Acta Pharmaceutica Sinica B 2022;12(1):467—482

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com e

ORIGINAL ARTICLE

Fucoidan-functionalized activated platelet- L)
hitchhiking micelles simultaneously track tumor
cells and remodel the immunosuppressive
microenvironment for efficient metastatic cancer
treatment

Rong Guo, Miao Deng, Xuan He, Mengmeng Li, Jiaxin Li,
Penghui He, Houqin Liu, Man Li, Zhirong Zhang, Qin He"

Key Laboratory of Drug-Targeting and Drug Delivery System of the Education Ministry and Sichuan Province,
Sichuan Engineering Laboratory for Plant-Sourced Drug and Sichuan Research Center for Drug Precision
Industrial Technology, West China School of Pharmacy, Sichuan University, Chengdu 610041, China

Received 27 January 2021; received in revised form 21 March 2021; accepted 19 April 2021

KEY WORDS Abstract Tumor metastasis is responsible for most mortality in cancer patients, and remains a chal-
lenge in clinical cancer treatment. Platelets can be recruited and activated by tumor cells, then adhere

Fucoidan; . . . o .
All:iovlat?i latelets: to circulating tumor cells (CTCs) and assist tumor cells extravasate in distant organs. Therefore, nanopar-
Poselec tin‘p ’ ticles specially hitchhiking on activated platelets are considered to have excellent targeting ability for pri-

mary tumor, CTCs and metastasis in distant organs. However, the activated tumor-homing platelets will

Platelets-hitchhiking;
release transforming growth factor-g (TGF-@), which promotes tumor metastasis and forms immunosup-

Track tumor cells;

TGEF-g; pressive microenvironment. Therefore, a multitalent strategy is needed to balance the accurate tumor

Reverse tracking and alleviate the immunosuppressive signals. In this study, a fucoidan-functionalized micelle
immunosuppressive (FD/DOX) was constructed, which could efficiently adhere to activated platelets through P-selectin.
microenvironment;

Compared with the micelle without P-selectin targeting effect, FD/DOX had increased distribution in

Tumor metastasis both tumor tissue and metastasis niche, and exhibited excellent anti-tumor and anti-metastasis efficacy

on 4T1 spontaneous metastasis model. In addition, due to the contribution of fucoidan, FD/DOX
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treatment was confirmed to inhibit the expression of TGF-@, thereby stimulating anti-tumor immune
response and reversing the immunosuppressive microenvironment. The fucoidan-functionalized activated
platelets-hitchhiking micelle was promising for the metastatic cancer treatment.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metastasis is the major cause of cancer-associated mortality' ™.
Current clinical therapeutic options for cancer including surgery,
irradiation and chemotherapy can remove local tumor; however,
they can hardly act on metastasis’”. Therefore, effective anti-
metastasis strategies are in urgent need and are crucial for clin-
ical cancer treatment. The formation of metastasis in distant or-
gans including lung and liver is a complicated multiphase process:
first, tumor cells detached from the primary tumor enter the cir-
culatory system to form circulating tumor cells (CTCs); then,
survived CTCs translocate through the bloodstream to distant
organs and extravasate there; finally, tumor cells colonize at new
organs and proliferate to form a secondary tumor®®. The above
metastatic cascade provides targets for anti-metastasis therapy.
Numerous studies revealed that platelets play a crucial role in
the formation of metastasis through complex connections with
tumor cells™'’. In detail, platelets can be activated and recruited
by tumor cells. Then, the activated platelets will secrete several
factors, such as transforming growth factor-6 (TGF-(), to increase
tumor cell survival and promote metastasis''. Furthermore, the
activated platelets can adhere to CTCs as “protective coats” to
assist the CTCs survive in blood circulation'?. Platelets also assist
tumor cells extravasate and seed at distant organs'’. These con-
tributions of platelets provide new possibilities for cancer therapy.
In recent years, multiple platelet-mediated drug delivery plat-
forms have been reported for cancer treatment'®. Platelet engi-
neering is a common strategy. For example, the monoclonal
antibody against PDL1 was modified on the surface of platelets for
cancer therapy'>"'’. Nevertheless, ex vivo engineering is a
complicated process, and it is hard to maintain the biological
functions of engineered platelets for a long time. Besides, the
injection of platelets probably leads to deterioration of cancer,
since elevated platelet counts can cause tumor-related thrombosis
and promote tumor development'®. Coating nanoparticles with
platelet membrane is another widely reported strategy'~>'. Un-
fortunately, since the ex vivo isolated platelet membrane is not
exactly the same as internal platelets, the interaction between
platelet-mimicking nanoparticles and tumor cells may be weak.
Therefore, in vivo intact activated platelet was considered to be
a more attractive platform for drug delivery. In vivo activated
platelets have upregulated expression of receptors, including
GPIb-V-IX, Integrin oIIb33 and P-selectin®’, which ensure the
adhesiveness of platelets to perform subsequent functions in tumor
metastasis. Thus, nanoparticles can hitchhike on activated plate-
lets by targeting these receptors®>>*. As an example, PSN peptide
(DAEWVDVS)-modified micelle has been developed for activated
platelets targeting™. The activated platelets-hitchhiking nano-
particles will track tumor cells through the “platelet bridge”.
However, a serious problem that tumor-homing platelets can se-
cret TGF-8 to promote tumor growth and metastasis remains

unsolved. Thus, the inhibition of TGF-f is important for the
activated platelets-hitchhiking strategy. In fact, TGF-@ is secreted
by many types of cells, it will induce changes in the phenotype of
tumor cells, and it is required for tumor cells colonization in
premetastatic organs”®?’. TGF-g secreted by tumor cells also
suppresses the anti-tumor immune response”®?’. Therefore, the
inhibition of TGF-@ will contribute to the anti-tumor and anti-
metastasis effect by remodeling the microenvironment.

Fucoidan is a highly sulfated polysaccharide that exhibits
nanomolar affinity for P-selectin®™*'. And the fucoidan-
functionalized nanoparticles have been utilized to treat throm-
bosis and cardiovascular diseases with high expression of P-
selectin®' ™. Therefore, the fucoidan-functionalized micelle is
hypothesized to track tumor cells accurately by hitchhiking on
activated platelet. More importantly, fucoidan is reported as a
TGF-g inhibitor in liver fibrosis model™*, which may inhibit the
TGF-8 in primary tumor and premetastatic organs. Besides,
fucoidan possesses an immunostimulatory function to enhance
adaptive immune responses” "/, holding the potential to remodel
the immunosuppressive tumor microenvironment. In this study, a
fucoidan-functionalized DOX-loaded micelle (FD/DOX) was
developed to specifically hitchhike on activated platelets, and
inhibit TGF-( at the same time. The binding affinity of FD/DOX
with activated platelets was verified in vitro. The cellular uptake
and cytotoxicity were conducted on 4T1 cells. The biodistribution,
anti-tumor and anti-metastasis effect of FD/DOX were investi-
gated on 4T1 spontaneous metastasis model. The tumor micro-
environment reestablishment was also explored. Combined with
immunogenic cell death (ICD) caused by chemotherapy drug
DOX™®, FD/DOX is expected to stimulate potent anti-tumor im-
mune responses, contributing to the metastatic cancer treatment.

