for 1 h, the temperature of COF sample
was raised to 120 °C and kept for 8 h. Then the sample was cooled down
to 50 °C and kept for 4 h to completely activate COFra_pura-

2.4. Preparation of PCPP

COFrrapuTa (50 mg) was dissolved in DMSO (30 mL) in a 50 mL
centrifuge tube. After dispersing with ultrasonic grinder for 30 min,
PFD (100 mg) in 5 mL of DMSO was added in the centrifuge tube and
the mixture was stirred at room temperature for 12 h. The superfluous
PFD was removed by centrifugation at 9000 rpm for 10 min and washed
with DMSO for 3 times. Then, PLGA-PEG (100 mg) in distilled water
(10 mL) was poured into the prepared COFrra pura@PFD aqueous so-
lution and stirred at room temperature for 24 h. Excess PLGA-PEG was
removed by centrifugation for 10 min and washed with distilled water
for several times. Finally, PCPP was obtained via freeze-dry.

For the preparation of Cy5.5-modified PCPP, COFrra pra Was first
mixed with NH,-PEG-Cy5.5 (Mw: 2000) (w/w = 1/40) in DMSO for

6 h. The excess NH»-PEG-Cy5.5 was removed by washing with DMSO
repeatedly to obtain Cy5.5-modified COFrrapnra. Then, Cy5.5-mod-
ified PCPP was prepared the same way as PCPP that described above.

2.5. Drug release of PCPP

The drug release experiment of PCPP was investigated at 37 °C in
PBS (pH 7.4). Briefly, newly synthesized PCPP stock solution (1 mL,
1 mg mL™Y) was added to a dialysis membrane filter (MWCO:
5000 Da), immersed into 5 mL of PBS (pH 7.4) and then shaken in a
water bath at 37 °C. The PFD concentration in the release medium was
determined by measuring the absorbance of the solution at 312 nm.

2.6. Preparation of PPIX-PEG-KGDD

Peptide PPIX-PEG-KGDD was prepared via a SPPS method on 2-
chlorotrityl chloride resin. Fmoc-protected amino acids, Fmoc-PEGg-
CH,CH,COOH, and PPIX were connected to the resin in proper order.
Then the peptide was cleaved from the resin using a mixture of TFA/
TIS/H,0 = 95/2.5/2.5 (V/V/V). The molecular weight of the obtained
product was confirmed by ESI-MS, which was calculated to be 1387,
found 1386 ([M - H]).

2.7. Cell culture

Colon adenocarcinoma (CT26) cells were incubated in RMPI 1640
medium at 37 °C in a humidified atmosphere containing 5% CO,.
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Fig. 2. A) Scheme of the self-assembly of peptide PPIX-PEG-KGDD to provide NM-PPIX. B) TEM image and C) size distribution of NM-PPIX. D) Scheme of the hypoxia
detection and penetration evaluation assays in MCTS model. E) Fluorescence imaging of hypoxia in MCTS with various treatment. Hypoxic cells showed green
fluorescence. F) Fluorescence intensity of MCTS in E) at different depths. G) Fluorescence imaging of NM-PPIX penetration depth in MCTS with various treatments.
NM-PPIX showed red fluorescence due to the fluorescence of PPIX. H) Fluorescence intensity of MCTS in G) at different depths. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

2.8. MCTS culture

CT26 MCTS were prepared as reported previously. In brief,
CT26 cells were seeded into a 96-well plate which pre-layed 1% (w/v)
agarose gel and continuously incubated at 37 °C for 7 days.

2.9. Hypoxia detection and PNPs penetration in MCTS

When the sizes reached about 300 pm, CT26 MCTS were first
treated with PCPP (PFD concentration: 100 pg mL ™), CPP, or without
treatment (control) for 72 h and then the cell culture media were re-
moved. For hypoxia detection, MCTS were added with 100 pL of ROS-
ID (8 x 10~7 m) and incubated for 30 min. Subsequently, the MCTS
were observed via CLSM. For PNPs penetration detection, NM-PPIX
(20 pg mL ™) was added to the MCTS and incubated for 4 h. Then the
MCTS were washed with PBS and observed by CLSM.

