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A B S T R A C T   

Multifunctional nanoplatforms combined with photodynamic therapy (PDT) and anticancer drugs have shown 
great promising in cancer therapy. However, their efficacy is limited by the low specificity, low oxygen levels, 
and a tolerant tumor immune microenvironment. Herein, we developed a biocompatible theranostic nanoplat-
form (FM@VP) based on co-assembly of a nanocomplex formed by a functional polysaccharide fucoidan and a 
bioreducible polyamidoamine (PAMAM) dendrimer, a photosensitizer verteporfin (VP), and MnO2 nanoparticles 
(a tumor microenvironment responsive oxygen evolving nanomaterial) into a multifunctional nanoparticle 
cluster. The dendrimer-fucoidan polyionic nanocomplex (DFPN) specifically targeted P-selectin-overexpressed 
triple-negative breast cancer (TNBC) and the tumor-associated vasculature, and was sensitive to glutathione 
(GSH) in tumor. More importantly, this FM@VP nanocomplex simultaneously overcame tumor hypoxia, sup-
pressed oncogenic signaling, and attenuated tumor-mediated immunosuppression, resulting in improving ther-
apeutic efficacy of PDT while enhancing antitumor immunity and anti-metastasis. This discovery provides a 
powerful strategy for synergetic cancer targeting/photodynamic/immunotherapy and could serve as a safe 
clinical translational approach.   

1. Introduction 

Metastasis is the leading cause of cancer-related mortality, especially 
with triple-negative breast cancer (TNBC) which is the most lethal type 
of breast cancer. TNBC is characterized with high heterogeneity, an 
invasive nature, and a lack of treatment options. Moreover, patients 
frequently develop resistance to conventional chemotherapy or radio-
therapy [1]. Eradication of TNBC is currently a critical unmet clinical 
need. Nanomedicine has emerged as an attractive anticancer strategy, 
and it has shown many advantages over conventional therapies and 
provides promising opportunities such as with imaging, diagnosis, drug 

delivery, and improved cancer-targeted treatment. Photodynamic ther-
apy (PDT) is one of the potential cancer treatments based on generating 
highly cytotoxic singlet oxygen (1O2) through interactions of a photo-
sensitizer, light, and oxygen [2,3]. However, the hypoxic microenvi-
ronment of solid tumors is a major challenge and limitation for PDT [4]. 
Tumor hypoxia promotes aggressiveness, vascular angiogenesis, and 
resistance to various therapies [5]. PDT-evoked tumor hypoxia may 
even lead to cancer recurrence [6]. Therefore, overcoming tumor hyp-
oxia by nanocarriers towards enhanced PDT [7–10]. Moreover, the 
overexpression of glutathione (GSH) in tumor cells can directly remove 
reactive oxygen species (ROS) to further reduce intracellular oxidative 
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stress [11]. The generation of ROS is more toxic towards normal cells 
due to their lower GSH levels, which results in increased side effects of 
PDT [12]. 

In addition to the production of ROS by PDT, the secretion or 
exposure of damage-associated molecular patterns (DAMPs) from PDT- 
elicited damage to cells may trigger the host immune system, 
including activation of T cells and dendritic cells. Several studies 
investigated the involvement of immune modulation with PDT [13–15]. 
However, the presence of immune checkpoint molecules such as pro-
grammed death-protein 1 (PD1), programmed death-ligand 1 (PD-L1), 
and cytotoxic T lymphocyte-associated antigen 4 (CTLA4), in tumor 
cells limits the activation and effective functioning of antigen-reactive T 
cells and enables tumors to escape from immune elimination [16]. 
Overcoming tumor-mediated immunosuppression by nanocarriers via a 
combination or conjugation with immune checkpoint inhibitors would 
offer the possibility of amplifying antitumor immune responses and 
improving therapeutic efficacies [17–19]. Other studies focused on 
regulating the tumor immune microenvironment by nanomedicine [20, 
21]. Thus, it would be highly desirable to develop an efficient 
tumor-activated nanoplatform compatible with antitumor immunity to 
achieve therapeutic feasibility. 

On this basis, the present study attempted to develop a nanoplatform 
which is able to achieve the above-mentioned goals. Benefiting from the 
high catalytic efficiency of MnO2 with overexpressed H2O2 in the tumor 
microenvironment (TME), MnO2 nanoparticles (NPs) can generate O2 to 
modulate tumor hypoxia and enhance the effect of PDT. Nanoparticles 
are typically stabilized by electrostatic or steric repulsion, and they can 
co-assemble with polymers or small molecules into clusters under a 
variety of external triggers [22]. Dendrimers shows host-guest chemical 
properties because the hydrophilic functional groups on the exterior 
surface enhance their water solubility, but the inner core and branches 

are responsible for improving the solubility of hydrophobic drugs. 
Dendrimers can be used as a template for modulating the synthesis of 
nanoparticles and clusters and can serve as ligands to increase their 
stability [23]. Dendrimer-cluster multivalent interactions prevent the 
clusters from aggregating or being leached out [24]. 
Guest-functionalized dendrimers play a key role in the self-assembly of 
inorganic NPs into supramolecular NP clusters because of host-guest and 
electrostatic interactions formed between the NPs [25]. 