2. Materials and methods
2.1.  Materials

Fucoidan and thrombin were purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Deoxycholic acid and
dextran 10,000 were purchased from Solarbio Science & Tech-
nology Co., Ltd. (Shanghai, China). Doxorubicin hydrochloride
(DOX-HCI) was purchased from Meilun Biological Technology
Co., Ltd. (Dalian, China). N-Hydroxy-succinimide (NHS), 4-
(dimethylamino) pyridine (DMAP), 1-[3-(dimethylamino) pro-
pyll-3-ethylcarbodiimide hydrochloride (EDCI) and organic sol-
vent dimethyl sulfoxide (DMSO) were purchased from J&K
Scientific Co., Ltd. (Beijing, China). Formamide and N,N-dime-
thylformamide (DMF) were purchased from Adamas Reagent Co.,
Ltd. (Shanghai, China). Other chemicals were analytical level.
Lyso-Tracker red, 3-(4,5-dimethyl-2-tiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) and 4,6-diamidino-2-phenylindole
(DAPI) were purchased from Beyotime Biotechnology Co., Ltd.
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(Shanghai, China). D-Luciferin potassium salt was purchased
from BioVision, Inc. (CA, USA). Anti-TGF-8 antibody was pur-
chased from Proteintech Group, Inc. (IL, USA). Anti-CD62P
antibody, anti-CD31 antibody and anti-CD41 antibody were pur-
chased from Abcam Co., Ltd. (Cambridge, UK). Anti-CD4 anti-
body, anti-FOXP3 antibody, anti-CD8a antibody, anti-IFN-vy
antibody, anti-CD11c antibody, anti-CD80 antibody, anti-CD86
antibody, anti-CD11b antibody and anti-Ly6G antibody were
purchased from eBioscience, Inc. (CA, USA).

2.2.  Cell lines and animals

Mouse breast cancer cells (4T1) were purchased from the
Shanghai Institutes for Biological Sciences (SIBS, Shanghai,
China). And the 4T1-Luc cells were transfected with 4T1 cells in
our lab. Both 4T1 cells and 4T1-Luc cells were cultured in RPMI
1640 medium (Gbico, CA, USA) at 37 °C with 5% CO2. Culture
medium was supplemented with 10% FBS (Gbico, CA, USA) and
1% Penicillin-Streptomycin Solution.

Female BALB/c mice (6—8 weeks) were purchased from
Dashuo Experimental Animal Company (Chengdu, China). All
animal experiments were conducted in accordance with the
guidelines approved by Experimental Animals Administrative
Committee of Sichuan University (Chengdu, China).

2.3. Preparation and characterization of micelles FD/DOX and
DD/DOX

DOX-loaded micelles FD/DOX and DD/DOX were prepared as
follows: Fu-DOCA or Dex-DOCA (10 mg) and DOX (0.5 mg)
were dispersed in methanol (1 mL), the mixture was then added
dropwise into 5% glucose (10 mL) with stirring. Thirty minutes
later, the remained methanol was completely removed by rotary
evaporation to obtain the DOX-loaded micelles. The particle size
was measured by Dynamic Light Scattering (DLS; Malvern In-
struments Co., Ltd., Zetasizer Nano ZS90, Worcestershire, UK),
and the morphology was observed by Transmission Electron Mi-
croscope (TEM; JEOL, JEM-100CXII, Japan).

2.4. Invitro activated platelets binding test

Platelets collected from BALB/c mice were suspended gently in
PBS (pH 7.4) for further use. Half of them were incubated with
thrombin (1 U/mL) at 37 °C for 30 min for activation. Platelets
with or without activation were then incubated separately with
FD/DOX or DD/DOX at 37 °C. Twenty minutes later, the platelets
were centrifuged (3500 rpm) for 10 min (Eppendrof Co., Ltd.,
5415R, Hamburg, Germany) and resuspended in PBS (pH 7.4).
The mean fluorescence was quantified by Flow Cytometer
(Beckman Coulter, Inc., Cytomics FC 500, CA, USA), and the
fluorescent images of platelets were photographed by Confocal
Laser Scanning Microscope (CLSM; Olympus Co., Ltd., FV1000,
Japan). To explore the mechanism of the binding between acti-
vated platelets and FD, activated platelets were pre-incubated with
anti-CD62P antibody for 30 min before FD/DOX incubation. The
mean fluorescence intensity was then quantified by Flow Cy-
tometer (Beckman Coulter, Inc.).

2.5.  Cellular uptake assay

4T1 cells were seeded into 6-well plates and incubated overnight.
Next, the medium was replaced by fresh serum-free medium

containing DOX, DD/DOX or FD/DOX, respectively. After in-
cubation for 1 or 4 h, the cells were stained with DAPI and
observed by CLSM (Olympus Co., Ltd.). The mean fluorescence
intensity of 4T1 cells was also quantified by Flow Cytometer
(Beckman Coulter, Inc.).

To explore the mechanism of cellular uptake, 4T1 cells were
pre-placed at 4 °C or pre-incubated with chlorpromazine, nystatin
or amiloride for 30 min before incubating with DD/DOX or FD/
DOX for another 4 h. The mean fluorescence intensity of 4T1 cells
was finally quantified by the Flow Cytometer (Beckman Coulter,
Inc.).

In order to explore the effect of platelet presence on cellular
uptake, 4T1 cells were pre-incubated with activated platelets for
30 min before incubating with DD/DOX or FD/DOX for another
2 h. The 4T1 cells were then stained with DAPI and observed by
CLSM (Olympus Co., Ltd.). The mean fluorescence intensity of
4T1 cells was also quantified by Flow Cytometer (Beckman
Coulter, Inc.).

To track the intracellular delivery of FD/DOX and DD/DOX,
4T1 cells incubated with DD/DOX or FD/DOX were stained with
Lyso-Tracker Red and DAPI, and then observed by CLSM
(Olympus Co., Ltd.).