2.10. Animals and tumor model

BALB/c mice (female, 4-5 weeks old) were purchased from Wuhan
University Animal Biosafty Level III Lab. All animal experiments were
approved by the institutional animal use and care regulations of Wuhan
University (Wuhan, China). All animal experimental procedures were in
accordance with the Institutional Animal Care and Use Committee
(IACUC) of the Animal Experiment Center of Wuhan University

(Wuhan, China). Tumor model was created by subcutaneous injecting
CT26 cells (1 x 107) in the right back of each mouse.

2.11. Evaluation of biodistribution of PCPP

Cy5.5-modified PCPP was constructed to investigate the biodis-
tribution of PCPP. Compared with PCPP construction, Cy5.5-PEG-NH,
was first convalently attached to the surface of COFrra para Via Schiff
base reaction and then followed by PFD loading and PLGA-PEG mod-
ification. CT26-tumor-bearing mice (tumor size about 100 mm®) was
intravenously injected with the Cy5.5-modified PCPP and sacrificed at
24 h post injection. The tumor tissue and major organs were collected
and imaged using a small animal imaging system.

2.12. Elastic modulus measurement

When the size of tumors reached about 100 mm?, PBS, CPP or PCPP
(100 pL, 50 mg kg~ ') was injected into the tumor-bearing mice for a
continuous 7 days. On the 10th day, mice were sacrificed and the tu-
mors from various groups were collected to evaluate the elastic mod-
ulus under compression model. The max strain was set as 80% to pro-
tect the tester.
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Fig. 3. A) Expression of Collagen I and HA in tumors detected by immunocytochemistry of mice after various treatments. Scale bar: 50 um. B) Scheme of the
relationship between elastic modulus and tumor stiff. C) Elastic modulus of tumors from mice after different treatments (n = 3, *p <0.05). D) Representative
fluorescence images of tumor blood vessels of tumor slices stained by anti-CD31. E) area of effective tumor vessels with different treatments (n = 3, **p <0.01).
Scale bar: 100 pm. F) Scheme of Cy7-NO, mediated hypoxia detection in vivo. G) In vivo fluorescence imaging of mice ex vivo fluorescence imaging of tumor tissues
for hypoxia detection using Cy7-NO,. H) Representative fluorescence images of tumor slices from mice with various treatments stained with HIF-1la tracer and

pimonidazole. Scale bar: 50 pm.

2.13. In vivo hypoxia detection

When the size of tumors reached about 100 mm?, PBS, CPP or PCPP
(100 yL, 50 mg kg~ ') was injected into the tumor-bearing mice for a
continuous 7 days. On the 10th day, mice were intravenously injected
with Cy7-NO, (100 pL, 10 um) and imaged via the IVIS imaging sys-
tems. At 24 h post Cy7-NO, injection, mice were sacrificed and the
tumors were harvested and imaged via the small animal imaging
system.

2.14. In vivo biodistribution of NM-PPIX

When the tumor sizes reached about 100 mm?®, mice were in-
travenously injected with PBS, CPP or PCPP (100 pL, 50 mg kg™ ?) for a
continuous 7 days. On the 10th day, mice were intravenously injected
with NM-PPIX (100 uL, 20 mg kg ~!) and the in vivo biodistribution of
NM-PPIX was detected via the IVIS imaging systems. Besides, mice were
sacrificed at 24 h post NM-PPIX injection and the major organs and
tumor tissues were collected and imaged via the small animal imaging
system (Ex: 640 nm, Em: 680 nm).