Herein, we developed a smart theranostic FM@VP nanoplatform with 
fucoidan which has the ability to target P-selectin-positive breast cancer 
cells and the tumor-associated vasculature [26]. The FM@VP nanoplat-
form was constructed based on the co-assembly of the photosensitizer, 
verteporfin (VP), and MnO2 NPs with a bioreducible, polyamidoamine 
(PAMAM) dendrimer through the formation of dendrimer-VP hydro-
phobic interactions and N–Mn bonds on surface Mn sites of MnO2, in 
association with a dendrimer-fucoidan polyionic nanocomplex (DFPN) to 
form nanoparticle clusters. The VP- and MnO2-loaded nanoparticle 
clusters were sensitive to glutathione (GSH). Given that tumor cells have 
higher levels of GSH compared to normal tissues, rapid disintegration of 
the clusters occurred as a consequence of reducing the disulfide bounds in 
the dendrimers to further have the ability to selectively “turn on” fluo-
rescence. Subsequently, the release of VP enhanced PDT and alleviated 
tumor hypoxia with the assistance of oxygen supplied by the MnO2 NPs. 
Moreover, VP not only elicited PDT but also synergistically suppressed 
oncogenic signaling and attenuated tumor-mediated immunosuppres-
sion through its inhibition on yes-associated protein (YAP). This nano-
platform exhibits multifunctional characteristics including selective 
cancer-targeting/photodynamic/immunotherapy, as a result of 
enhancing antitumor growth and preventing secondary tumor formation 
in distant organs (Scheme 1). This is the first research to provide proof of 
concept that a smart, biocompatible fucoidan-based nanoplatform can 

Scheme 1. Illustration of the theranostic 
FM@VP nanoplatform for overcoming 
tumor hypoxia and enhancing the photody-
namic efficacy in breast cancer. The FM@VP 
nanocomplex exhibited targeting ability by 
fucoidan for P-selectin-positive TNBC and 
the tumor-associated vasculature. VP- and 
MnO2-loaded nanoparticle clusters were 
sensitive to glutathione (GSH) of tumor cells 
due to the disulfide bound-linked dendrimer. 
Subsequently, the release of VP enhanced 
PDT and alleviated tumor hypoxia with the 
assistance of oxygen supplied by MnO2 NPs. 
Moreover, VP not only accentuated PDT but 
also synergistically suppressed oncogenic 
signaling, inhibited tumor angiogenesis, and 
attenuated tumor-mediated immunosup-
pression, as a result of enhancing the thera-
peutic efficacy of PDT and further prevented 
secondary tumor formation in metastatic 
organs.   
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empower sweeping antitumor function. This powerful strategy can serve 
a safe clinical translational approach in cancer-targeted therapy. 

2. Results and discussion 

2.1. Preparation and characterization of the FM@VP nanoformulation 

Due to the hydrophobic nature of the inner core and branches, 
dendrimers play an important role in the loading and delivery of hy-
drophobic drugs [27]. The dendrimer also acts as a ligand to increase the 
stability of nanoparticles and clusters [22–24]. Therefore, in the present 
study, a bioreducible, polyamidoamine (PAMAM) dendrimer was used 
as a nanocarrier for the co-delivery of VP, a hydrophobic photosensi-
tizer, and MnO2 NPs. Nevertheless, a high positive charge can increase 
the cytotoxicity of dendrimers. In addition, dendrimers without modi-
fication with ligands cannot actively target tumors. Fucoidan is a 
fucose-based, sulfated polysaccharide derived from brown algae, which 
was reported to target P-selectin-overexpressing tumor cells [26,28]. 
Our previous studies have reported the development of fucoidan-based 
nanocarriers for oral drug delivery and antibacterial application 
[29–32]. The molecular weight of fucoidan used in this study was 8775 
Da as determined by Gel Permeation Chromatography (GPC Analysis), 

which was obtained by hydrolysis of crude fucoidan with H2O2 through 
breaking glycosidic bonds [33,34]. The molecular weight of the bio-
reducible PAMAM dendrimer was 1522 Da, as indicated by the NMR 
identification of the synthesized compound (Supplemental Materials 
and Methods 1). Therefore, fucoidan and dendrimer were easily to form 
nanocomplex and thus the positively charged dendrimer was modified 
with the negatively charged polysaccharide, fucoidan, to increase its 
biocompatibility and tumor-targeting ability. 