2.6.  In vivo biodistribution

1 x 10° 4T1 cells were inoculated on the back of female BALB/c
mice to establish the 4T1 spontaneous metastasis model. On Days
10 and 30 after 4T1 cells inoculation, the mice (n = 9) were
injected with DOX, DD/DOX or FD/DOX (DOX-equivalent
2.5 mg/kg) through tail vein, respectively. At 1, 8 and 24 h, 3
mice of each group were sacrificed, and the blood, tumors and
major organs collected from mice were imaged by In Vivo Im-
aging System (IVIS; PerkinElmer, Inc., Lumina Series III, CA,
USA). In addition, the sections of tumors, lungs and livers at 24 h
were used to explore the distribution of different preparations.
Platelets, neovasculature, and P-selectin were also stained in the
sections.

The distribution of preparations in tumors and major organs at
24 h were further quantified by LC-MS (Agilent Technologies
Co., Ltd., 6420 triple quadrupole, CA, USA) equipped with C18
column. Acetonitrile and 0.1% formic acid (v/v = 28:72) were
used as mobile phase.

2.7.  Anti-tumor and anti-metastasis assay on 4T1 spontaneous
metastasis model

4T1 spontaneous metastasis model was established by 4T1-Luc
cells as described before. After the inoculation of 4T1-Luc
cells, the mice (n = 15) were injected with 5% Glu, Fu
(50 mg/kg), DOX, DD/DOX or FD/DOX (DOX-equivalent
2.5 mg/kg) through tail vein, respectively, from Day 8. The
preparations were administered every 3 days for a total of 7
times. Body weight and tumor volume were recorded during the
treatment. In addition, luminescent signals of 4T1-Luc cells
were monitored by IVIS (PerkinElmer, Inc.) every 7 days
during the treatment.

On Day 35, 5 mice of each group were sacrificed to collected
tumors and other major organs, and the remaining 10 mice of
each group were used for the survival study. The obtained tumors
were weighed and imaged, and the sections of tumor were
applied for ki67 staining. The obtained lungs were photographed,
and the metastatic nodules were counted carefully. Besides,
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Figure 1  The distribution of platelets and the expression of P-selectin. (A) Fluorescent images of frozen sections of tumors, lungs and livers

collected from 4T1 tumor-bearing mice. The area surrounded by white dotted lines represented metastasis in lungs and livers. Blue: DAPI for
staining cell nucleus; red: CD41 for staining platelets. Scale bar = 100 um. (B) Count of the platelets in tumor free mice and 4T1 tumor-bearing
mice. Data are presented as mean + SD (n = 3), **P < 0.01. (C) Flow Cytometer detection of P-selectin expression on platelets with or without
thrombin activation. Data are presented as mean & SD (n = 3), **P < 0.01. (D) Flow Cytometer detection of P-selectin expression on HUVECs
with or without the stimulation of 4T1 culture medium. Data are presented as mean + SD (n = 3), ***P < 0.001. (E) Fluorescent images of
frozen sections of tumors, lungs and livers collected from 4T1 tumor-bearing mice and tumor free mice. Pink: CD31 for staining neovasculature;

red: CD62P for staining P-selectin; blue: DAPI for staining cell nucleus. Scale bar = 100 pm.

all obtained tissues were stained with hematoxylin and eosin
(H&E).

2.8.  Invivo inhibition of TGF-§

As mentioned before, 4T1 tumor-bearing mice were injected with
5% Glu, Fu (50 mg/kg), DOX, DD/DOX or FD/DOX (DOX-
equivalent 2.5 mg/kg) through tail vein, respectively, every 3 days
for a total of 7 times. After the treatment, tumors, lungs and livers
from mice were collected, and the sections of each tissue were
applied for TGF-§ staining. The TGF-8 was also detected by
Western blot assay. Tumors, lungs and livers from mice were
collected and homogenized to collect proteins. The obtained pro-
teins were first separated by acrylamide gel (12% SDS-PAGE).
Next, the separated proteins were transferred to a polyvinylidene
difluoride membrane. After that, the membrane was incubated with
anti-TGF-8 antibody and the secondary antibody in sequence.
Finally, a Bioimage System (Bio-Rad Laboratories Inc., ChemiDoc
MP, CA, USA) was used to measure the expression of TGF-3.

2.9.  Detection of immune cells

The immune cells were quantitative detected by Flow Cytometer
(Beckman Coulter, Inc.). As mentioned before, 4T1 tumor-bearing
mice were injected with 5% Glu, DD/DOX or FD/DOX (DOX-
equivalent 2.5 mg/kg) through tail vein, respectively, every 3 days
for a total of 7 times. Then, mice were sacrificed on Day 7 after

the last dose. The tumors, spleens, livers and lungs were ground
and filtered through cell strainers (70 pm) to obtain cell suspen-
sion. The cells in spleen were stained with anti-CD11c antibody,
anti-CD80 antibody and anti-CD86 antibody. The cells in tumor
were stained with anti-CD4 antibody, anti-Foxp3 antibody,
antiCD-8a antibody and anti-IFN-y antibody. Besides, the cells in
lung and liver were stained with anti-CD11b antibody and anti-
Ly6G antibody. The fluorescence was finally detected by the
Flow Cytometer (Beckman Coulter, Inc.).

2.10.  Statistical analysis

Data were shown as mean =+ standard deviations (SD). And the
comparison between groups was performed by unpaired r-test.
Significant differences between groups are represented by
*P < 0.05, P < 0.01 and ***P < 0.001.

3. Result and discussion

Platelet plays a critical role in cancer development. The growing
solid tumor can stimulate the production and activation of platelets,
and the activated platelets will in turn promote tumor growth and
metastasis’ . As shown in Fig. 1A and B, in 4T1 tumor-bearing
mice, a large number of platelets were observed to be recruited
to primary tumor and the metastatic site of lung and liver, and the
platelet counts were higher than that of tumor free mice. The results
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Characterization of micelles and activated platelets-binding ability. (A) The preparation of DOX-loaded micelle FD/DOX. (B) The

appearance, TEM image and particle size distribution of FD/DOX. Scale bar = 100 nm. (C) The preparation of DOX-loaded micelle DD/DOX.
(D) The TEM image and particle size distribution of DD/DOX. Scale bar = 100 nm. (E) Fluorescent images of platelets with or without activation

incubated separately with FD/DOX and DD/DOX for 20 min. Scale bar

= 100 pm. (F) Flow Cytometer detection of the micelles bound to

platelets with or without activation. Data are presented as mean + SD (n = 3), ***P < 0.001. (G) Flow Cytometer detection of FD/DOX bound to
activated platelets with or without anti-CD62P antibody pre-incubation. Data are presented as mean £+ SD (n = 3), ***P < 0.001.

confirmed that tumor can promote platelet production, and the
activated platelets had tumor and metastasis homing ability.
P-selectin is a glycoprotein overexpressed on activated plate-
lets™. As shown in Fig. 1C, in vitro detection suggested that
platelets activated by thrombin exhibited higher expression of P-
selectin. Therefore, P-selectin was considered as a potential target
for activated platelets. Besides, various inflammatory factors
secreted by tumor cells, such as TNF-«, can stimulate vascular
endothelium to increase the expression of P-selectin®'. As shown in
Fig. 1D and Supporting Information Fig. S1, after incubating with
the culture medium of 4TIl cells, HUVECs showed higher
expression of P-selectin. And in Fig. 1E, the expression of P-
selectin on vascular endothelium in primary tumor and around
metastasis was significantly increased, facilitating the accumulation
of P-selectin targeting nanoparticles in tumor and metastatic site.

