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barrier. Thus, the matrix decompression resisted IFP elevation caused by endothelial gap opening,
facilitating sustained up-regulation of functional vessels. Based on superior tumor accumulation and
penetration, CPHD/DAS exhibited favorable potency in Panc02 tumor model. This study provides a
paradigm to improve the efficiency and application scope of “EPR amplification” strategy in antitumor

therapy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is characterized by
dense extracellular matrix (ECM)'. ECM not only increases tu-
moral solid stress but also increases interstitial fluid pressure (IFP)
via promoting water retention®®. First, the elevated solid stress and
IFP compress tumor blood vessels, causing vasculature deformation
and a reduced pressure difference of tissue perfusion, ultimately
leading to characteristic hypoperfusion®>~’. Secondly, the vascular
gap resulting from inflammatory cell (e.g., neutrophil) infiltration
can be physically sealed by local platelet activation-induced dy-
namic thrombi. The activated platelets also release soluble platelet
factors to further mediate biochemical repair of endothelial junc-
tions®’. They collectively attenuate endothelial leakage. Thirdly,
the elevated IFP hinders the convective extravasation of therapeutic
drugs (especially nanodrugs) from blood vessels into tumor
ECM™'®!'"_ Thus, the enhanced permeability and retention (EPR)-
based tumoral drug accumulation is impeded by the “leakage ob-
stacles” which refer to limited blood perfusion, reduced vascular
leakage and increased IFP. Worse still, the dense matrix further
restricts the effective penetration of accumulated drugs into the
deep tumor site'?>”'*. Briefly, the therapeutic efficiency of EPR-
based nanodrugs against PDAC is severely constrained.

The efficacy of clinical chemotherapy for PDAC is relatively
limited, and one key reason is the compromised drug infiltration
imposed by the stromal microenvironment'>. Consequently, cur-
rent preclinical researches primarily focus on inactivating or
inducing quiescence of pancreatic stellate cells (PSCs) to recover
stromal homeostasis'®~'®. However, this approach is restricted by
the presence of “leakage obstacles” which hinder the prerequisite
accumulation of drugs within tumor®?°. Studies have focused on
the physical and biochemical “patching” function of the activated
platelets in neutrophil infiltration-caused vascular gaps. Specific
depletion of tumor-associated platelets or local inhibition of
platelet activation has been demonstrated to increase endothelial
leakage®'*%. The effectiveness of this strategy in augmenting drug
delivery to tumor was validated in breast, cervical, colon, and
bladder tumors>' ™%, Nevertheless, these studies have not
comprehensively considered the potential consequences of
increased vascular leakage on elevating IFP, which could impact
the subsequent tumoral perfusion and the transvascular convection
of nanoparticles. Especially for hypoperfused and desmoplastic
tumors like PDAC, solely relying on this EPR amplification
strategy would further diminish intratumoral drug perfusion®.

PDAC demonstrates characteristic high expression of tissue
factors. These tissue factors promote thrombi formation by con-
verting fibrinogen to insoluble fibrin which subsequently solidifies
around the activated platelets. Therefore, except for the formation
of dynamic thrombi for endothelial repair, the endogenous

incidence of pathologic microthrombi in PDAC is significantly
higher compared to the other solid tumors®”?®. Thus, according to
the hypoperfusion and propensity for multi-thrombosis formation
in PDAC, we developed a thrombus and matrix targeted dasatinib
nano-micelle (CPHD/DAS) which synchronously inactivated local
platelets for endothelial gap opening and PSCs for matrix
decompression. As shown in Scheme 1, CPHD/DAS was
composed of CREKA peptide-modified amphipathic hyaluronic
acid—deoxycholate conjugates (CPHD) co-assembled with dasa-
tinib (DAS) in aqueous phase. In our previous work, amphipathic
hyaluronic acid—deoxycholate conjugates (PHD) were established
as a well-recognized nanomaterial with controllable synthesis, a
low critical micelle concentration (CMC), and hyaluronidase
(HAase) responsiveness’, achieving superior encapsulation effi-
ciency and drug loading for DAS compared with reported
formulations®* =3, To further enhance tumor selectivity, PHD was
conjugated with the CREKA peptide, which specifically targeted
fibrin within microthrombi in the tumor vessel wall and extra-
cellular matrix abundantly present in PDAC>*73. The resulting
CPHD micelles thus integrated structural stability, high drug-
loading capacity, tumor-associated fibrin targeting, and HAase-
responsive drug release within the tumor microenvironment
(TME). DAS was a multi-target tyrosine kinase inhibitor that
disrupted the function of SRC kinases in platelets to suppress
collagen and podoplanin-induced activation cascades®”>°. Be-
sides, SRC kinases belong to the downstream targets of platelet-
derived growth factor receptor and transforming growth factor 8
(TGF-p) signaling. DAS could not only inhibit the over-activation
of PSCs, but also decrease the proliferation and metastasis of
tumor cells through blocking SRC kinases***".

When intravenously administrated, CPHD/DAS specifically
accumulated around microthrombi which were abundant in PDAC.
The locally released DAS inactivated perivascular platelets, and
thus disrupted their role in repairing endothelial gap. The sub-
vascular matrix exposure and CREKA-mediated matrix targeting
established positive feedback-based self-propelling. In the
following, the accumulated DAS weakened matrix barrier and
promoted drug infiltration by suppressing the activation of PSCs.
Most importantly, the reduction in solid stress mediated by CPHD/
DAS gradually counteracted the negative effects of increased IFP
caused by the EPR amplification strategy, facilitating sustained up-
regulation of the functional vessels during the treatment. Resul-
tantly, a deep tumoral drug distribution and an enhanced overall
therapeutic outcome would be achieved. Based on the compre-
hensive consideration of factors in TME affecting drug perfusion,
our strategy provides a new paradigm to further improve the
application efficiency and expand the application scope of the EPR
amplification strategy in antitumor therapy. It also offers new in-
sights into effective therapeutic strategies for PDAC.
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Scheme 1

Overview of CPHD/DAS design and function. (A) Schematic illustration of CPHD/DAS construction. (B) Schematic illustration of

CPHD/DAS synchronizing endothelial gap opening and matrix decompression for augmenting drug perfusion within PDAC.

2. Materials and methods
2.1.  Materials

Hyaluronic acid (HA = 10 kDa), deoxycholic acid (DOCA),
pyrene, and Nile red were purchased from Macklin (Shanghai,
China). Ethylenediamine and N,N'-dicyclohexylcarbodiimide were
purchased from Nanjing Reagent (Nanjing, China). N-Hydrox-
ysuccinimide (NHS) and 1-ethyl-3 (3-dimethylaminopropyl) car-
bodiimide (EDC) were purchased from Yien Chemical Technology
Co., Ltd. (Shanghai, China). Maleimide-PEG3400-NH, (Mal-
PEG3400-NH,) was purchased from Ponsure Biological Technol-
ogy Co., Ltd. (Shanghai, China). CREKA peptide was purchased
from China Peptides Co., Ltd. (Shanghai, China). Tris-(2-
carboxyethyl)-phosphine hydrochloride and DAS were purchased
from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China).  3,3'-Dioctadecyloxacarbocyanine  perchlorate  (DiO),
1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocya-nine

perchlorate (Dil), thrombin, HAase, MTT, Annexin V-FITC/PI
apoptosis detection kit, BCA protein assay kit and Hoechst
33342 were purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Rabbit polyclonal antibodies against phospho-
SRC (p-SRC), a-SMA, fibronectin, collagen type I, GAPDH,
horseradish peroxidase-conjugated goat anti-rabbit IgG and sec-
ondary Alexa Fluor 488-conjugated goat anti-rabbit IgG were
purchased from Absin Bioscience Inc. (Shanghai, China). Near-
infrared dye Cyanine7 (Cy7) was purchased from Fanbo Science
Co., Ltd. (Beijing, China). D-luciferin potassium salt was pur-
chased from MKbio Biotechnology Co., Ltd. (Shanghai, China).