Dendrimers are generally of small sizes (3–10 nm) and thus are easily 
removed through extravasation and renal clearance. Modifying den-
drimers with polymers can increase their size, which not only increases 
their circulation in the blood but also improves their antitumor efficacy 
[35,36]. We first found that fucoidan and a bioreducible PAMAM den-
drimer formed a polyionic nanocomplex (DFPN) through electrostatic 
interactions upon direct mixing of these oppositely charged compounds 
in water. The addition of dendrimer to fucoidan solution resulted in an 
increase in turbidity and the transmittance of fucoidan solution 
decreased with the increase of dendrimer-to-fucoidan weight ratio, 
revealing the formation of self-assembled DFPN nanocomplex (Supple-
mental Fig. S1A). The DFPN-based nanocomplex was further prepared 
by co-assembly of the photosensitizer, VP, and MnO2 NPs to obtain a 
tumor-targeting and oxygen-boosting nanoplatform for enhanced 

Fig. 1. Characterization of FM@VP. (A) FM@VP nanoparticle cluster assembling scheme. (B) Z-average diameter and surface zeta potential of FM, FN@VP, and 
FM@VP nanoformulations. (C) TEM images of FM@VP nanoparticle cluster with and without DTT treatment. Scale bar ¼ 200 nm. (D) In vitro release of VP from 
FM@VP nanoparticle clusters was dependent on disulfide bond reduction. (E) Response of the VP fluorescent intensity of FM@VP nanoparticle cluster to stimuli in 
the presence of DTT (0, 0.05, 0.5, and 1 M). (F) Determination of H2O2 decomposition and (G) oxygen generation by FM nanocomplex. Data are presented as 
percentage relative to the control group. The raw spectrums are shown in Supplemental Figure S5 (H)Fluorescent intensity of SOSG by FM, FN@VP, and FM@VP 
nanoformulations with or without light irradiation (1.1 W/cm2, 690 nm). Data are presented as the mean � SD. **p < 0.01, ***p < 0.001, assessed using an unpaired 
t-test. 
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photodynamic efficiency. To improve the loading efficiency of VP and 
MnO2 NPs, VP was mixed with fucoidan aqueous solution and MnO2 NPs 
was mixed with dendrimer aqueous solution, separately. Dendrimer can 
serve as a ligand to coordinate with MnO2 NPs through the formation of 
N–Mn bonds on surface Mn sites and thus helps to prevent loss of MnO2 
NPs during the co-assembly process for forming FM@VP nanocomplex. 
Fucoidan is a biological macromolecule which can serve as a solubilizer 
to improve the solubility of VP in aqueous solution and thus can reduce 
the usage amount of solvent (DMSO). Dendrimers have hydrophilic 
functional groups on the exterior surface but hydrophobic inner core 
and branches. The hydrophobic interactions between dendrimer and VP 
can cause the formation of dendrimer-VP nanocomplex prior to the 
co-assembly process when dendrimer and VP are directly mixed, which 
can hinder the interactions between dendrimer and fucoidan (Fig. 1A). 

Three different DFPN formulations, including FM (with MnO2 
loading), FN@VP (with VP loading), and FM@VP (with MnO2/VP 
loading) exhibited good colloidal stability in water and serum- 
containing medium for at least 8 h (Supplemental Figs. S1B–C). The 
hydrodynamic sizes of the FM, FN@VP, and FM@VP nanofomulations 
were 178 � 4.0, 181 � 16.5, and 206 � 6.2 nm (Fig. 1B). Polydispersity 
index (PDI) values of the FM, FN@VP, and FM@VP nanofomulations 
were 0.15 � 0.02, 0.19 � 0.05, and 0.23 � 0.05, respectively (Supple-
mental Fig. S1B). Zeta potentials of the FM, FN@VP, and FM@VP 
nanofomulations were � 21 � 2.8, � 27 � 0.6, and � 27 � 2.3 mV, 
respectively (Fig. 1B), suggesting that the nanoformulation samples 
were covered with fucoidan. Moreover, the absorption spectrum of the 
FM@VP nanoformulation showed a strong absorption band at 700 nm, 
which was assigned to the characteristic absorption of VP. The encap-
sulation efficiency of VP calculated using the absorption spectrum was 
approximately 90% (Supplemental Fig. S1E). 