3.1.  Synthesis and characterization of Fu-DOCA and Dex-DOCA

Fucoidan is reported to exhibit nanomolar affinity for P-selec-
tin°*?!. Therefore, in this study, the P-selectin targeting micelle
specifically hitchhiking on activated platelets was constructed by
fucoidan (Fu) and deoxycholic acid (DOCA). And the micelle
constructed by dextran (Dex) and DOCA was used as a control
without P-selectin targeting effect.

The amphiphilic polymer Fu-DOCA and Dex-DOCA were
synthesized follow the route in Supporting Information Scheme
S1. And the structures were characterized by 'H NMR. As
shown in Supporting Information Fig. S2, there were characteristic
peaks of fucoidan (3.5—4.0 ppm) and DOCA (1.0—2.0 ppm) in the
'"H NMR spectrum of Fu-DOCA, while the peak of carboxyl
(11.9 ppm) disappeared, indicating successful synthesis of Fu-
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DOCA. Similarly, in Supporting Information Fig. S3, the char-
acteristic peaks of dextran (3.0—4.0 ppm) and DOCA
(1.0—2.0 ppm) were exhibited in the "H NMR spectrum of Dex-
DOCA, the peak of carboxyl (11.9 ppm) disappeared, suggest-
ing the successful synthesis of Dex-DOCA.

The structures of Fu-DOCA and Dex-DOCA were also char-
acterized by IR. As shown in Supporting Information Fig. S4,
characteristic peak at 1073 cm™' was assigned to the sulfate
groups of fucoidan, characteristic peaks at 3549 and 1715 cm™"
were attributed to the carbonyl group of DOCA. As for Fu-DOCA,
the peaks at 1711, 1090, 1040 cm™" and the disappeared peak at
3549 cm™' confirmed the formation of ester bond between
fucoidan and DOCA. In Supporting Information Fig. S5, dextran
showed characteristic peaks at 2928, 1644 and 995 cm™'. As for
Dex-DOCA, characteristic peaks of dextran still existed, the peak
at 1736 cm™" and the disappeared peak at 3550 cm ™' confirmed
the formation of ester bond between dextran and DOCA.

3.2.  Preparation and characterization of micelles FD, DD, FD/
DOX and DD/DOX

The polymer Fu-DOCA and Dex-DOCA were self-assembled in
5% glucose (Glu) to prepare the micelles FD and DD (Fig. 2A and
C). As shown in Supporting Information Table S1 and Fig. S6, the
obtained micelles had similar particle size (about 120 nm) and
zeta potential (about —20 mV). In addition, the low CMC of FD
(7.38 pg/mL) and DD (10.99 pg/mL) indicated that micelles could
resist blood dilution and remain stable at low concentrations
(Supporting Information Fig. S7). Hemolysis assay was used to
investigate the interactions of micelles with blood erythrocytes.
Image in Supporting Information Fig. S8 shows the structure of
blood erythrocytes had little change after incubating with FD. And
in Supporting Information Fig. S9, hemolysis of FD and DD was
calculated to be lower than 5% at different concentration (0.3, 0.5
and 1.0 mg/mL) within 8 h. These results suggest neither FD nor
DD had hemolysis side-effect. The preliminary stability of mi-
celles was investigated in 10% FBS or 50% FBS. As shown in
Supporting Information Fig. S10, both FD and DD remained
stable within 24 h, the particle size and the transmittance did not
change obviously.

The hydrophobic DOX was encapsulated in the micelles to
prepare FD/DOX and DD/DOX (Fig. 2A and C). As shown in
Table S1, Fig. 2B and D, the DOX-loaded micelles were spherical
with uniform size distribution. Both FD/DOX and DD/DOX had
similar particle size (about 90 nm) and zeta potential (about
—20 mV). The particle size and PDI of micelles loaded with DOX
were smaller than that of blank micelles. The changes in size and
dispersibility might be caused by the interaction between DOX
and hydrophobic segment DOCA.

The release of DOX from micelles was investigated in PBS
(pH 7.4, 6.5 and 5.0). In this study, polymer Fu-DOCA and Dex-
DOCA was connected through ester bond, which would break in
an acidic environment. As shown in Supporting Information
Fig. S11, DOX in FD/DOX and DD/DOX had similar release
behavior. In pH 7.4 PBS, the accumulative release of DOX within
36 h was less than 20%, indicating the micelles could remain
stable in physiological environment. In pH 6.5 PBS, the accu-
mulative release of DOX within 12 h was about 30%, while it
increased to about 80% in pH 5.0 PBS. The results suggested that
the release of DOX from FD/DOX and DD/DOX was acid-
dependent, and DOX could be released quickly in the acidic
lysosomal environment after cellular uptake.

3.3.  FD/DOX efficiently bound to activated platelets via P-
selectin

Activated platelets binding ability was an important characteristic
of micelles in this study. To verify the adhesion between FD and
activated platelets, platelets were isolated from BALB/c mice, and
half of them were activated by thrombin. Platelets with or without
thrombin activation were then incubated with FD/DOX at 37 °C
for 20 min. The DD/DOX was served as a control. As demon-
strated in fluorescent images (Fig. 2E), there was significantly
stronger fluorescence of the activated platelets incubated with FD/
DOX than that incubated with DD/DOX. And after the FD/DOX
incubation, there was more fluorescence on activated platelets than
that on platelets without activation. In Fig. 2F, the fluorescence
quantified by Flow Cytometer (Beckman Coulter, Inc.) also shows
similar results. These results demonstrate that FD/DOX could
efficiently bind activated platelets.

In order to verify that FD/DOX bound to activated platelets via
P-selectin, half of the activated platelets were pre-incubated with
anti-CD62P antibody before incubating with FD/DOX. As shown
in Fig. 2G, the fluorescence quantified by Flow Cytometer
(Beckman Coulter, Inc.) was obviously weakened when pre-
treated with the anti-CD62P antibody, which demonstrated that
FD/DOX specifically bound to P-selectin on activated platelets.