2.15. In vivo anti-tumor studies

For therapeutic assays in vivo, 25 of CT26 tumor-bearing mice were
divided into five groups and treated according to the timeline in Fig. 5A

(Group 1: PBS; Group 2: PCPP (100 pL, 50 mg kg~') + NM-PPIX
(100 pL, 20 mg kg’l); Group 3: NM-PPIX + laser (0.5 W cm™ 2,
10 min); Group 4: CPP + NM-PPIX + laser; Group 5: PCPP + NM-
PPIX + laser). The tumor volume was calculated as following formula:
V = W?L/2 (W and L represented the shortest and longest diameters of
tumors, respectively). At 24 h post laser irradiaiton, tumor tissues of
mice were collected for H&E staining, TUNEL staining, and Western
blot analysis. On the 19th day, the blood samples of mice were collected
for blood biochemistry analysis and tumor tissues and major organs of
sacrificed mice were collected for histological analysis.

2.16. In vivo ROS detection

ROS luminescent probe L-012 (100 pL, 10 pm) was injected in-
tratumously to mice before laser irradiation. Then the mice after laser
irradiation were imaged via the small animal imaging system.

2.17. Metastasis evaluation

Mice from different groups were sacrificed on the 35th day and the
lung sections of mice were colleted for H&E staining.

2.18. Statistical analysis

Statistical analysis was performed using a Student's t-test. The
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treatments. C) Ex vivo fluorescence images of major organs and tumors from groups of mice with various treatment. D) The corresponding mean fluorescence
intensity in tumor sites of B). E) The corresponding mean fluorescence intensity of C) (n = 3, **p <0.01).

values were presented as mean = standard deviation (SD). The dif-
ferences were considered to be statistical significant for p value < 0.05
(p < 0.05, **p < 0.01, ***p < 0.001).

3. Results and discussion
3.1. Preparation and characterization of PCPP

COFrra.paTa Nanoparticles were prepared through solvothermal
reaction of hexa-topic DHTA building block with TTA (Fig. 1A), where
the imine bonds ensured the formation of COFrrapura with good
crystallinity (Fig. S1). Transmission electron microscoy (TEM) and
Scanning electron microscopy (SEM) images in Fig. 1B clearly featured
the uniform nanostructure of COFrra.pura With a size of about 60 nm.
Characteristic peak at 1623 cm ™! in Fourier transform infrared (FTIR)
spectrum suggested the formation of characteristic imine bonds (Fig.
S2) [32]. Besides, the powder X-ray diffraction (PXRD) patterns of the
as-prepared COFrra pura (Fig. 1D) matched well with those previously
reported [37], indicating the highly crystalline of the product. In ad-
dition, X-ray photoelectron spectroscopy (XPS) result in Fig. 1G de-
monstrated that COFrrapura mainly possessed elements of C
(285.69 eV), N (398.05 eV) and O (530.88 eV). Moreover, COFrra.puTa
possessed large Brunauer-Emmett-Teller (BET) surface area of
2831 m? g~ ! and pore size of 3.67 nm as evidenced by N, absorption
analysis (Fig. S3), indicating the good potential of COFrra.pura for drug
loading. For PCPP fabrication, PFD was encapsulated into COFrra_puTa
by ultrasonic mixing and then amphiphilic PLGA-PEG was decorated on
the surface of hydrophobic COFrra pura via hydrophobic interaction.
TEM and SEM images in Fig. 1C indicated spherical morphology of
PCPP with a narrow size distribution. Fig. 1E shows that the hydro-
dynamic size of PCPP was detected to be 82 *+ 8 nm (PDI: 0.12) by
dynamic light scattering (DLS), which was a little larger than COFrra.
pura (65 nm, PDI: 0.14). Besides, PXRD analysis revealed the retained