2.2.  Cells and animals

Rat PSCs line, LTC-14, obtained from American Type Culture
Collection, was cultured in Iscove’s modified Dulbecco’s medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing
fetal bovine serum (FBS, 10%, v/v) (Thermo Fisher Scientific,
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Waltham, MA, USA) at 37 °C with 5% CO, atmosphere. Mouse
PDAC line, Panc02 and PancO2 transfected with the luciferase
gene (Panc02-Luc), purchased from Zhong Qiao Xin Zhou
Biotechnology (Shanghai, China), were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% FBS at 37 °C with
5% CO, atmosphere. All culture media were supplemented with
1% penicillin and streptomycin. Specifically, for activated PSCs,
LTC-14 cells were treated with Iscove’s modified Dulbecco’s
medium supplemented with 10 ng/mL of TGF-§ (PeproTech,
Cranbury, NJ, USA).

Female C57BL/6 mice (6 to 8-week age, 18—20 g) and male
Sprague—Dawley (SD) rats (180—220 g) were purchased from
Qinglongshan Animal Breeding Center (Nanjing, China). All an-
imal experiments were approved by the Institutional Animal Care
and Use Committee of China Pharmaceutical University (2021-
09-017). To construct the orthotopic mouse PDAC model, 25 pL
saline containing Panc02-Luc cells (1 x 10%) was mixed with
25 pL Matrigel (Corning Inc., Corning, NY, USA) and ortho-
topically injected into the pancreatic tails of C57BL/6 mice.

2.3.  Synthesis of CPHD conjugates and PHD conjugates

The synthesis scheme (Supporting Information Fig. S1) of CPHD
conjugates and PHD conjugates was referred to the reported

. 29
literature™.

2.3.1.  Synthesis of HA-DOCA amphiphilic conjugates

DOCA (1 g), N,N'-dicyclohexylcarbodiimide (0.63 g), and NHS
(0.38 g) were dissolved in 15 mL of tetrahydrofuran and reacted
for 12 h at room temperature under nitrogen. After that, the pre-
cipitate in the reaction solution was removed by filtration. n-
Hexane was added to the filtrate, then the precipitate was placed in
the vacuum dryer (DZF-6020, Changzhou Nuo Da Instrument
Technology Co., Ltd., Changzhou, China) to obtain DOCA suc-
cinimidyl ester. Next, DOCA succinimidyl ester dissolved in
10 mL of N,N-dimethylformamide (DMF) was added into 15 mL
of ethylenediamine. After being stirred for 12 h at room temper-
ature, white precipitate was extracted from the reaction solution
with distilled water addition, and amino-DOCA was obtained after
vacuum drying.

HA (200 mg) was dissolved in 30 mL of formamide and then
EDC (59 mg) and NHS (36 mg) were added. The mixture was
stirred for 30 min to activate the carboxyl groups of HA. Amino-
DOCA dissolved in DMF was dropped into the above activation
reaction. The reaction was continued for 24 h at room tempera-
ture. The reaction mixture was poured into excess cold diethyl
ether and the precipitate was extracted by filtration. After being
redissolved with distilled water, the HA-DOCA conjugate was
obtained by 48 h of dialysis (MWCO 7000 Da) and lyophilization.

2.3.2.  Synthesis of PEGylated HA-DOCA amphiphilic
conjugates (PEG-HA-DOCA, PHD)

HA-DOCA (50 mg) was dissolved in 10 mL of formamide and
then EDC (400 mg) and NHS (180 mg) were added. The reaction
solution was stirred for 30 min to activate the carboxyl groups of
HA-DOCA. Then, Mal-PEG3400-NH, (42 mg) was added into
the reaction solution, and the reaction was continued for 24 h at
room temperature. The PHD amphiphilic conjugate was obtained
by 48 h of dialysis (MWCO 14000 Da) and lyophilization.

2.3.3.  Synthesis of CREKA modified HA-DOCA amphiphilic
conjugates (CREKA-PEG-HA-DOCA, CPHD)

PHD (50 mg) was dissolved in 10 mL of formamide, and then
CREKA peptide (8.3 mg) dissolved in 5 mmol/L tris-(2-
carboxyethyl)-phosphine hydrochloride solution (pH 7.4) was
added. The reaction was performed for 24 h in an ice bath under
nitrogen protection. Then the mixture solution was dropped into
30 mL of distilled water. The CPHD amphiphilic conjugate was
obtained by dialysis (MWCO 14,000 Da) for 48 h and lyophilization.

2.4.  Characterization of CPHD conjugates and PHD
conjugates

HA-DOCA, PHD and CPHD were weighed and mixed with an
appropriate amount of KBr powder. After grinding and tablet
pressing, the infrared spectrometer (TENSOR 27, Bruker, Bill-
erica, MA, USA) was used for detection and FT-IR spectra were
recorded. HA-DOCA, PHD and CPHD were weighed and dis-
solved in D,O/CDsOD (v/v = 1:1) mixed solution. Advance 500
nuclear magnetic resonance instrument (Bruker, Billerica, MA,
USA) was used for detection and 'H NMR spectra were recorded.
The mass percentage of CREKA peptide (DS, w/w) in CPHD
conjugates was determined by Perkin-Elmer 2400 elemental
analyzer (PerkinElmer, Waltham, MA, USA) and calculated based
on the introduction of new element S according to Eq. (1).

DS of CREKA (%) = [(MCREKA X Ws) /Ms} x 100 (1)

Where Mcreka and Mg is the relative molecular weight of
CREKA and S, respectively, while Ws is the mass percentage of S
element measured in elemental analysis. CPHD and PHD self-
assembled micelles were prepared by the direct dissolution
method. 15 mg of CPHD or PHD was dissolved in 2 mL of distilled
water, then the solution was sonicated for 10 min at 100 W in an ice
bath by ultrasonic probe (Beidi-II, Nanjing Beidi Experimental
Instrument Co., Ltd., Nanjing, China) and filtered through 0.8 pm
pore-sized microporous membrane to obtain CPHD and PHD mi-
celles. The hydrodynamic diameter, size distribution and Zeta po-
tential of the micelles were measured by dynamic light scattering
(DLS) using Malvern Zetasizer Nano-ZS90 (Malvern Instruments,
UK). The CMC of CPHD or PHD conjugates was monitored by the
pyrene fluorescence probe method**.