3.4. Increased cellular uptake efficiency and cytotoxicity of FD/
DOX

Cellular uptake assay was conducted on 4T1 cells. As shown in
fluorescent images (Fig. 3A), after incubation for 1 or 4 h, there
was significantly higher cellular uptake of FD/DOX than that of
DD/DOX and free DOX. In Fig. 3B, the fluorescence analyzed by
Flow Cytometer (Beckman Coulter, Inc.) also shows similar
result, suggesting that FD/DOX could be internalized quickly and
efficiently. In order to explore the mechanism of cellular uptake,
4T1 cells were pre-placed at 4 °C or pre-incubated with chlor-
promazine (clathrin-dependent endocytosis inhibitor), nystatin
(lipid raft-dependent endocytosis inhibitor) or amiloride (micro-
pinocytosis inhibitor) for 1 h before incubating with DD/DOX or
FD/DOX™*. As shown in Supporting Information Fig. S12, the
uptake of FD/DOX was inhibited by low temperature and various
inhibitors, indicating multiple uptake mechanisms were involved,
which might lead to the increased cellular uptake of FD/DOX.

Activated platelets was reported to adhere to CTCs as “pro-
tective coats” to guard the cells from elimination, and promote the
development of cancer'”. Therefore, it was important to explore
the cellular uptake of micelles in the presence of activated
platelets. 4T1 cells were pre-incubated with activated platelets for
30 min before incubating with DD/DOX or FD/DOX. As shown in
fluorescent images (Fig. 3C), the cellular uptake of DD/DOX was
significantly reduced when pre-incubated with activated platelets,
since the adhesion of platelets to the surface of 4T1 cells would
prevent tumor cells from contacting DD/DOX. However, the
cellular uptake of FD/DOX was increased when pre-incubated
with activated platelets. In Fig. 3D, the fluorescence analyzed
by Flow Cytometer (Beckman Coulter, Inc.) also shows similar
result, suggesting that the activated platelets-adhering micelle FD/
DOX could be internalized more efficiently by 4T1 cells, even in
the presence of platelets. This phenomenon might be because the
activated platelets can act as a “bridge” between FD/DOX and
tumor cells, thereby increasing the contact of FD/DOX with 4T1
cells.
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Figure 3  Cellular uptake efficiency and cytotoxicity of preparations on 4T1 cells. (A) Fluorescent images of 4T1 cells after incubating with
free DOX, DD/DOX or FD/DOX, respectively, for 1 or 4 h. Red: DOX; blue: DAPI for staining cell nucleus. Scale bar = 100 um. (B) Flow
Cytometer detection of cellular uptake after incubating with free DOX, DD/DOX or FD/DOX, respectively, for 1 or 4 h. Data are presented as
mean £ SD (n = 3), ***P < 0.001. (C) Fluorescent images of 4T1 cells after incubating with DD/DOX or FD/DOX, respectively, with or without
the activated platelet pre-incubation. Red: DOX; blue: DAPI for staining cell nucleus. Scale bar = 100 pm. (D) Flow Cytometer detection of
cellular uptake after incubating with DD/DOX or FD/DOX, respectively, with or without the activated platelet pre-incubation. Data are presented
as mean = SD (n = 3), *P < 0.05, ***P < 0.001. (E) Fluorescent images of 4T1 cells after incubating with DD/DOX or FD/DOX, respectively,
for 1 h. Red: DOX; green: Lyso-Tracker Red for staining lysosome; blue: DAPI for staining cell nucleus. Scale bar = 10 um. (F) Cell viability
after incubating with DOX, DD/DOX or FD/DOX, respectively, for 24 h. Data are presented as mean = SD (n = 3). (G) Cell viability after
incubating with DD or FD, respectively, for 24 h. Data are presented as mean = SD (n = 3).

In addition, to track the intracellular behavior of the micelles, 3.5.  Prolonged circulation time of FD/DOX
lysosomes were stained with LysoTracker Red. As shown in
fluorescent images (Fig. 3E), the micelles and lysosomes showed Platelets were inherent components of blood circulation and had
obvious co-localization, which indicated both DD/DOX and FD/ relatively long lifetime; thus FD/DOX might have long circulation
DOX could reach lysosomes after cellular uptake. And the fluo- time by hitchhiking on platelets. In this study, the pharmacokinetics
rescence signal of DOX in nucleus suggested that DOX was assay was performed in BALB/c mice. Plasma was collected at
released from the micelles in an acidic lysosomal environment and predetermined time points after intravenous injection of free DOX,
entered the nucleus successfully. DD/DOX or FD/DOX (DOX-equivalent 2.5 mg/kg). The drug
The cytotoxicity evaluation was conducted on 4T1 cells. In concentration—time curve is shown in Supporting Information
Fig. 3F, DOX-loaded micelles DD/DOX and FD/DOX showed Fig. S13. And the pharmacokinetic parameters in Supporting
concentration-dependent cytotoxicity, and there was no significant Information Table S2 suggest that the area under the curve

difference compared to DOX. While in Fig. 3G, DD and FD didn’t AUCy_. of FD/DOX (1757.475 pg h/L) was higher than that of
significantly affect cell viability even at 300 pg/mL, suggesting DD/DOX (1218.591 pg h/L) and free DOX (649.682 pg h/L), and
blank micelles DD and FD had almost no cytotoxicity on 4T1 cells. the #1, of free DOX (0.932 h) was prolonged by DD/DOX (4.434 h)



474

Rong Guo et al.

and FD/DOX (6.35 h). These results prove FD/DOX exhibited longer
circulation lifetime than DD/DOX by hitchhiking on platelets.

3.6.  Enhanced targeting ability of FD/DOX to primary tumor
and metastasis

The accumulation of nanoparticles in tumor is critical for its anti-
tumor efficacy. However, the removal of nanoparticles by the
reticuloendothelial system (RES) usually leads to a lack of anti-
tumor efficacy, since only a small portion of nanoparticles can
reach the tumor site*. In this study, the biodistribution of micelles
was investigated at different stages of cancer.