crystal structure of COFrrapura in PCPP (Fig. 1D). The successful
loading of PFD in PCPP was also confirmed by ultraviolet-visible
(UV-vis) spectra in Fig. 1F and the loading efficiency was calculated to
be 32 = 4 wt%. The relatively high drug loading efficiency was mainly
attributed to the large BET surface area and pore size of COFrra pura-
Furthermore, during PCPP fabrication, the ¢ potential decreased from
—15 eV (COFrra.pura) to —22 eV (PCPP) (Fig. 1E). Additionally, XPS
result (Fig. 1G) as well as the FTIR spectra (Fig. S2) further proved the
efficient drug loading and polymer modification. Of special note, owing
to the introduction of hydrophilic PEG sequence, PCPP exhibited good
dispersion in water, phosphate buffer saline (PBS), and culture medium
(containing 10% fetal bovine serum), which was different from COFrra.
puta alone that precipitated rapidly in them (Fig. S4). Moreover, drug
release study showed that PFD can leached slowly from PCPP and the
release rate was about 74% after incubation in PBS (pH 7.4) for 72 h
(Fig. S5), which indicated the efficient drug release behavior of PCPP.

3.2. Evaluation of tumor hypoxia and nanoparticle penetration on in vitro
3D tumor model

First, whether the treatment of PCPP could relieve tumor hypoxia
and enhance the penetration of PNPs by depleting ECM were evaluated
on mouse colon cancer (CT26) multicellular tumor spheroids (MCTS)
which served as in vitro 3D tumor models. Compared with monolayer
adherent cells, MCTS possess several characteristics of in vivo tumors
including hypoxic core and dense ECM, which are versatile 3D models
for tumor biology study and drug penetration assessment [39]. In this
study, a commonly used fluorogenic probe ROS-ID, whose fluorescence
is proportional to the hypoxia degree was chosen for the oxygenation
state evaluation [40]. Meanwhile, NM-PPIX which formed by the self-
assembly of a PS-conjugated peptide PPIX-PEG-Lys-Gly-Asp-Asp (PPIX-
PEG-KGDD) were prepared as model PNPs for penetration evaluation
(Fig. 2A). TEM image in Fig. 2B indicated the spherical morphology of
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Fig. 5. A) Scheme of the timeline for the anti-tumor treatment. B) Tumor volume curve of different groups of mice after various treatments (n = 5, ***p <0.001). C)
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Group 2

Group 3

Group 5

Fig. 6. Representative H&E staining pictures of lung sections from different groups of mice sacrificed on the 35th day ( x 40).

NM-PPIX with uniform sizes and the average hydrodynamic diameter of
NM-PPIX was detected to be about 35 nm (Fig. 2C). As illustrated in
Fig. 2D, MCTS were first treated with PCPP, COFyra_ puta @PLGA-PEG
(CPP) or only culture medium (control group) for 3 days, respectively.
Then the MCTS were incubated with ROS-ID or NM-PPIX and followed
by observation under confocal laser scanning microscope (CLSM). As
shown in Fig. 2E and F, compared with control group, much weaker

fluorecence of hypoxia probe was observed in PCPP group. This result
indicated that the hypoxia state of MCTS can be obviously relieved by
PCPP treatment, which was mainly attributed to the enhanced oxygen
diffusion in MCTS. Notably, the treatment of CPP showed negligible
effect on the hypoxia condition of MCTS, suggesting the hyoxia im-
provement was owing to the presence of PFD. Moreover, as shown in
Fig. 2G, PCPP treatment also greatly enhanced the penetration of NM-
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PPIX in MCTS in which the fluorescence of NM-PPIX was detected at
much greater depth than that in CPP or control group. And the quan-
titative results of Fig. 2G shows that the average fluorescence intensity
of NM-PPIX in PCPP group was over 2-fold higher than that in control
and CPP groups at a depth of 100 um (Fig. 2H). These data clearly
showed that PCPP can effectively alleviate the hypoxia state and en-
hance nanoparticle penetration in the in vitro 3D tumor models.