Next, the Fourier transformation infrared (FTIR) spectra of DFPN and 
the FM@VP nanoformulation were examined. The bands at 1680 and 
1540 cm� 1 were assigned to amide I and II, and primary amine of the 
bioreducible PAMAM dendrimer. Characteristic peaks of O––S––O vi-
bration (1255 cm� 1) and C–O–S stretching (850 cm� 1) were assigned to 
the sulfate groups of fucoidan (sulfated fucose residues). DFPN showed 
the characteristic peaks of dendrimer (1540 cm� 1) and fucoidan (1255 
cm� 1) but the intensity of the band at 1540 cm� 1 decreased with the 
increase of fucoidan-to-dendrimer weight ratio. The spectrum of 
FM@VP (fucoidan/dendrimer ¼ 10:1) consisted mostly of the charac-
teristic absorption bands of fucoidan, revealing the abundance of 
fucoidan in the nanoformulation (Supplemental Fig. S2). In addition, the 
diffraction patterns of MnO2 NPs and FM@VP nanoformulation were 
determined by X-ray diffraction (XRD). Results showed that the XRD 
pattern of the FM@VP nanoformulation matched well with the pattern 
of MnO2 NPs, further indicating the incorporation of MnO2 NPs in the 
FM@VP nanoformulation (Supplemental Fig. S3). The encapsulation 
efficiency of MnO2 NPs in FM@VP was 74.8% as determined by ICP- 
OES. Additionally, the absorption spectra from the centrifuged super-
natant of the FM@VP nanocomplex didn’t show the absorption band of 
MnO2 NPs (Supplemental Fig. S4A), confirming that MnO2 NPs were 
successfully assembled and encapsulated in the nanocomplex. More-
over, transmission electron microscopic (TEM) images illustrating the 
FM@VP nanocomplex showed co-assembled VP/MnO2 DFPN clusters 
with a particle size of around 200 nm (Fig. 1C). These data indicated the 
successful combination of fucoidan with the dendrimer to form the 
DFPN and the co-assembly of VP and MnO2 with the DFPN into FM@VP 
nanoclusters. TEM images also showed that the FM@VP nanoclusters 
had completely disintegrated in the presence of the disulfide-reducing 
agent, dithiothreitol (DTT), because the disulfide bonds in the den-
drimer were rapidly cleaved by DTT via a thiol-disulfide exchange re-
action [37](Fig. 1C). The responsiveness of the nanoparticle cluster 
formulations to stimuli was further confirmed by the increased particle 
size because of disassembly of the nanoparticle cluster (Supplemental 
Fig. S1C). These data indicated that the DFPN clusters had a 
redox-responsive property, and were sensitive to a reduction in disulfide 

bonds. Subsequently, the redox-sensitive release property of the FM@VP 
nanoparticle clusters was investigated in the presence of DTT. As 
anticipated, the release of VP was rapidly detected within 10 min after 
the addition of DTT, and it continued to be released until it had reached 
90% by 120 min of incubation (Fig. 1D). Additionally, the VP fluores-
cent signal was almost completely quenched after formation of the 
FM@VP nanoparticle clusters, which was ascribed to hydrophobic in-
teractions between the dendrimer and VP molecules and π� π stacking 
interactions between VP’s own porphyrin rings [38]. Fig. 1E shows that 
the FM@VP nanoparticle clusters were able to restore VP’s fluorescence 
in the presence of DTT in a dose-dependent manner, indicating disin-
tegration of the FM@VP nanoparticle clusters through redox-responsive 
cleavage of the GSH-reducible linker (disulfide bonds) in the dendrimer. 
Disassembly of FM@VP nanoparticle clusters was attributed to cleavage 
of the bioreducible linker (disulfide bond) in the dendrimer by DTT, 
simultaneously resulted in fluorescence recovery. The initial “turning--
off” and then the final “turning-on” of fluorescence would be beneficial 
for reducing phototoxic effects in normal tissues and for the instanta-
neous visual sensing of tumors. 

PDT can trigger tumor cells death by producing 1O2; however, hyp-
oxia in the tumor microenvironment leads to the acidic tumor micro-
environment and generate excessive amounts of H2O2. In view of the 
fact that MnO2 catalyzes the decomposition of H2O2 to oxygen, MnO2 
NPs incorporated in FM@VP nanoparticle clusters can have the poten-
tial to relieve tumor hypoxia. The results of ICP-OES showed that MnO2 
NPs did not release from FM@VP nanoparticle clusters in the absence of 
DTT. However, DTT significantly triggered rapid and efficient release of 
MnO2 NPs from FM@VP nanoparticle clusters. More than 90% of 
incorporated MnO2 NPs were released within 2 h under the reducing 
condition (Supplemental Fig. S4B), further confirming the redox- 
responsive characteristic of FM@VP nanoparticle clusters. 

The catalyzed reaction of H2O2 by MnO2 reacts more rapidly in the 
presence of Hþ (i.e. hypoxic conditions) [39]; therefore, the effect of 
FM@VP nanoparticle clusters on decomposition of H2O2 and generation 
of oxygen were studied under different pH conditions. Fig. 1F showed 
that the absorbance of the ferric-xylenol orange complex at 560 nm, 
which correlated with the concentration of H2O2, decreased by the 
addition of FM@VP nanoparticle clusters to H2O2. The decomposition of 
H2O2 was accelerated under acidic conditions, such as pH 6.5 (tumor 
microenvironment pH) and 5.0 (lysosome pH). After 1 h of reaction, the 
remaining ratio of H2O2 decreased from 90% to 65% along with the 
decrease of pH value from 7.4 to 5.0 (Fig. 1F and Supplemental 
Fig. S5A). Moreover, the degradation of H2O2 by FM@VP nanoparticle 
clusters could generate oxygen as evidenced by the fluorescence emis-
sion from an oxygen sensor (Fig. 1G and Supplemental Fig. S5B). In 
contrast to the remaining ratio of H2O2, the level of oxygen generated at 
pH 6.5 and 5.0 were 1.7- folds and 3.5-folds higher than that generated 
at 7.4, implying that the FM@VP nanoparticle clusters could be used as 
an ideal oxygen self-sufficient nanoplatform to overcome tumor hypoxia 
for PDT. 