On Day 10 after 4T1 cells inoculation, the early stage of cancer
development, mice were intravenously injected with DOX, DD/
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DOX or FD/DOX (DOX-equivalent 2.5 mg/kg), respectively, and
sacrificed at 1, 8 and 24 h. The time-dependent biodistribution of
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Inc.) was shown in Fig. 4A. The semiquantitative analysis of mean
fluorescence intensity of tumors and major organs was shown in
Fig. 4B and Supporting Information Fig. S14. Free DOX was
distributed mainly in the liver and kidney and cleared quickly.
Compared with free DOX, DD/DOX showed stronger fluorescence
signal in tumor because of the passive targeting effect. However,
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of tumors and major organs at 1, 8, 24 h after the administration of DOX, DD/DOX or FD/DOX. (B) Semiquantitative analysis of mean fluo-
rescence intensity of tissues at 24 h after the administration. Data are presented as mean £+ SD (n = 3), **P < 0.01, ***P < 0.001. (C) The
amount of DOX in tumors and major organs quantified by LC-MS at 24 h after the administration. Data are presented as mean = SD (n = 3),
*P < 0.05, **P < 0.01, **¥*P < 0.001. (D) Fluorescent images of tumor sections at 24 h after the administration. Green: DOX; blue: DAPI for
staining cell nucleus. Scale bar = 100 um. (E) Fluorescent images of blood collected from tumor-bearing mice at 1, 8, 24 h after the admin-
istration. (F) Semiquantitative analysis of mean fluorescence intensity of blood at 1, 8, 24 h after the administration. Data are presented as
mean + SD (n = 3), **P < 0.01, ***P < 0.001.
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Figure 5 Biodistribution on Day 30 after 4T1 cells inoculation and metastasis targeting capacity of different preparations. (A) Fluorescent
images of tumors and major organs at 1, 8, 24 h after the administration of DOX, DD/DOX or FD/DOX. (B) Semiquantitative analysis of mean
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*P < 0.05, *#*P < 0.01, ***P < 0.001. (D) Fluorescent images of frozen sections of tumor, lung metastasis and liver metastasis at 24 h after
administration. Green: DOX; red: CD41 for staining platelets; blue: DAPI for staining cell nucleus. Scale bar = 100 um. (E) Fluorescent images
of frozen sections of tumor, lung metastasis and liver metastasis at 24 h after administration. Green: DOX; pink: CD31 for staining neovasculature;
blue: DAPI for staining cell nucleus. Scale bar = 100 pm.

distribution in liver and kidney. In Fig. 4C, the biodistribution at FD/DOX hitchhiking on activated platelets had excellent tumor-
24 h quantitatively analyzed by LC-MS (Agilent Technologies Co., targeting effect. And the reduced clearance of FD/DOX by RES
Ltd.) also shows the similar results. The fluorescent images of might be owing to the masking effect of platelets.

tumor sections at 24 h (Fig. 4D) further confirmed the distribution Rapid circulatory clearance is also a major limitation in the
of FD/DOX was more than that of free DOX and DD/DOX in both development of nanoparticles. Herein, in Fig. 4E, the blood ob-
central and marginal area. These results indicated that the micelle tained from mice at 1, 8 and 24 h after administration was imaged
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using IVIS (PerkinElmer, Inc.), and the semiquantitative analysis
of mean fluorescence intensity was shown in Fig. 4F. At each time
point, there was obviously higher fluorescence intensity of FD/
DOX in blood than that of free DOX and DD/DOX, indicating FD/
DOX had longer circulation lifetime in blood.

On Day 30 after 4T1 cells inoculation, the advanced stage of
cancer development, metastasis had already appeared in lung and
liver. The mice were intravenously injected with DOX, DD/DOX
or FD/DOX as before, and sacrificed at 1, 8 and 24 h. As shown in
Fig. 5A, the time-dependent biodistribution was measured by IVIS
(PerkinElmer, Inc.). And the semiquantitative analysis of mean
fluorescence intensity was shown in Fig. 5B and Supporting
Information Fig. S15. Free DOX was cleared quickly, and there
was almost no fluorescence signal at 24 h. The fluorescence of
DD/DOX was strong in tumor, liver and kidney, while it was weak
in the lung. As for FD/DOX, the fluorescence signal in tumor was
stronger than that of free DOX and DD/DOX. In addition,
compared with Day 10 after 4T1 cells inoculation, the distribution
of FD/DOX in liver and lung was significantly increased. In
Fig. 5C, the biodistribution at 24 h quantitatively analyzed by LC—
MS (Agilent Technologies Co., Ltd.) also shows the similar re-
sults. The distribution of FD/DOX in the liver was about 1.5 times
that of DD/DOX, and the distribution of FD/DOX in lungs was
more than twice that of DD/DOX. These results suggest that the
micelle FD/DOX had excellent metastasis-targeting effect.

The sections of tumors, lungs and livers were used to further
explore the distribution of micelles. As confirmed before, a large
number of platelets could be recruited to the primary tumor and
metastatic site. To investigate whether the FD/DOX could bind
platelets in vivo, platelets were stained with anti-CD41 antibody in
the sections of tumors, lungs and livers. In Fig. 5D, the co-
localization of CD41 and FD/DOX was observed in tumor and
the metastasis, suggesting that FD/DOX could bind platelets
effectively, thus exhibiting increased targeting effect on tumor and
metastasis via “platelet bridge”. Neovasculature were also stained
in the sections with anti-CD31 antibody. As shown in Fig. 5E, co-
localization of CD31 and FD/DOX was observed, indicating that
FD/DOX was able to bind neovasculature in tumor and the
metastasis. And FD/DOX showed increased distribution around
neovasculature, indicating enhanced penetrating ability. There-
fore, FD/DOX exhibited excellent targeting ability on tumor and
metastasis by simultaneously hitchhiking on activated platelets
and adhering to neovasculature, which was actually due to its
excellent P-selectin binding ability (Supporting Information
Fig. S16).

3.7.  Preliminary safety evaluation

The toxicity of preparations was evaluated by biochemical anal-
ysis and hematological analysis. BALB/c mice were intravenously
injected with Glu, DOX, DD/DOX or FD/DOX (DOX-equivalent
2.5 mg/kg), respectively, every 3 days for a total of 7 times. As
shown in Supporting Information Fig. S17, DOX injection
decreased the number of lymphocytes and white blood cells,
indicating DOX at this dosage might cause bone marrow toxicity.
However, DD/DOX and FD/DOX injection did not exhibit
obvious side effect, which suggested the micelles DD/DOX and
FD/DOX would decrease the toxicity of DOX. In addition,
Biochemical analysis showed no abnormalities. The preliminary
safety evaluation demonstrated that both DD/DOX and FD/DOX
was safe for injection.