2.5.  Preparation and characterization of drug-loaded nano-
micelles

CPHD/DAS and PHD/DAS were prepared by the dialysis method
referred to the reported literature®. Briefly, 15 mg of PHD or
CPHD was dissolved in 2 mL of distilled water. 5 mg of DAS
dissolved in 50 pL. DMF was slowly added, and the mixture was
vigorously agitated for 10 min. The resulting solution was soni-
cated for 10 min at 100 W in an ice bath with a probe-type
ultrasonicator (Beidi-II, Nanjing Beidi Experimental Instrument
Co., Ltd., Nanjing, China) and then dialyzed against distilled
water for 12 h. After centrifugation and filtration (0.8 pm), the
final preparation was obtained.

The hydrodynamic diameter, size distribution, and Zeta po-
tential of CPHD/DAS or PHD/DAS were measured by DLS. The
morphology of CPHD/DAS or PHD/DAS was characterized by
transmission electron microscopy (HT7800, Hitachi, Tokyo,
Japan) using a negative staining method. The content of DAS in
nano-micelles was measured by an ultraviolet spectrophotometer
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(Cary 60, Agilent Technologies, Santa Clara, CA, USA), while the
ultraviolet detection wavelength was set at 323 nm. The entrap-
ment efficiency (EE) and drug-loading (DL) were calculated ac-
cording to Egs. (2) and (3):

EE (%)
= (weight of DAS in micelles / feeding weight of DAS) x 100
)

DL (%)
= (weight of DAS in micelles / weight of the micelles) x 100
3)

The in vitro stability of drug-loaded micelles was evaluated by
DLS. PHD/DAS or CPHD/DAS was diluted with distilled water,
10% (v/v) FBS PBS buffer or Dulbecco’s modified Eagle’s me-
dium, respectively. The samples were placed in a 37 °C, 100 rpm
incubator (THZ-98C, Jintan Jingda Instrument Manufacturing
Co., Ltd., Changzhou, China). Samples were taken out at the
specific time intervals (0, 2, 4, 6, 10, 12 and 24 h) to examine size
change.

An appropriate amount of DAS was added to PBS buffer (pH
7.4 or pH 5.0) and vortexed vigorously for 30 s at 5 min intervals.
After 30 min, the concentration of DAS in the supernatant was
determined by high-performance liquid chromatography (HPLC,
Agilent 1100 system, Agilent Technologies, Santa Clara, CA,
USA) equipped with an Agilent TC-C18 column (5 pm,
250 mm x 4.6 mm) referred to the reported literature®®. The
mobile phase was consisted of acetonitrile and NaH,PO, buffer
solution at pH 6.5 (40:60, v/v) and was run isocratically at a flow
rate of 1.0 mL/min. The injection volume was 20 pL, and the
detection wavelength was set at 323 nm. The release kinetics of
DAS were evaluated via a dialysis method®. Briefly, 1 mL of
CPHD/DAS or PHD/DAS solution containing 0.5 mg DAS was
placed in a dialysis bag (MWCO = 7000 Da) and then immersed
in 250 mL of PBS buffer solutions (pH 7.4 or pH 5.0) containing
0.3% (w/v) Tween 80. The experiment was performed in an
incubator shaker at 37 °C at 100 rpm (THZ-98C, Jintan Jingda
Instrument Manufacturing Co., Ltd., Changzhou, China). At pre-
determined time points (0, 1, 2, 3, 4, 6, 10, 16, 24, 36 and 48 h),
1 mL of release media was taken out and an equal volume of fresh
medium was supplemented. The DAS concentration was measured
by HPLC. HAase is abundant in PDAC microthrombus, interstitial
microenvironment and lysosomes. To simulate DAS release from
the nano-micelles during bio-transport, 1 mL of CPHD/DAS or
PHD/DAS solution was immersed in the release media (pH 6.5 or
pH 5.0) containing 0.5 mg/mL of HAase. The DAS concentration
was determined as described above. Additionally, CPHD/DAS was
immersed in pH 6.5 release media with activated platelets or
resting platelets to characterize the release kinetics of DAS.

2.6. Invivo stability and pharmacokinetic analysis

DiO and Dil were used as a fluorescence resonance energy transfer
(FRET) pair co-loaded with DAS to obtain the FRET PHD/DAS
and FRET CPHD/DAS. The preparation was as described above,
apart from the change of DAS addition to DiO and Dil addition.
The SD rats were i.v. administered with FRET PHD/DAS or FRET
CPHD/DAS. At predetermined time intervals, the blood samples
were collected and centrifuged. The plasma supernatant was diluted
with PBS. The fluorescence intensities of the samples at 501 and

565 nm were detected by a microplate reader (Thermo Fisher
Scientific, Varioskan LUX) at an excitation wavelength of 484 nm.
The FRET ratio was calculated according to Eq. (4):

FRET ratio (%) = 1565 / (1565 +1501) x 100 (4)

where /5o and Is¢5 were the emissions of DiO and Dil at 501 and
565 nm, respectively. Free DAS, PHD/DAS or CPHD/DAS was i.v.
injected into the SD rats (at a dose of 5 mg/kg DAS). Blood
samples were collected at predetermined time intervals. The
samples were centrifuged and the supernatants were collected. The
supernatants were mixed with acetonitrile and centrifuged. The
DAS concentration in supernatants was then detected by HPLC.

2.7.  Hemolysis test

Blood was taken from the orbit of rats and then treated with
normal saline to obtain 2% blood cell suspension. Different con-
centrations of blank micelles (CPHD, PHD) and drug-loaded
micelles (CPHD/DAS, PHD/DAS) were mixed with blood cell
suspension. 5% glucose and distilled water were used as negative
(Ap) and positive control (A1), respectively. The above mixture
solutions were incubated in a 37 °C water bath for 1 h and then
centrifuged at 3000 rpm (Sorvall Legend Micro 21R, Thermo
Fisher Scientific, Waltham, MA, USA) for 10 min. The absor-
bance of the supernatants was measured at 540 nm by a microplate
reader. The hemolysis percentage of each group was calculated
according to Eq. (5):

Hemolysis (%) = (Asample_AO)/(AIOO%_AO) x 100 (5)

2.8.  Platelet adhesion and aggregation test

Thrombin is a key enzyme produced by vascular endothelial cells
at the site of injury, which can activate platelets*’. The collected
platelets were labeled with Dil and activated with thrombin in
confocal dishes, followed by being treated with 12 pL of free
DAS, PHD/DAS or CPHD/DAS at the DAS concentration of
50 ng/mL. After 30 min of incubation, Dil-labeled fresh (non-
activated) platelets were added. For platelet adhesion assay, the
upper platelet suspension was dropped onto the surface of the
glass slide. Free platelets were washed away with distilled water,
and the platelets adhered to the slide surface were imaged under
confocal laser scanning microscope (CLSM) (TCS-SP8 SR, Leica
Microsystems, Wetzlar, Germany). For platelet aggregation assay,
the upper free platelets were washed with PBS and the platelet
aggregates formed in confocal dishes were then observed under
CLSM.