The 1O2 generation ability of FM@VP nanoparticle clusters was then 
examined using singlet oxygen sensor green reagent (SOSG) as an in-
dicator [40]. Under irradiation, the 1O2 generated by FM@VP nano-
particle clusters (with the combination of photosensitizer VP and MnO2 
NPs) in the presence of H2O2 caused the highest fluorescence enhance-
ment of SOSG among all groups (Fig. 1H), indicating that 1O2 generated 
by this system was greatly improved by H2O2. In contrast, 1O2 generated 
by the nanoparticle clusters lacking MnO2 NPs (FN@VP) was not 
significantly enhanced after exposure to light irradiation even in the 
presence of H2O2. The results suggested that the MnO2 NPs incorporated 
in FM@VP nanoparticle clusters was effective in improving the 1O2 
generation capability of VP, allowing for the promotion of PDT effi-
ciency by relieving tumor hypoxia with the existence of H2O2. 

C.-H. Chung et al.                                                                                                                                                                                                                              



Biomaterials 257 (2020) 120227

5

2.2. FM@VP targets P-selectin-positive TNBC 

To evaluate the binding specificity of the FM@VP nanoparticle 
clusters on tumor cells, we compared TNBC MDA-MB-231 cells and 3T3- 
L1 fibroblasts in response to the presence of FM@VP. As shown in 
Fig. 2A, VP fluorescent emission significantly increased in FM@VP- 
treated MDA-MB-231 cells, compared to that in 3T3-L1 cells (Fig. 2A, 
left panel). These data support the notion of high GSH levels in cancer 
cells and also confirm the capability of tumor-activated drug release by 
the FM@VP. We next evaluated the cellular uptake capacity of free VP 
and FM@VP nanoparticle clusters in MDA-MB-231 cells, and results 
showed that the ability of cells to take up FM@VP nanoparticle clusters 
was 2.5-fold greater than that of free VP, whereas the uptake of FM@VP 
in MDA-MB-231 cells was abolished by pretreatment with fucoidan 
(Fig. 2A, right panel), confirming that fucoidan-based DFPN clusters 
enhanced drug delivery to tumor cells. 

Next, we evaluated the anticancer capacity of FM@VP nanoparticle 
clusters in MDA-MB-231, MDA-MB-468, and HCC1806 TNBC cells. Re-
sults of the cell viability assay showed that FM@VP exhibited the 
greatest growth inhibition in MDA-MB-231 and MDA-MB-468 cells, 
compared to free VP and the FM (without VP loading)-treated groups 

(Fig. 2B and Supplemental Fig. S6A). The FM nanocomplex showed no 
obvious inhibitory activity against tumor cells (Supplemental Fig. S6A). 
We further treated TNBC cells with light irradiation, and results showed 
that the cell viability significantly decreased in FM@VP treatment 
combined with light irradiation, compared to cells treated with free VP 
or free VP plus light irradiation (Fig. 2B). However, the cytotoxicity of 
FM@VP against HCC1806 cells was no different, despite light irradia-
tion increasing the cytotoxicity in both the free VP and FM@VP groups 
(Supplemental Fig. S6B). Because fucoidan was reported to target P- 
selectin, we hypothesized that the specificity of FM@VP nanoparticle 
clusters against TNBC cells might depend on the presence of P-selectin. 
As we expected, the level of P-selectin (SELP) was upregulated in MDA- 
MB-231 and MDA-MB-468 cells, compared to that in HCC1806 cells 
(Fig. 2C). Furthermore, results of the calcein-AM/propidium iodide (PI) 
staining assay indicated that cell death was triggered by the FN@VP and 
FM@VP nanocomplexes, while all cancer cells were killed when 
FM@VP were combined with light irradiation (Fig. 2D). On the con-
trary, the FM nanocomplex showed less cytotoxicity, both with and 
without light irradiation (Fig. 2D). Moreover, light irradiation rapidly 
induced intracellular ROS accumulation by FN@VP and FM@VP-treated 
cells, compared to FM-treated cells (Fig. 2E), indicating that the 

Fig. 2. Selectivity and phototoxicity of FM@VP nanocomplex. (A) Deconvolution fluorescent images of cellular uptake of FM@VP in 3T3L1 and MDA-MB-231 cells 
(left panel), and in the presence of free fucoidan (right panel). Intracellular fluorescent intensity of VP was quantified with a fluorescent spectrometer. (B) Cellular 
viability of TNBC cells treated with free VP and FM@VP, with and without light irradiation. (C) Relative expression of P-selectin (SELP) mRNA by TNBC cells. (D) 
Calcein-AM/propidium iodide (PI) staining of live and dead MDA-MB-231 cells after treatment with FM, FN@VP, and FM@VP, with and without light irradiation. (E) 
Representative images of intracellular ROS accumulation in MDA-MB-231 cells treated with FM, FN@VP, and FM@VP combined with light irradiation. Data are 
presented as the mean � SD. *p < 0.05; **p < 0.01; ***p < 0.001, assessed using an unpaired t-test. 