3.8.  Anti-tumor and anti-metastasis efficacy on 4T1
spontaneous metastasis model

4T1 spontaneous metastasis model was established by 4T1-Luc
cells to investigate the in vivo anti-tumor and anti-metastasis ef-
ficacy. As shown in Fig. 6A, after 4T1-Luc cells inoculation, the
mice were intravenously injected with Glu, Fu, DOX, DD/DOX or
FD/DOX (DOX-equivalent 2.5 mg/kg), respectively, on Days 8,
11, 14, 17, 20, 23 and 26. Body weights of mice were recorded
during the treatment (Supporting Information Fig. S18). As shown
in Fig. 6B, the luminescent signals of 4T1-Luc cells were moni-
tored on Days 19, 26 and 33 using IVIS (PerkinElmer, Inc.). And
the semi-quantitative results of bioluminescence signals on Day
33 was shown in Fig. 6C and D. Compared with the other groups,
the luminescent signal in tumor region of mice treated with FD/
DOX was significantly reduced, indicating a strong inhibitory
effect on 4T1 tumor. In addition, the luminescent signal in the
lung area of mice treated with DOX and DD/DOX, was much
stronger than that of mice treated with Fu, while there was almost
no luminescent signal in the lung area of mice treated with FD/
DOX. The results suggested that FD/DOX exhibited the most
excellent inhibitory effect on metastasis.

The survival time of mice is influenced by both tumor volume
and tumor metastasis, and metastasis is the most common cause of
cancer death. Therefore, as shown in Fig. 6E, large tumor volume
and severe metastasis together led to the death of the mice treated
with DOX and DD/DOX. Fu had inhibitory effect on the metas-
tasis, and thus mice treated with Fu had slightly longer survival
time. And FD/DOX treatment significantly prolonged the survival
time of 4T1 tumor-bearing mice due to its excellent anti-tumor
and anti-metastasis efficacy.

In order to further assess the anti-tumor and anti-metastasis
effects, mice were sacrificed at Day 35 to collected tumors and
other major organs. The obtained tumors were weighed and
imaged. As shown in Fig. 7A-C, free DOX and DD/DOX
exhibited inhibitory effect on tumor in early stage, while the tumor
volume increased rapidly after the last administration. However,
both the volume and weight of tumors collected from FD/DOX
treated mice were the smallest, and the tumor volume did not
increase obviously after the last treatment, suggesting FD/DOX
exhibited more excellent antitumor efficiency than other prepa-
rations. In addition, the tumor sections were applied for H&E
staining and ki67 staining. As shown in Fig. 7D, the most
extensive tissue necrosis and significantly reduced proliferation
activity were observed in tumor treated with FD/DOX.

The anti-metastasis activity of preparations was evaluated in
lung and liver, respectively. The obtained lungs were photo-
graphed, and the metastatic nodules on lungs were then counted
carefully. As shown in Fig. 7E and F, a lot of metastasis nodules
were observed on the surface of lungs treated with Glu, DOX and
DD/DOX, while the nodules were almost invisible on the lung
treated with FD/DOX. In addition, the sections of lungs and
livers were applied for H&E staining. As shown in Fig. 7G, FD/
DOX was confirmed to exhibit strong inhibitory effect on both
lung metastasis and liver micrometastasis, which might be
attributed to the binding ability to activated platelets. By hitch-
hiking on activated platelets, FD/DOX could not only enhance
the targeting effect on tumor and metastasis, but also hunt and
kill CTCs in blood circulation. Fu also exhibited anti-metastasis
effect, which might because the binding of fucoidan with P-
selectin on the vascular endothelium could competitively inhibit
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and the treatment. (B) Bioluminescence imaging of tumors and lung metastasis in tumor-bearing mice treated with Glu, Fu, DOX, DD/DOX or
FD/DOX (DOX-equivalent 2.5 mg/kg), respectively (n = 3). (C) Semi-quantitative analysis of bioluminescence signal of tumor. Data are pre-
sented as mean £+ SD (n = 3), ***P < 0.001. (D) Semi-quantitative analysis of bioluminescence signal of lung metastasis. Data are presented as
mean = SD (n = 3), **P < 0.01, ***P < 0.001. (E) Survival curve of 4T1 tumor-bearing mice treated with preparations (n = 10).

CTCs from adhering to vascular endothelium and implanting in
distant organs.

In order to explore the long-time anti-metastasis effect of FD/
DOX, on Day 47 after 4T1-Luc cells inoculation, that is, Day 20
after the last dose, the tumor-bearing mice in FD/DOX group were
monitored using IVIS (PerkinElmer, Inc.). And the lungs and
livers collected from the sacrificed mice were applied for H&E
staining. As shown in Supporting Information Fig. S19A, after
finishing the treatment for a period of time, the volume of solid
tumor increased again, while there was still no obvious lumines-
cent signal in the lung area of mice. And in Fig. S19B, the result
of H&E staining also indicated there was no serious metastasis in
lung and liver. Therefore, FD/DOX was considered to existed
long-time anti-metastasis effect.

The spleens collected from mice were also imaged, and the
sections of spleens were applied for H&E staining. As shown in
Supporting Information Fig. S20, enlarged spleens with expanded
red pulp and reduced white pulp were observed in 4T1 tumor-
bearing mice. This phenomenon was documented in tumor-
induced leukemoid reaction™*. As for mice treated with FD/
DOX, compared with other groups, the volume of spleen was
much smaller, and the H&E staining was observed similar with
that of tumor free mice. This result was mainly due to the reduced
tumor burden, which further confirmed the excellent inhibitory
effect of FD/DOX on 4T1 tumor.

In addition, to evaluate the potential toxicity of preparations,
the major organs of mice after treatment were collected for H&E
staining. As shown in Supporting Information Fig. S21,
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Figure 8

DD/DOX

FD/DOX

In vivo inhibition of TGF-8. (A) Fluorescent images of tumor sections treated with Glu, Fu, DOX, DD/DOX or FD/DOX (DOX-

equivalent 2.5 mg/kg), respectively. Green: TGF-g; blue: DAPI for staining cell nucleus; red: CD41 for staining platelets. Scale bar = 100 um.
(B) Fluorescent images of frozen sections of lungs and livers collected from tumor-bearing mice after treatment. Green: TGF-(; blue: DAPI for
staining cell nucleus. Scale bar = 100 um. (C) Expression of TGF-# in tumors, lungs and livers detected by Western blot assay.

glomerular effusion was observed in DOX group. And there were
no obvious morphological abnormalities found in other groups.

3.9.  Invivo inhibition of TGF-$

TGF-@ is an important component in tumor microenvironment
which can induce epithelial-to-mesenchymal transition (EMT) of
tumor cells”®. And in premetastatic organs, TGF- is required for
tumor cells colonization”’. Therefore, the inhibition of TGF-8 in
both primary tumor and premetastatic organs is necessary for
effective cancer treatment. In this study, the activated platelets
were confirmed to be recruited to primary tumor and metastasis,
through which the micelle FD/DOX could track tumor cells
accurately. However, the activated platelets also secreted TGF-
B'', which was a serious problem of platelet-based therapy and
remained to be solved.