2.9.  Invitro regulation efficiency of PSCs

PSCs seeded in 96-well plates were co-incubated with different
formulations diluted by culture medium containing 1% FBS and
10 ng/mL of TGF-g for 48 h. Then, 20 pL of MTT was added to
each well and incubated for another 4 h. After removing the
culture medium, 150 pl. of DMSO was added to dissolve the
formazan crystals. The absorbance was measured by a microplate
spectrophotometer at 570 nm. The untreated activated PSCs were
used as the control group, and the blank well was the blank group.
The cell viability was calculated according to Eq. (6):
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Cell viability (%)
= (Absorbancesamples—Absorbanceblank) (6)
/ (Absorbance. o —Absorbancep,, ) x 100

The TGF-@ pretreated PSCs were seeded in 6-well plates and
incubated with free DAS, PHD/DAS or CPHD/DAS (1 pg/mL of
DAS) for 8 h. Besides, two cell groups were pre-incubated with
25 mmol/L. HA for 2 h, followed by exposure to PHD/DAS or
CPHD/DAS for 8 h. Then, the cells were lysed. The DAS con-
centration in the lysate was detected by HPLC. The cellular pro-
tein amount was quantified using a BCA protein assay kit. The
cellular uptake efficiency was calculated according to Eq. (7):

Uptake of DAS (,ug/mg) = QDAS/Qprotein (7)

where Opas is the DAS amount in lysate and Qproein is the cellular
protein amount.

PSCs were seeded into confocal dishes and co-treated with
DAS, PHD/DAS or CPHD/DAS (2.5 pg/mL of DAS) and 10 ng/mL
of TGF-§ for 48 h. After being washed with PBS, the PSCs were
incubated with 10 pmol/L Nile red in the dark for 30 min. Lipid
droplets were observed by an inverted fluorescence microscope
(Olympus IX53, Olympus Corporation, Tokyo, Japan). Besides, the
PBS-washed cells were fixed in 4% paraformaldehyde for 15 min
and then permeated in Triton X-100 for 10 min. After being sealed
with 1% BSA for 30 min, the cells were incubated with a-SMA
primary antibody (1:500) or fibronectin primary antibody (1:500) at
4 °C overnight, followed by incubation with anti-rabbit IgG Alexa
Fluor 488 secondary antibody (1:500) for 1 h at room temperature.
Finally, the cells were stained with Hoechst 33342 (10 pg/mL) for
15 min and observed by CLSM.

PSCs were seeded in 6-well plates and treated as described
above. The culture medium was collected, and 60 pL of RIPA lysis
buffer supplemented with 1 mmol/L phenylmethanesulfonyl fluo-
ride and phosphatase inhibitor was added into the well. After the
cells were fully lysed, the supernatant was collected. The culture
medium and supernatant were mixed to obtain the total protein
extract. The total protein content of the extract was detected by the
BCA protein assay kit. Phospho-SRC, collagen I, «-SMA and
fibronectin were then analyzed by Western blot (WB) technology.

2.10.  In vitro inhibition efficiency on Panc02

The in vitro cytotoxicity of CPHD, PHD, free DAS, PHD/DAS
and CPHD/DAS was evaluated by MTT assay. Panc02 cells
seeded in 96-well plates were incubated with different formula-
tions diluted at a series of concentrations for 48 h. Then, 20 pL of
MTT was added to each well and incubated for another 4 h. After
removing the medium, 150 pL. of DMSO was added to dissolve
the formazan crystals. The absorbance was measured by a
microplate spectrophotometer at 570 nm. The untreated Panc02
was used as the control group, and the blank well was the blank
group. The cell viability was calculated according to Eq. (8):

Cell viability (%)
= (Absorbance gmpies —Absorbanceyiyk ) (8)
/ (Absorbance. o —Absorbancep,, ) x 100

The uptake efficiency of Panc02 was characterized as
described in Section 2.9. The apoptosis-inducing capability of
DAS, PHD/DAS and CPHD/DAS was further evaluated by flow

cytometry. Panc02 cells seeded in 12-well plates were treated with
formulations diluted by medium at the DAS concentration of
50 ng/mL for 48 h. Then, the cells were processed using Annexin
V-FITC/PI apoptosis detection kit according to procedures of the
manufacturer. The samples were analyzed using flow cytometry
(FACSCelesta, Becton, Dickinson and Company, Franklin Lakes,
NJ, USA).

2.11.  Invivo distribution and tumor targeting

Cy7 was co-encapsulated into micelles to obtain PHD/
(DAS&Cy7) and CPHD/(DAS&Cy7). The PHD/(DAS&Cy7)
and CPHD/(DAS&Cy7) were prepared as described in Section
2.5, apart from the change of “5 mg of DAS dissolved in 50 pL
of DMF” to “5 mg of DAS and 0.5 mg Cy7 dissolved in 50 pL of
DMF”. C57BL/6 mice were in situ inoculated with Panc02-Luc
cells. After 14 days, CPHD/(DAS&Cy7), PHD/(DAS&Cy7) or
DAS&Cy7 was intravenously injected into the mice at a dose of
0.5 mg/kg Cy7. The mice were anesthetized and imaged by an
in vivo Imaging Systems spectrum imaging system (PerkinElmer,
Waltham, MA, USA) at 12, 20 and 36 h after administration. The
mice were sacrificed, and the heart, liver, spleen, lung, kidney and
tumor tissues were excised for ex vivo imaging at 36 h post-
treatment. The data analysis was performed by the instrument
software. The content of DAS in the tissues was quantified by
HPLC after tissue homogenization. The tumors excised were
frozenly sectioned at a thickness of 10 pm. The tumor slices were
stained with CD31 and fibrin antibody, and observed using CLSM.
In addition, to further evaluate the role of CREKA in CPHD/DAS
targeting, after pre-administration of CREKA (5 mg/kg) for 2 h,
CPHD/(DAS&Cy7) was intravenously injected. The tumor was
harvested at 12 h post-injection, subjected to CD31 and fibrin
staining, and imaged by CLSM.