C.-H. Chung et al.                                                                                                                                                                                                                              



Biomaterials 257 (2020) 120227

6

Fig. 3. Enhanced inhibitory capacity against tumor hypoxia and angiogenesis by FM@VP nanocomplex. (A) 4T1/hypoxCR cells were cultured in an adherent or 
spheroid condition for 48 h. GFP-positive hypoxic tumor cells were observed under an inverted fluorescent microscope. BF, bright field. (B) FM@VP alleviated 
hypoxia and enhanced PDT efficacy in 4T1/hypoxCR tumorspheres. Fluorescent microscopic images of GFP-positive hypoxic tumor cells and mcherry-positive 
proliferating cells in 4T1/hypoxCR tumorspheres were treated with FN@VP or FM@VP in the presence or absence of light irradiation. BF, bright field. Bar, 100 
μm. (C) Suppression of hypoxia-induced gene expressions by FM@VP, as determined by a real-time PCR analysis. (D) Light microscopic images of tube formation of 
HUVECs treated with FM or FM@VP nanoformulations. Quantitative data indicate the number of branch points. (E) Schematic diagram of transwell migration of 
HUVECs cocultured with FM- or FM@VP-treated MDA-MB-231 cells (upper panel). Representative images (middle panel) and quantitative data (lower panel) of 
migrated HUVECs are shown. (F) Schematic diagram of a 3D coculture model of HUVECs/RFP and 4T1/GFP tumorspheres treated with FN@VP or FM@VP in the 
presence or absence of light irradiation. Representative fluorescent images are shown. Bar, 100 μm. Data are presented as the mean � SD. *p < 0.05; **p < 0.01; ***p 
< 0.001, assessed using an unpaired t-test. 
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encapsulation of VP is responsible for ROS elicitation. These data 
together show the good binding specificity of FM@VP nanoparticle 
clusters to P-selectin-positive TNBC cells. 

2.3. FM@VP overcome tumor hypoxia, thereby rendering a therapeutic 
advantage for PDT 

Tumor hypoxia is an important impediment for effective PDT. In 
order to evaluate the encapsulation of MnO2 NPs into the FM@VP 
nanoparticle clusters with the ability to overcome tumor hypoxia and 
produce therapeutic advantage for PDT, we cultured 4T1/hypoxCR cells 
which expressed the green fluorescent protein (GFP) in response to 
hypoxic conditions and mcherry in cycling cells, respectively. 4T1/ 
hypoxCR cells were cultured into tumorspheres, and we detected that 
GFP-positive cells were increased in tumorspheres after 48 h of incu-
bation, compared to the adherent cells (Fig. 3A). The hypoxic tumor 
region in the tumorspheres increased through 96 h of incubation (Sup-
plemental Fig. S7A). On the contrary, the number of proliferating cells 
gradually decreased in 4T1/hypoxCR tumorspheres (Supplemental 
Fig. S7A), consistent with previous findings that cell division is down-
regulated during hypoxia [41]. Importantly, tumorspheres treated with 
FN@VP slightly decreased the hypoxic tumor area, whereas treatment 
with FM@VP robustly diminished the formation of hypoxic tumor cells 
(Fig. 3B). We also observed that the decrease in tumor hypoxia by 
FM@VP was accompanied by an increase in proliferating cells (Fig. 3B), 
while treatment of tumorspheres with FM@VP combined with light 
irradiation reduced hypoxia of the tumor and also inhibited tumor 
proliferation (Fig. 3B). These data indicated that the reduction of the 
hypoxia of the tumorspheres by FM@VP resulted in enhanced PDT ef-
ficacy. We also stained MDA-MB-231 tumorsphere with a hypoxic probe, 
and consistent results were obtained that tumor hypoxia was elevated at 
96 h by the formation of tumorspheres (Supplemental Fig. S7B). More-
over, MDA-MB-231 cells failed to form tumorspheres with either pre-
treatment or post-treatment with FM@VP plus light irradiation 
(Supplemental Fig. S7C), and pretreatment with FM@VP diminished the 
expression of hypoxia-related markers, including vascular endothelial 
growth factor (VEGF), glucose transporter 1 (Glut1), and hexokinase 1 
(HK1) (Fig. 3C). 