3.3. In vivo effect of PCPP on tumor hypoxia

Inspired by the good performance of PCPP in vitro, the in vivo effect
of PCPP was then studied on CT26-tumor-bearing mice model. First,
Cy5.5-modified PCPP was constructed and the biodistribution of the
nanoparticles was investigated. Fig. S6 shows that PCPP can selectively
accumulate in tumor region owing to the EPR effect, which suggested
the great potential of PCPP for tumor targeted PFD delivery. Then,
CT26-tumor-bearing mice were continuously injected with PCPP, CPP,
or PBS via tail vein for 7 days and sacrificed on the 10th day. The tumor
tissues of mice were collected and the levels of collagen I and HA, two
of the major components of ECM in tumor tissues were assessed by
immunofluorescence staining. As shown in Fig. 3A and Fig. S7, com-
pared with CPP treatment that had no obvious effect on the collagen I
and HA levels, the green fluorescence corresponding to collagen I and
HA dramatically decreased about 78% and 71% by PCPP treatment,
indicating the effective ECM depletion effect of PCPP. Besides, the de-
creased expression of Collagen I in tumor after PCPP treatment was also
confirmed by Western blot analysis (Fig. S8). Meanwhile, It was found
that PCPP induced obvious down-regulation of transforming growth
factor-f1 (TGF-B1) expression in tumor tissues as evidenced by Western
blot analysis (Fig. S9), which was consistent with the previous report
that PFD inudces ECM depletion mainly by suppressing the TGF-f1
signaling pathway [41]. Moreover, the reduction of tumor ECM was
supposed to decrease the solid stress of tumors and make them less stiff,
which resulting in lower elastic modulus and weaker resistence to
compression (Fig. 3B). Therefore, the elastic modulis of tumors from
mice that sacrificed on the 10th day were also measured. As shown in
Fig. 3C. PCPP treatment reduced the elastic modulus of tumors by over
30%, demonstrating the solid stress of tumor was remarkabley alle-
viated. Importantly, benefiting from the decreased solid stress of tumor,
the effective tumor vasculature area of PCPP group was dramatically
inceased (Fig. 3D and E). This was mainly attributed to the decreased
squeeze to blood vessels by ECM and favorable for the oxygen and
nanoparticle delivery to tumor regions. Notably, the total area of tumor
vessels showed no significant change after PCPP or CPP treatment (Fig.
S10), indicating that either CPP or PCPP treatment would not affect
tumor angiogenesis. Furthermore, the reduced tumor ECM as well as
the increased effective tumor vascularture density were expected to
improve the oxygen supply in tumor, thus alleviating tumor hypoxia.
To verify this, an NIR fluorescent probe Cy7-NO, which shows a distinct
response to overexpressed nitroreductase (NTR) in hypoxic cells was
synthesized and utilized for tumor hypoxia detection in vivo (Fig. S11
and Fig. 3F) [42]. In particular, after treated with PBS, CPP, or PCPP for
7 days, mice were intravenously injected with Cy7-NO, on the 10th day
and the fluoresncence images of mice were then collected. It can been
seen that the tumors of all groups showed a significant enhancement in
fluorescence intensity within 2 h and reached a maxima at 8 h post
injection (Fig. S12), indicating the hypoxic state of the solid tumors.
Notably, the fluorescence intensity of tumor in PCPP group was much
lower than that in CPP or PBS group (Fig. 3G), demonstrating the less
hypoxic of tumors from PCPP group. Moreover, the tumors of mice from
different groups were also collected at 12 h post Cy7-NO, injection. And
the fluorescence intensity of the excised tumors from PCPP group was
obvously lower than that from CPP or PBS group (Fig. 3G), further
revealing the hypoxia state of tumors was effectively alleviated by PCPP
treatment. Apart from these, the relieved hypoxia of tumors after PCPP
treatment was also verified by the much weaker fluorescence of

Biomaterials 234 (2020) 119772

hypoxia inducible factor-alpha (HIF-a) and pimonidazole (PIMO) in
tumor slices by immunohistochemistry staining (Fig. 3H and Fig. S13)
[43]. Further Western blot analysis also revealed the decreased ex-
pression of HIF-a in tumor after PCPP treatment (Fig. S8). Both of these
provided additional evidence for the improved oxygen supply in tumor
regions by PCPP treatment.