2.12.  In vivo remodeling of tumor microenvironment

The CPHD/Ticagrelor (Tic) was prepared as described in Section
2.5, with the change of “5 mg of DAS dissolved in 50 pLL of DMF”
to “5 mg of Tic dissolved in 50 pL of DMF”. C57BL/6 mice were
in situ inoculated with Panc02-Luc cells. After 14 days, mice were
divided into three groups and i.v. injected with CPHD/DAS,
CPHD/Tic or saline every other day for six injections at the dose
of 5 mg/kg DAS or Tic (the time of first administration was
recorded as Day 1). At the predetermined time, CPHD/
(DAS&Cy7) was i.v. injected. The tumors were excised at 12 h
post-injection, stained for CD31 and fibrin, and imaged with
CLSM. To visualize the alteration of tumor functional vascula-
tures, FITC-lectin was injected into the representative mice on the
designated days, and the mice were sacrificed 10 min later. The
tumor tissues were frozenly sectioned. Endothelial cells were
stained with anti-CD31 antibody and nuclei were stained with
DAPI. CLSM was used to photograph, and lectin*CD31"/CD31*"
regions (n = 3) were calculated. The FITC-lectin and CD31 co-
staining method is widely accepted for functional vessel identifi-
cation""®?°. In addition, CD31 single chromogenic sections were
conducted and photographed with CLSM to observe the integrity
and continuity changes of tumor vessels during the treatment.
Besides, the tumor H&E staining was performed to investigate the
progress of erythrocyte extravasation area and cell density.
Immunofluorescence (IF) staining of a-SMA and Masson staining
were prepared to inspect the tumoral alteration of activated PSCs
and matrix. IFP measurements were performed in vivo with the
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wick-in-needle technique prior to tumor excision, according to
established protocols**. On Days 0, 12 of saline group and Days 4,
8, 12 of CPHD/DAS group, CPHD/(DAS&Cou6) obtained by
mixing fluorescence probe Coumarin 6 (Cou6) with DAS during
fabrication was injected into the mice. The tumors were removed
12 h later. Then, the nuclear chromogenic tumor sections were
made for full section scanning to observe the tumoral penetration
of Cou6. Meanwhile, tumoral Cou6 content was quantified by a
microplate reader after tissue homogenization.

2.13.  In vivo antitumor efficacy

C57BL/6 mice were in situ inoculated with Panc02-Luc cells, and
the time of inoculation was recorded as Day 1. After two weeks,
mice were randomly divided into 4 groups (n = 11). Mice were
i.v. injected with CPHD/DAS, PHD/DAS, free DAS or saline
every other day for 6 injections at a dose of 5 mg/kg (DAS). The
orthotopic tumor was monitored by bioluminescent imaging at
Days 14, 17, 20, 23 and 26. For bioluminescence imaging,
D-luciferin potassium salt (150 mg/kg) was intraperitoneally
injected and the mice were imaged using an AniView100 in vivo
imaging system (Biolight Biotechnology Co., Ltd., Guangzhou,
China) after 10 min. The body weights of mice were recorded
every other day. On Day 28, mice were sacrificed and the tumors
were harvested, weighed and pictured. The metastatic sites on
critical tissues were counted and pictured. For WB analysis, tu-
mors were homogenized on ice in RIPA lysis buffer containing
phenylmethanesulfonyl fluoride and phosphatase inhibitor. The
supernatants were collected for the phospho-SRC analysis. The
excised tumors were fixed and sectioned for further study. H&E
staining was conducted to investigate tumoral necrosis and hem-
orrhage, while TUNEL staining was performed to inspect tumoral
apoptosis. Immunohistochemical staining of CD41 was made to
characterize the number of the activated tumor-associated plate-
lets. IF staining of CD31 and scanning electron microscope (SEM)
imaging of tumor vasculature were prepared to visualize the
integrity and continuity of the tumor vascular wall. For SEM, mice
were perfused with saline from the heart and the tumor tissues
were then harvested, fixed with 2.5% glutaraldehyde, and dehy-
drated by successive incubation with 30%, 50%, 70%, 80%, 90%,
and 100% ethanol. After critical-point drying, the samples were
ion-sputtered and imaged with JEOL JSM-7900F SEM (JEOL
Ltd., Tokyo, Japan). IF staining («-SMA and Desmin) and Masson
staining were used to explore the tumoral changes of activated
PSCs and collagen. Six mice from each group were monitored for
the survival analysis since the time of Panc0O2-Luc inoculation.

2.14.  In vivo safety evaluation

After the treatment as described in Section 2.13, the tail tip of the
mice was amputated and immersed in saline at 37 °C, and the tail
bleeding time was recorded. Blood was harvested from retro-
orbital venous plexus of the mouse for the whole blood analysis
and the serum biochemistry test of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), urea nitrogen (BUN)
and serum creatinine (Scr).

2.15.  Statistical analysis
All the experiments were repeated at least three times unless

otherwise mentioned and data are presented as mean =+ standard
deviation (SD). The statistical significance was tested by one-way

analysis of variance (ANOVA) or two-tailed Student’s 7-test using
GraphPad Prism. *P < 0.05, **P < 0.01 and ***P < 0.001 were
considered significant, highly significant and extremely signifi-
cant, respectively.

3. Results and discussion
3.1.  Synthesis and characterization of CPHD conjugates

We synthesized CPHD according to the steps described in
Fig. S1. The chemical structures of CPHD and its intermediate
products (HA-DOCA, PHD) were characterized by '"H NMR, FT-
IR and elemental analysis. As shown in Fig. 1A, the character-
istic peaks of DOCA, HA and PEG appeared at 0.5—1.6, 1.98
and 3.65 ppm, respectively. When CREKA was conjugated to the
HA skeleton, the Mal characteristic peak at 6.86 ppm dis-
appeared and the characteristic peak of CREKA appeared at
4.39 ppm. FT-IR spectra further supported the successful syn-
thesis of CPHD. As shown in Fig. 1B, the peaks at 3383 and
2873 cm ™' belonged to the »(o_p, and d_py of HA. DOCA
modification inducted the peaks at 1658 and 1538 cm ™' which
were ascribed to the amide I band and amide II band. The strong
peak at 1112 cm ™' corresponded to V(c—o—c) of PEG, indicating
the successful conjugation of Mal-PEG3400-NH, to HA-DOCA.
Since only CPHD contained S element, elemental analysis
(Supporting Information Table S1) was then used to quantify the
substitution ratio of CREKA peptide in CPHD. The corre-
sponding result was 14.15% (w/w).

CPHD and PHD conjugates were dispersed in pure water to
form micelles. As shown in Supporting Information Table S2, the
hydrated sizes of the micelles were approximately 180 nm with
uniform distribution (PDI <0.25), while their Zeta potentials
were negative and close to each other (~—13 mV). Then, the
CMC of CPHD and PHD were determined as 90.84 and
75.91 mg/L, respectively (Supporting Information Fig. S2). The
CMC values of the both conjugates significantly surpassed those
of certain small molecular surfactants, suggesting their resistance
against physiological dilution and potential capability of blood
transport.

3.2.  Preparation and characterization of drug-loaded nano-
micelles

The particle size, PDI, Zeta potential, EE and DL rate of drug-
loaded nano-micelles (PHD/DAS and CPHD/DAS) were shown in
Supporting Information Table S3. Because of the hydrophobic
interaction between drug carriers and DAS to form compact mi-
celles, the particle sizes of CPHD/DAS and PHD/DAS decreased
to around 80 nm. Meanwhile, their PDI and Zeta potential were
similar to those of the blank micelles. Moreover, CPHD/DAS and
PHD/DAS reached a high DL rate of 17.2% and 20.8%, sug-
gesting their excellent drug-loading performance. The near
spherical morphology and size (~80 nm) of PHD/DAS and
CPHD/DAS were shown in Fig. 1C and D.