2.4. Suppression of tumor-elicited angiogenesis 

Tumor hypoxia-elicited angiogenesis plays an important role in 
tumor growth and metastasis. To further examine the inhibitory activity 
of FM@VP nanoparticle clusters on tumor angiogenesis, we treated 
human umbilical vascular endothelial cells (HUVECs) with FM@VP. As 
shown in Fig. 3D, FM@VP encapsulating 0.25 μM VP suppressed for-
mation of capillary-like structures in HUVECs, whereas FM nano-
complexes without VP encapsulation showed less of an effect on tube 
formation, indicating that VP is responsible for exerting the anti-
angiogenic activity of FM@VP nanoparticles. Interestingly, higher 
concentrations of FM nanocomplexes exhibited inhibitory activity 
against tube formation (Fig. 3D). These data were similar to those of 
previous studies in which fucoidan attenuated tumor angiogenesis [42, 
43]. Notably, encapsulation of 1 μM VP in FM@VP drastically sup-
pressed tube formation in HUVECs (Fig. 3D). We further tested the effect 
of FM nanocomplexes on tumor-elicited angiogenesis. As shown in 
Fig. 3E, pretreatment with FM@VP, but not FM nanocomplexes, 
significantly suppressed tumor-induced endothelial cell migration 
(Fig. 3E). Moreover, we applied a 3D co-culture of 4T1/GFP spheroids 
with HUVEC/red fluorescent protein (RFP) to construct 
tumor-associated vascularization in vitro, and we evaluated the efficacy 
of PDT with FM@VP. As shown in Figs. 3F and 4T1/GFP cells induced 
differentiation and elongation of HUVECs/RFP in spheroidal tumors, 
and treatment with FN@VP had a minor effect on vascular formation in 
tumorspheres. However, treatment with FM@VP effectively decreased 
the growth of endothelial cells. Notably, FM@VP combined with light 

irradiation drastically suppressed vessel formation and induced tumor-
sphere regression (Fig. 3F). Additionally, pretreatment of 4T1/GFP cells 
with FM@VP robustly impeded the growth of tumors and endothelial 
cells both with and without light irradiation (Supplemental Fig. S8). 
Together, these data highlighted that the FM@VP nanocomplex pos-
sesses the ability to simultaneously decrease hypoxic tumor-elicited 
pro-angiogenesis and overcome the hypoxia-dampened efficacy of 
PDT. Moreover, FM@VP could further prevent tumor-associated 
vasculature formation. 

2.5. A dual inhibitory effect on targeted therapy and antitumor immunity 
via suppressing YAP signaling 

It was reported that VP inhibits tumor growth by attenuating the 
Hippo-YAP signaling cascade. We previously identified that YAP regu-
lated the EGFR in lung cancer cells and promoted glycolysis in colon 
cancer cells [44,45], and overexpression of YAP was associated with 
cancer stemness and poor prognoses in TNBC [46]. To further investi-
gate the targeted-therapeutic efficacy of FM@VP, we treated 
MDA-MB-231 cells with different concentrations of FM@VP. Results 
showed that FM@VP dose-dependently inhibited protein levels of YAP, 
which was accompanied by decreases in YAP downstream molecules 
including CTGF, cyclin D1, and EGFR (Supplemental Fig. S9A). 
Consistent results were obtained in free VP-treated MDA-MB-231 cells 
(Supplemental Fig. S9B). On the contrary, treatment with the FM 
nanocomplex showed no inhibitory activity against either YAP or YAP 
downstream targets (Supplemental Fig. S9A). These data indicated that 
the encapsulation of VP in FM@VP was obligatory for targeted therapy 
for TNBC. 

We further exploited FM@VP-induced anticancer signaling in MDA- 
MB-231 cells. A whole-transcriptome analysis revealed that 1703 
downregulated and 1203 upregulated genes were significantly affected 
by FM@VP (Supplemental Fig. S10A). Among them, we found that 
signaling pathways, including PI3K-AKT, Rap1, and transforming 
growth factor (TGF)-β, were significantly affected by FM@VP (Fig. 4A). 
Of note, Hippo signaling was attenuated by FM@VP as well (Fig. 4A). 
Furthermore, an ingenuity pathway analysis (IPA) depicted that several 
mitogenic signaling pathways, including STAT3, NFκB, and Wnt/β-cat-
enin, were significantly affected by FM@VP (Fig. 4B, Supplemental 
Figs. S10B) and a functional annotation analysis also revealed that 
cellular movement, growth, differentiation, and immune trafficking 
were involved in response to FM@VP (Fig. 4C). We further validated 
that FM@VP but not FM nanocomplexes suppressed downstream mol-
ecules of YAP (Fig. 4D). These data suggest that FM@VP not only dis-
plays PDT activity but also possesses the ability to suppress oncogenic 
signaling in TNBC. 