Herein, the in vivo inhibitory effect on TGF-§ was investigated
on 4T1 tumor-bearing mice. The mice were intravenously injected
with Glu, DOX, Fu, DD/DOX or FD/DOX, respectively, every 3
days for a total of 7 times. After that, tumors, lungs and livers
were collected from mice and applied for TGF-3 detection. As
shown in Fig. 8A, high fluorescence signal of TGF-§ was
observed in tumor, especially at the site of platelets aggregation.
And it was worth noting that FD/DOX treatment significantly
decreased the fluorescence signal of TGF-g around platelets. The
results suggested the micelle FD/DOX could inhibit TGF-3
expression of activated platelets, and thus weakened the tumor
promoting effect of tumor-homing platelets. In lung and liver, the

fluorescence signal of TGF-§ was also reduced after Fu and FD/
DOX treatment (Fig. 8B), which might remodel the environment
for tumor cells colonization and finally lead to better anti-
metastasis effect of FD/DOX. Besides, the expression of TGF-3
in tumors, lungs and livers was also detected by immunohisto-
chemical staining (Supporting Information Fig. S22) and Western
blot assay (Fig. 8C and Supporting Information Fig. S23). The
similar results confirmed the inhibitory effect of FD/DOX on
TGF-@ again. The inhibition of TGF-8 was also observed in mice
treated with Fu, indicating that the inhibitory effect of FD/DOX
was actually attributed to fucoidan, the hydrophilic segment of
micelle FD/DOX.

3.10.  In vivo regulation of immune response

Fucoidan was reported to exhibit an immunostimulatory func-
tion®”. Therefore, the micelle FD/DOX might stimulate anti-tumor
immune response effectively through the combination of fucoidan
and DOX, a chemotherapy drug that cause immunogenic cell
death of tumor cells. In addition, TGF-( is an immunosuppressive
cytokine, which was reported to inhibit the maturation of dendritic
cells (DCs) and the proliferation of CD4" and CD8" T cells”®.
Therefore, the inhibition of TGF-8 by FD/DOX might also
enhance the anti-tumor immune response.

In order to verify the immunomodulatory effect, 4T1 tumor-
bearing mice were intravenously injected with Glu, DD/DOX or
FD/DOX (DOX-equivalent 2.5 mg/kg), respectively, every 3 days
for a total of 7 times. On Day 7 after the last dose, the immune

Figure 7

Anti-tumor and anti-metastasis effect on 4T1 spontaneous metastasis model. (A) Image of 4T1 tumors treated with Glu, Fu, DOX,

DD/DOX or FD/DOX (DOX-equivalent 2.5 mg/kg), respectively (n = 5). (B) The changes of tumor volume during treatment. Data are presented
as mean + SD (n = 5), ***P < 0.001. (C) The weight of tumors after treatment. Data are presented as mean £ SD (n = 5), ***P < 0.001. (D)
H&E staining and ki67 staining for tumors. Scale bar = 100 pm. (E) Images of lungs in different groups. The yellow circles represented
metastatic nodules on lungs. (F) Count of metastatic nodules on lungs. Data are presented as mean £+ SD (n = 5), **P < 0.01, ***P < 0.001. (G)
H&E staining for lungs and livers, and the dark purple parts represented tumor metastasis. Scale bar = 100 pm.
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Figure 9

CD11b

Immune cells of 4T1 tumor-bearing mice after treatment. Flow Cytometer detection and the percentages of (A) CD11c™ CD86™ cells

in spleens, (B) CD11c™ CD80™ cells in spleens, (C) CD8" IFN-y™ cells in tumors, (D) CD4™" cells in tumors, (E) CD4" Foxp3™ cells in tumors,

(F) CD11b* Ly6G™ cells in lungs, and (G) CD11b" Ly6G™ cells in livers. Data are presented as mean + SD (n =

cells were quantitative detected by Flow Cytometer (Beckman
Coulter, Inc.). As shown in Fig. 9A and B, mature DCs (CD1 Ict
CD86™ cells and CD1lc™ CD80" cells) was significantly
increased in spleens treated with FD/DOX. As in the 4T1 tumor, it
was obvious that FD/DOX treatment enhanced the recruitment of
CD8™ T cells (CD8 IFN-y™ cells in Fig. 9C) and CD4" T cells
(CD4" cells in Fig. 9D). Meanwhile, the immunosuppressive
Tregs (CD4" Foxp3™ cells in Fig. 9E) was decreased. These re-
sults demonstrate that FD/DOX exhibited strong immune stimu-
lating effect, through which better anti-tumor efficacy could be
achieved.

In addition, it was proved in many studies that the immuno-
suppressive G-MDSCs (CD11b* Ly6G™ cells) can be recruited to
distant organs and assist the formation of premetastatic niche
(PMN), thus promoting the colonization and proliferation of
tumor cells*>**°. As shown in Fig. 9F and G, the G-MDSCs in the
lungs and livers of tumor-bearing mice were significantly more
than that of tumor free mice. PSGL-1 expressed on G-MDSCs was
crucial for their recruitment by binding P-selectin on vascular
endothelium®’. Therefore, the micelle FD/DOX might inhibit G-
MDSCs recruitment in premetastatic organs by competitively
binding P-selectin. The results in Fig. 9F and G confirm that FD/
DOX treatment significantly reduced the percentage of G-MDSCs
in the lungs and livers to a level similar to that in tumor free mice.
The inhibition of G-MDSCs recruitment would further enhance
CD8* T cell-mediated immune response, since cytokines secreted
by G-MDSCs, such as IL-10, could inhibit the activity of CD8* T
cells*®. As a result, FD/DOX treatment reversed the immuno-
suppressive microenvironment in distant organs, prevented the
implantation and survival of tumor cells, and finally achieved
better anti-metastasis efficacy.

3), ¥*¥*P < 0.001.

4. Conclusions

In this study, a fucoidan-functionalized micelle FD/DOX was
constructed successfully, which could adhere to activated platelets
through P-selectin. The micelle FD/DOX could effectively target
primary tumor, CTCs, and metastatic site in distant organs by
hitchhiking on activated platelets recruited by tumor cells. P-
selectin expressed on vascular endothelium also assisted the
accumulation of FD/DOX. Accurately tracking and killing tumor
cells resulted in excellent anti-tumor and anti-metastasis efficacy
of FD/DOX. In addition, FD/DOX treatment was confirmed to
inhibit the expression of TGF-g, which solved a trouble caused by
platelet recruitment, and effectively stimulated anti-tumor immune
response, contributing to the anti-cancer treatment. In summary,
the fucoidan-functionalized activated platelets-targeting micelle
provided a promising strategy for metastatic cancer treatment by
accurately tracking of tumor cells and remodeling the microen-
vironment in primary tumor and premetastatic organs.
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