Structural disintegration would lead to size change and drug
leakage. FRET technique is a common approach for evaluating the
blood stability of nanoparticles. The changes of FRET ratio reflect
molecular distance alterations between FRET pair. This serves as
an indicator of nanoparticle integrity?>*°. As shown in Supporting
Information Figs. S3 and S4, no remarkable size change of PHD/
DAS or CPHD/DAS was observed in the simulated physiological
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Figure 1

Characterizations of conjugates and drug-loaded nano-micelles. "H NMR spectra (A) and FT-IR spectra (B) of HA-DOCA, PHD and

CPHD. Dynamic light scattering distribution and transmission electron microscopy image of PHD/DAS (C) and CPHD/DAS (D). (E) Fluores-
cence resonance energy transfer (FRET) ratios of DiO and Dil in PHD/DAS and CPHD/DAS at an excitation wavelength of 484 nm (n = 3).
(F) pH and hyaluronidase (HAase) triggered DAS release from PHD/DAS and CPHD/DAS (n = 3). (G) Activated platelets triggered DAS release

from CPHD/DAS (n = 3). Data are presented as mean 4 SD.

conditions (PBS containing 10% FBS, culture medium) within
24 h. Besides, the FRET ratio in PHD/DAS and CPHD/DAS
remained at approximately 50% at 24 h post-administration,
demonstrating a certain degree in keeping micellar structure
integrity (Fig. 1E). Furthermore, pharmacokinetic studies revealed
rapid clearance of free DAS, whereas PHD/DAS and CPHD/DAS
achieved prolonged systemic circulation (Supporting Information
Fig. S5 and Table S4). This offered a potential promotion for
further targeted accumulation.

Release behaviors of DAS from CPHD/DAS and PHD/DAS
in vitro were studied by the dialysis method. pH 7.4 buffer was
used as the release medium to simulate the blood environment.
pH 6.5 or 5.0 buffer containing 0.5 mg/mL HAase was set to
simulate PDAC microthrombi/matrix microenvironment and

endosomal/lysosomal environment, respectively. Moreover, to
directly validate that HAase from the activated platelets triggered
DAS release, nanodrugs were incubated with the activated
platelets at pH 6.5. As shown in Fig. 1F and Supporting Infor-
mation Fig. S6, CPHD/DAS and PHD/DAS were able to remain
relatively stable at physiological pH and release DAS quickly in
an acidic environment. Due to the acid-triggered protonation of
the —NH— group, DAS experienced increased solubility (Sup-
porting Information Fig. S7) and weakened interaction with the
micellar hydrophobic cores. Additionally, HAase-sensitive DAS
release behavior was depicted in the buffer containing HAase or
the activated platelets (Fig. 1F and G). The membrane-expressed
HAase from the activated platelets accelerated DAS release via
HAase-mediated micelle degradation.
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3.3.  Invitro function regulation of platelet

Activated platelets contribute to vascular integrity by releasing
soluble platelet factors for forming endothelial cell connections
and microthrombi®* . To evaluate the inhibition effect of CPHD/
DAS on platelet activation, thrombin-activated platelets were first
exposed to the preparations, then fresh platelets were added to
assess their adhesion and aggregation behaviors on the non-
physiological surfaces (Fig. 2A). As shown in Fig. 2B and C, all
of the DAS-containing preparations inhibited adhesion and ag-
gregation of the subsequently added platelets, indicating sup-
pressed activation. Owing to HAase (from activated platelets)
triggered DAS release, micellar encapsulation did not affect the
inhibitory effect of DAS on platelet activation*®

3.4.  Invitro function regulation of PSCs

Abnormally activated PSCs, a major role in the development of
desmoplastic PDAC, exhibit excessive secretion of ECM
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components™*’. As shown in Fig. 2D, the conjugates had no
notable cytotoxicity on PSCs in a wide concentration range
(0.1—1000 pg/mL), indicating their favorable biosafety. Gener-
ally, the activated PSCs proliferate faster*®. The cell proliferation
of TGF-B co-treated PSCs was inhibited following the treatment
of DAS-contained formulations (Fig. 2E), which was ascribed to
the inhibition of PSCs activation via block of the downstream
targets (SRC) of TGF-@ signaling and platelet-derived growth
factor receptor (Supporting Information Fig. S8). Resting PSCs
are rich in lipid droplets, while activated PSCs lose lipid droplets
storage and exhibit high expression of a-SMA, fibronectin and
collagen I**°. Thus, to evaluate the effect of DAS preparations
on PSCs activation, fluorescence staining was used to visualize
lipid droplet content, while IF staining and WB experiments
were used to investigate the expression changes of characteristic
proteins. As shown in Fig. 2F—I, all of the treated groups pre-
sented up-regulated lipid droplet content and down-regulated a-
SMA, fibronectin and collagen I. Owing to enhanced cellular
internalization (Supporting Information Fig. S9), CPHD/DAS
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Inhibition of platelet activation and PSCs activation by CPHD/DAS. (A) Schematic illustration of the platelet adhesion and ag-

gregation test experimental procedure. Effects of DAS, PHD/DAS or CPHD/DAS on platelet adhesion (B) and aggregation (C). (D) The viability
of PSCs after incubation with conjugates and TGF-@ for 48 h (n = 6). (E) The viability of PSCs after incubation with various preparations at
different DAS concentrations and TGF-g for 48 h (n = 6). (F) Nile red staining of lipid droplets, immunofluorescence (IF) staining of a-SMA and
fibronectin in PSCs after treatment with the indicated formulations and TGF-§ for 48 h. (G) The mean fluorescence (FL) intensity of lipid
droplets, a-SMA and fibronectin (n = 3). (H) WB analysis of PSCs markers after treatment with the indicated formulations and TGF-@ for 48 h.

(I) Quantitative analysis of data in WB assay using Image J normalized to the control group (n =

3). Data are presented as mean + SD. Sig-

nificance was tested using one-way ANOVA with Tukey’s post hoc test. ***P < 0.001, **P < 0.01.
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and PHD/DAS led to a more significant therapeutic effect than
free DAS. These results evidenced that CPHD/DAS and PHD/
DAS would remodel ECM homeostasis through PSCs regulation.

3.5.  Invivo distribution and tumor targeting

In vivo imaging was conducted to determine whether CPHD/DAS
could achieve tumor accumulation via CREKA-mediated micro-
thrombi targeting. The systemic distribution of CPHD/
(DAS&Cy7), PHD/(DAS&Cy7) and DAS&Cy7 at 12, 20, and
36 h after administration was observed. As exhibited, free
DAS&Cy7 exhibited negligible tumor accumulation at 36 h post-
injection, while CPHD/(DAS&Cy7) showed the strongest tumoral
fluorescence signal (Fig. 3A and B). The ex vivo results further
confirmed the superior tumor targeting ability of CPHD/
(DAS&Cy7) and less accumulation in other organs (Fig. 3C and
Supporting Information Fig. S10). Quantitative analysis of DAS
mirrored imaging results (Fig. 3D). Then, CLSM revealed
colocalization of CPHD/(DAS&Cy7) with fibrin in tumor micro-
thrombi, which was nearly absent in free DAS&Cy7 and PHD/
(DAS&Cy7) groups (Fig. 3E and Supporting Information
Figs. S11—S14). Furthermore, we performed the competitive
binding assay by pre-injecting free CREKA before administering
CPHD/(DAS&Cy7), and the tumor accumulation was assessed.
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Figure 3

As exhibited in Supporting Information Fig. S15, CREKA pre-
injection reduced tumor accumulation of CPHD/(DAS&Cy7),
collectively confirming CREKA—fibrin interaction mediated
tumor microthrombi targeting.