3.4. In vivo effect of PCPP on tumor uptake of NM-PPIX

Furthermore, whether the depletion of tumor ECM by PCPP treat-
ment would enhance the tumor uptake of NM-PPIX was studied. As
shown in Fig. 4A, mice continuously treated with PBS, CPP, or PCPP for
7 days were intravenously injected with NM-PPIX on the 10th day, then
the in vivo biodistribution of NM-PPIX in mice were monitored by a
small animal fluorescent imaging system. As shown in Fig. 4B,D, mice
from PCPP group had a quick and specific accumulation of NM-PPIX in
tumor tissues, showing much stronger fluorescence signal in compar-
ison with those from CPP or PBS group. Besides, ex vivo fluorescence
imaging of tumors and major organs from the mice sacrificed at 24 h
post NM-PPIX injection also indicated the higher accumulation of NM-
PPIX in PCPP treated group than that in the others (Fig. 4C,E). These
results demonstrated that PCPP mediated tumor ECM depletion can
significantly improve the tumor uptake of NM-PPIX in vivo. It should be
pointed out that although PCPP greatly enhanced the accumulation of
NM-PPIX in tumor, the biodistribution of NM-PPIX in major organs
(hearts, livers, spleens, lungs, and kidneys) was almost unaffected
(Fig. 4C,E), which was mainly due to the high tumor selectivity of
PCPP.