3.6.  In vivo regulation of tumor microenvironment

Increased vascular leakage will increase the existing tumor IFP,
which may seriously affect subsequent blood perfusion and con-
vection of nanodrugs''*°. The reduction of solid stress in tumors
can counteract the negative effect of IFP increase®>°. The in vitro
results verified that CPHD/DAS successfully inhibited the acti-
vation of platelets and PSCs. Herein, it was speculated that CPHD/
DAS tended to synchronously increase vascular leakage and
reduce solid stress of the tumor, promoting continuous up-
regulation of functional tumor vessels during the treatment.

To investigate whether CPHD/DAS could continuously
augment functional vasculature proportion and tumoral drug
accumulation during consecutive administration, the TME regu-
lation experiments were conducted on the orthotopic Panc02
model. First, CPHD/DAS progressively increased endothelial gaps
as time extended, leading to augmented erythrocyte extravasation
and expanded bleeding area (Fig. 4A and B, Supporting Infor-
mation Figs. S16 and S17). This result also indicated the exposure
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In vivo distribution and tumor targeting of different preparations. (A) In vivo imaging of orthotopic Panc02 tumor-bearing mice after

intravenous injection of free DAS&Cy7, PHD/(DAS&Cy7), CPHD/(DAS&Cy7) at different time intervals. (B) In vivo fluorescence images of
exposed abdominal tissues and (C) Ex vivo fluorescence images of tissues at 36 h after intravenous injection of DAS&Cy7 (abbreviated as Cy7),
PHD/(DAS&Cy7) (abbreviated as PHD), and CPHD/(DAS&Cy7) (abbreviated as CPHD) into orthotopic Panc02 tumor-bearing mice. (D)
Quantitative analysis of DAS content within different tissues. Data are presented as mean + SD (n = 3). Significance was tested using one-way
ANOVA with Tukey’s post hoc test. ¥*¥*P < 0.001, **P < 0.01. (E) CLSM images of frozen sections of tumors excised at 12 h post-injection of
the above preparations. Blood vessels, fibrin and nuclei were stained with anti-CD31 (red) antibody, anti-fibrin (green) antibody and DAPI (blue),

respectively. Scale bars represent 40 pm.
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Figure 4  In vivo TME regulation of CPHD/DAS on tumor vascu-
lature and matrix. (A) Characterization of tumor vascular permeability
of saline and CPHD/DAS treated mice through IF staining of endo-
thelial cells (CD31") and H&E staining. The white arrowheads
indicated endothelial damage, while the red arrowheads indicated the
bleeding area. The corresponding quantitative analysis of endothelial
breaches (B) and nucleus-free area (C). (D) IF staining of a-SMA and
Masson staining. The corresponding quantitative analysis of a-SMA
(E) and collagen content (F). Interstitial fluid pressure (IFP) levels in
tumors from saline and CPHD/DAS treated mice (G), CPHD/Tic
treated mice (I) at the preset days. Fluorescence images of func-
tional perfused vessels (CD317" Lectin™) and total vessels (CD317) in
tumors from saline and CPHD/DAS treated mice (H), CPHD/Tic
treated mice (J) at the preset days. (K) The corresponding quantita-
tive analysis of the ratio of functional vessels to total vessels. The
quantification in B, C, E, F and K was based on three randomly
selected microscopic fields by Image J. (L) CLSM images of frozen
sections of tumors excised at 12 h post-injection of CPHD/
(DAS&Cy7). The white arrowheads indicated endothelial damage.
Fluorescence images of Cou6 (M) and quantitative analysis of Cou6
content (N) within the whole tumors harvested at 12 h post CPHD/
(DAS&Coub) injection. Data are presented as mean = SD (n = 3).
Significance was tested using one-way ANOVA with Tukey’s post hoc
test. ¥*P < 0.05, **P < 0.01, ***P < 0.001.

Coumarin 6 within
tumor (ug/g)

of sub-vascular matrix. Meanwhile, «-SMA IF staining and
Masson staining results showed a continuous decrease in the
amounts of activated PSCs and collagen during CPHD/DAS
treatments (Fig. 4D—F, Supporting Information Figs. S18 and
S19). The ECM remodeling progressively counterbalanced the
contribution of enhanced vascular permeability in elevating IFP

(Fig. 4G). Then, the synchronized endothelial gap opening and
matrix decompression resulted in a sustained increase in the
proportion of functional vessels (CD31" Lectin®) and blood
perfusion (Fig. 4H, Supporting Information Figs. S20 and S21).
Tic, a platelet activation inhibitor, was encapsulated into CPHD to
investigate the effect of simple endothelial gap opening on tumor
vascular function. CPHD/Tic could only increase vascular
leakage. Consequently, tumor IFP gradually elevated (Fig. 4I)
owing to the increased fluid extravasation and inherently dense
ECM. The elevated IFP caused a progressive reduction in func-
tional vasculature throughout CPHD/Tic treatment (Fig. 4J and
K). Finally, we visualized and quantified the tumoral drug delivery
efficiency after TME regulation by injecting the DAS/fluorescence
probe co-loaded micelle CPHD/(DAS&Cy7) or CPHD/
(DAS&Coub) into the treated mice at the preset days. As shown
in Fig. 4L and Supporting Information Figs. S22 and S23, CPHD/
DAS treatment increased endothelial gaps and sub-vascular matrix
exposure, which formed positive feedback-based self-propelling
of tumoral accumulation with the CREKA-mediated targeting.
Resultantly, the distribution and tumoral content of Cou6 contin-
uously expanded through the whole tumor section during CPHD/
DAS treatment (Fig. 4M and N). The achieved efficient drug de-
livery contributed to the final appreciably decreased tumoral cell
density (Fig. 4C). In summary, the microthrombi targeted CPHD/
DAS could synchronize endothelial gap opening and matrix
decompression for a sustained augmentation of drug perfusion and
penetration within PDAC.

3.7.  Invitro and in vivo antitumor potency

MTT assay was used to detect the cytotoxicity of blank and drug-
loaded micelles on Panc02 cells. As shown in Fig. 5A, the conju-
gates had no significant cytotoxicity on Panc02 cells within the
concentration range of 0.1—1000 pg/mL. CPHD/DAS and PHD/
DAS exhibited comparable cytotoxicity on Panc02 cells. Their
1Cs values (~55 ng/mL) were lower (P < 0.05) than that of free
DAS (71.02 ng/mL) (Fig. 5B and Supporting Information
Table S5). This was attributed to HA-mediated efficient internali-
zation of drug-loaded micelles into Panc02 cells (Supporting In-
formation Fig. S24). The in vitro antitumor ability of drug-loaded
micelles was also validated by Annexin V-FITC/PI cell apoptosis
assay. DAS-containing groups induced early and late apoptosis of
Panc02 cells (Supporting Information Fig. S25). The total apoptosis
rates induced by CPHD/DAS and PHD/DAS were higher than those
induced by free DAS (Fig. 5C). These results further demonstrated
the potential of the nano-micelles for PDAC treatment.