3.5. In vivo anti-tumor effect and biosafety evaluation

Motivated by the alleviated tumor hypoxia and enhanced tumor
uptake of NM-PPIX by PCPP pre-treatment, then whether the in vivo
PDT effect can be enhanced with the assist of PCPP was assessed. 25 of
CT26-tumor-bearing mice were randomly divided into 5 groups and
treated differently according to the timeline in Fig. 5A (Group 1: PBS;
Group 2: PCPP + NM-PPIX; Group 3: NM-PPIX + laser; Group 4:
CPP + NM-PPIX + laser; Group 5: PCPP + NM-PPIX + laser). The
tumor volume and body weight of mice were recorded every 3 days. As
displayed in Fig. 5B, PCPP + NM-PPIX (Group 2) exhibited negligible
effect on tumor inhibition, indicating the low toxicity of both PCPP and
NM-PPIX which were consistent with the in vitro cytotoxicity results
(Fig. S14). Besides, compared with NM-PPIX + laser (Group 3) or
CPP + NM-PPIX + laser (Group 4), PCPP + NM-PPIX + laser (Group
5) showed much better tumor inhibition effect during the experiment.
The tumor inhibition rate of Group 5 was 92% on the 19th day, which
was remarkably higher than that of Group 3 (65%) and Group 4 (62%).
This clearly demonstrated that PCPP treatment can effectively enhance
tumor PDT in vivo. Interestingly, further study also showed that PCPP
treatment had much stronger enhancement effect on PDT when com-
pared with PFD treatment, which was mainly attribute to the EPR effect
of the nanoparticles (Fig. S15). Moreover, since tumor PDT effect de-
pends strongly on the local ROS generation, we also detected the in vivo
ROS generation in tumor tissues of different groups by using a lumi-
nescent probe, L-012, which could show obvious luminescent signal in
the presence of ROS [44]. As shown in Fig. 5C, mice from different
groups were intratumorally injected with L-012 at 12 h just before laser
irradiation was given. Then mice were observed by using a small animal
imaging system. Fig. 5D shows that mice treated with ether PBS (Group
1) or PCPP + NM-PPIX (Group 2) showed no detectable lumincescent
signal in tumors, demonstrating such treatments would not lead to ROS
generation in tumor regions. However, for mice treated with NM-
PPIX + laser (Group 3) or CPP + NM-PPIX + laser (Group 4), or
PCPP + NM-PPIX + laser (Group 5), obvious lumincescent signals in
tumor regions were observed which indicated the successful ROS gen-
eration in vivo. Notably, the singal strength of Group 5 was much
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stronger than that of Group 3 and Group 4, demonstrating the much
more ROS generation in tumor regions of Group 5, which was con-
sistent with the better tumor PDT effect of Group 5. Additionally, the
body weight of mice from all groups showed no significant difference
during the 19 days experiment (Fig. 5E), demonstrating the low sys-
temic toxicity of PCPP treatment. Importantly, mice from various
groups were sacrificed on the 19th day. Both the size and tumor weight
results (Fig. 5F) indicated the enhancement of tumor PDT by PCPP
treatment, clearly revealed the effectiveness of ECM depletion by PCPP
on PDT enhancement. Furthermore, compared with Group 3 and Group
4, tumor tissues of mice from Group 5 showed more caspase-3 and less
B-cell lymphoma-2 (bcl-2) expressions, which also indicated the en-
hancement of PDT effect by PCPP (Fig. 5G and H). Finally, the tumor
tissues of mice were also collected for hematoxylin-eosin (H&E) and
TdT-mediated dUTP nick-end labeling (TUNEL) staining after the
treatments and the results also showed the enhanced tumor suppression
performance of Group 5 in which more cellular apoptosis and death
were observed than that of Group 3 or Group 4 (Fig. 5I). It was worth
mentioning that the blood biochemical test results showed that no
significant difference was found in the levels of aspartate transaminase
(AST) and glutamic pyruvate transaminase (ALT) in serum of mice after
PCPP treatment (day 19) (Fig. 5J). Meanwhile, the H&E staining of
tumor tissues (Fig. S16) on the 19th day also showed that no detectable
toxicity was induced by PCPP treatment. Both of these revealed the
good biosafety of PCPP.

3.6. Metastasis evaluation

Although PCPP treatment can effectively enhance tumor PDT of
NM-PPIX by remodeling tumor ECM, one possible drawback is that the
decrease of the dense tumor matrix and the opening of tumor blood
vessel may increase the formation of metastases [45,46]. To examine
the effect of PCPP treatment on tumor metastasis, mice after various
treatments were sacrificed on the 35th day and the lung sections of
them were collected for H&E staining. As shown in Fig. 6, compared
with Group 1 that considerable number of metastatic regions were
observed in the lung section, mice with PCPP treatment (Group 2 and
Group 5) showed no obvious metastatic sites in the lungs. The sig-
nificantly decreased metastasis level in lungs indicated the anti-me-
tastasis effect by modulating the tumor ECM after PCPP treatment due
to the PCPP mediated alleviation of the hypoxic tumor microenviron-
ment, which is a driving force for tumor cells to metastasize [47,48].

4. Conclusion

In summary, a functional COF-based tumor ECM remodeling na-
nosystem PCPP was fabricated to enhance tumor PDT. PCPP could se-
lectively accumulate in tumor regions and release anti-fibrotic drug
PFD in situ to down-regulate the ECM compenents such as HA and
collagen I. Such depletion of tumor ECM largely decreased the solid
stress of tumor, realizing greatly alleviated hypoxic state of tumor.
Furthermore, tumor ECM depletion caused by PCPP treatment also
significantly improved the tumor homing of subsequently injected NM-
PPIX. Both the relieved hypoxia state and improved uptake of NM-PPIX
in tumor resulted in greatly promoted ROS generation to acheive re-
markably enhanced tumor PDT effect in vivo. Additionally, PCPP was
proved to induce negligible systemic toxicity and also decreased the
metastasis level of tumor.
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