The in vivo antitumor effect of CPHD/DAS was further eval-
uated in the orthotopic PDAC mouse model. Bioluminescence
imaging was used to monitor tumor growth (Fig. 5D and E). All of
the DAS-contained groups exhibited tumor growth inhibition po-
tency (Supporting Information Figs. S26 and S27). The self-
propelled CPHD/DAS achieved the optimal tumor suppression
with an inhibition rate of 70.72%, higher than that of PHD/DAS
(53.01%) and free DAS (34.72%). The activity of SRC in tu-
mors was evaluated by WB. As shown in Supporting Information
Fig. S28, CPHD/DAS achieved superior SRC inhibition efficacy
compared to PHD/DAS and free DAS, correlating with its
enhanced tumor infiltration. Benefited from the efficient tumor-
killing and the intrinsic anti-metastatic activity of DAS based on
SRC kinases inhibition, CPHD/DAS also outperformed the other
groups in metastasis inhibition of PDAC (Supporting Information
Figs. S29 and S30, Fig. 5SF). Consistent with the previous results,
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In vitro and in vivo antitumor efficiency of formulations in the PDAC model. (A) The viability of Panc02 cells after incubation with

PHD or CPHD for 48 h (n = 6). (B) The viability of Panc02 cells after incubation with various preparations at different DAS concentrations for
48 h (n = 6). (C) The apoptosis quantitative analysis of Panc02 induced by different preparations for 48 h (n = 3). (D) In vivo bioluminescence

images of mice treated with different formulations on Days 14, 17, 20, 23 and 26 (n

= 5). (E) Tumor growth curves figured by the in vivo

bioluminescence signal quantifications (n = 5). (F) Heat map of tumor metastasis frequency in abdominal tissues from mice after the whole
treatment (n = 5). (G) Survival graph and median survival time of orthotopic pancreatic tumor-bearing mice treated with different formulations
(n = 6). (H) H&E and TUNEL staining images and the corresponding quantitative analysis (nucleus-free area, TUNEL-positive area) (I, J) of
tumors from mice after the whole treatment. The yellow arrowheads indicated probable bleeding area. The quantification in I, J was based on three
randomly selected microscopic fields by Image J. Data are presented as mean + SD. Significance was tested using one-way ANOVA with Tukey’s

post hoc test. ¥*P < 0.05, **P < 0.01, ***P < 0.001.

CPHD/DAS treatment displayed the longest medium survival time
(47 days) of orthotopic PDAC mice (Fig. 5G), the maximum area
(81.84%) of tumor remission in H&E staining assay and the
highest apoptotic ratio in TUNEL staining assay (Fig. SH—J,
Supporting Information Fig. S31). CPHD/DAS demonstrated
superior in vivo antitumor efficacy in orthotopic PDAC.

The physiological and pathological changes of the tumor after
the whole treatment were further investigated to validate the lasting

TME regulation based on synchronized endothelial gap opening
and matrix decompression. We analyzed vascular permeability
(SEM imaging, CD31 IF, H&E for erythrocyte extravasation),
platelet activation (CD41 IHC), PSCs activation status (a«-SMA IF,
Desmin IF), and collagen deposition (Masson’s trichrome). As
depicted in Fig. SH and Fig. S31, CPHD/DAS treatment increased
erythrocyte extravasation within tumors. Additionally, CPHD/DAS
suppressed platelet activation and achieved the highest increase in
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vascular permeability among all groups, which was beneficial for
drug extravasation (Fig. 6A—D, Supporting Information Fig. S32).
a-SMA and Desmin are the biomarkers for activated PSCs and
quiescent PSCs, respectively. Results in Fig. 6E—G exhibited that
CPHD/DAS could exert the most intensive inhibition on PSCs
activation, evidenced by the lowest a-SMA signal and highest
Desmin signal. Consequently, it induced the least collagen secre-
tion (Fig. 6E and H). Histological analysis confirmed CPHD/DAS
achieved lasting TME remodeling in vivo.

3.8.  Invitro and in vivo safety evaluation

The in vitro and in vivo biosafety of the conjugates and drug-
containing preparations was finally investigated. When the
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conjugate concentration was less than 6 mg/mL and the DAS
concentration was less than 1 mg/mL, the corresponding hemo-
lysis was less than 4% (Supporting Information Fig. S33),
meeting the general hemolysis limit of 5%. During in vivo
antitumor evaluation, all the treated mice did not show a sig-
nificant change in body weight or in liver/kidney toxicity index
(ALT, AST, Bun and Scr) (Supporting Information Figs. S34A
and S35A). Because of the nonspecific biodistribution affecting
the circulating platelets, free DAS-treated mice exhibited a
prolonged bleeding time after the tail cut (Fig. S34B). Besides,
all of the blood routine indicators from free DAS-treated mice
fell outside the normal range (Fig. S35B). In contrast, the active-
targeted and self-propelled tumor drug delivery endowed by
CPHD/DAS reduced the systemic toxicity of DAS. CPHD/DAS
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Histopathological examination of tumors harvested from mice after the whole treatment with different formulations. Scanning

electron microscope image of tumor vasculature (A) and quantitative analysis of endothelial breaches (B). The white arrowheads indicated
endothelial gaps. IF staining with CD31 antibody for endothelial cells (A) and quantitative analysis of endothelial breaches (C). The white ar-
rowheads indicated endothelial damage. Immunohistochemical staining with CD41 antibody for activated platelets (A) and quantitative analysis
of CD41 positive area (D). IF staining of a-SMA and Desmin in tumor PSCs (E) and quantitative analysis of a-SMA positive area (F), Desmin
positive area (G). Masson staining for collagen within tumor (E) and quantitative analysis of collagen-positive area (H). The quantification in
B—D and F—H was based on three randomly selected microscopic fields by Image J. Data are presented as mean £ SD. Significance was tested

using one-way ANOVA with Tukey’s post hoc test. ***P < 0.001.



3874

Mengnan Yang et al.

demonstrated a potent antitumor potency with satisfactory
biosafety.

4. Conclusions

We fabricated the tumor microthrombi/matrix-targeted nanodrug
(CPHD/DAS) which integrated fibrin targeted-HAase responsive
conjugates and a multi-target tyrosine kinase inhibitor for endo-
thelial gap opening and matrix decompression. CPHD/DAS could
concentrate DAS around tumor vascular walls, thus increasing
vascular leakage and matrix exposure via platelets activation in-
hibition. The matrix exposure formed positive feedback-based
self-propelling in drug accumulation with the CREKA-mediated
targeting. The accumulated DAS suppressed PSCs activation for
matrix decompression. Finally, the reduced tumoral solid stress
gradually counterbalanced the contribution of enhanced vascular
permeability in elevating IFP, realizing sustained augmentation of
functional tumor vessels during the treatment. Consequently,
efficient tumoral drug infiltration and antitumor efficacy were
achieved in Panc02 tumor. Based on the comprehensive consid-
eration of TME affecting drug perfusion, our strategy provides a
new case to improve the efficiency and expand the application
scope of the “EPR amplification” strategy in antitumor therapy. It
also offers new insights for PDAC treatment.
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