2.6. FM@VP suppresses PD-L1 and induces T cell-elicited tumoricidal 
activity 

Recent studies reported that the immune checkpoint molecule, PD- 
L1, is regulated by YAP/TAZ [47,48]. It was reported that PD-L1 
expression in tumors and host antigen-presenting cells was associated 
with tumor immune evasion and poor clinical outcomes [49]. Blockage 
of PD-L1/PD-1 by either a monoclonal antibody or small-molecule in-
hibitors is a promising therapeutic approach. Therefore, we further 
investigated the effect of FM@VP and the FM nanocomplexes on PD-L1. 
We found that treatment with VP robustly downregulated the PD-L1 
protein level (Supplemental Fig. S9C). Surprisingly, we found that in-
dividual treatment with both FM@VP or the FM nanocomplex sup-
pressed PD-L1 (Fig. 4E, Supplemental Fig. S9D); nevertheless, FM@VP 
exhibited greater inhibitory activity on PD-L1 compared to the 
FM-treated group (Fig. 4E, Supplemental Fig. S9D). Considering the 
pivotal role of PD-L1 in tumor immune evasion, we sought to evaluate T 
cell-mediated cytotoxicity toward TNBC cells. MDA-MB-231/GFP cells 
were pretreated with FM@VP (encapsulating 1 μM VP) and the FM 

C.-H. Chung et al.                                                                                                                                                                                                                              



Biomaterials 257 (2020) 120227

8

nanocomplex for 24 h followed by coculture with activated Jurkat T 
cells for another 48 h. We found that FM@VP with 1 μM VP killed nearly 
all MDA-MB-231 cells, with or without T cell incubation (Fig. 4F, middle 
panel). Interestingly, pretreatment of MDA-MB-231 cells with an 
equivalent volume of FM had only modest inhibitory activity on tumor 
cells themselves, but it enhanced T cell-mediated cytotoxicity towards 
tumor cells (Fig. 4F, left panel). We also observed T cell-triggered 
shrinkage of MDA-MB-231 cells after pretreatment with FM nano-
complexes, compared to control MDA-MB-231 cells which exhibited 
mesenchymal features with a spindle-like structure (Supplemental 
Fig. S11). Importantly, treatment with a low concentration of FM@VP 
(encapsulating 0.25 μM VP) enhanced T cell-mediated cytotoxicity 
(Fig. 4F, right panel). Because PD-L1/PD-1-mediated immune suppres-
sion is associated with reduced interleukin (IL)-2 production, which is a 
key cytokine for T cell proliferation and survival, we further measured 
IL-2 production by activated Jurkat T cells in coculture with 
MDA-MB-231 breast cancer cells. As shown in Fig. 4G and H, 
MDA-MB-231 cells were sufficient to suppress IL-2 production by T cells, 

while this was reversed when MDA-MB-231 cells were pretreated with 
FM and FM@VP nanocomplexes. Notably, FM@VP encapsulating 0.25 
μM VP was capable of attenuating IL-2 production by T cells (Fig. 4G). 
Moreover, MDA-MB-231 cell-induced apoptosis of Jurkat T cells was 
blocked in the presence of FM and was also augmented in FM@VP 
nanoparticles (Fig. 4H). Together, these data indicate that the 
DFPN-based formulation possesses the ability to attenuate T 
cell-mediated cytotoxicity, while the encapsulation of VP boosts its 
antitumor immunity. 

2.7. Targeted FM@VP for antitumor growth and antitumor metastasis 

To verify the therapeutic activity of DFPN formulations against 
TNBC, we applied an orthotopic breast tumor model by implantation of 
4T1 breast cancer cells into the mammary fat pad of BALB/c mice, and 
different DFPN formulations were intravenously injected via the tail 
vein followed by treatment with light irradiation for 30 min. Results 
showed that mice which received FM@VP nanoparticle clusters 

Fig. 4. Suppression of oncogenic signaling and PD-L1 expression by FM@VP. (A) Functional annotation of FM@VP-downregulated signaling by a Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis. Selected pathways are highlighted in red. (B) Selected significantly enriched canonical signaling pathways and (C) 
disease and function affected by FM@VP from an Ingenuity pathway analysis (IPA). Bars represent significance of gene enrichment for a given pathway on a -log2 (p 
value) scale. (D, E) qRT-PCR analyses of YAP downstream targets (D) and PD-L1 (E) in MDA-MB-231 cells treated with FM@VP (containing 1 μM VP) or FM 
nanoformulations. (F) Effect of FM@VP nanoparticles on a Jurkat T cell-elicited tumor-killing assay. MDA-MB-231/GFP cells were treated with FM@VP (containing 
0.25 and 1 μM VP) and FM nanocomplexes for 24 h, before being cocultured with activated Jurkat T cells. After 72 h of incubation, surviving tumor cells were 
observed under an inverted fluorescent microscope. (G, H) Measurements of T cell apoptosis (G) and interleukin (IL)-2 production (H) in a coculture of Jurkat T cells 
and FM nanoformulation-treated MDA-MB-231 cells, as described in “Materials and Methods”. Data are presented as the mean � SD. *p < 0.05; **p < 0.01; ***p <
0.001, assessed using an unpaired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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encapsulating 1 mg/kg VP exhibited modestly reduced orthotopic tumor 
growth with a 32% reduction in tumor volume, compared to the control 
arm (Fig. 5A and B). Accordingly, mice treated with FN@VP plus light 
irradiation exhibited a 55% reduction in tumor growth (Fig. 5A and B). 
Notably, treatment of mice with FM@VP combined with light irradia-
tion significantly suppressed orthotopic 4T1 cells by 78% (Fig. 5A and 
B). Importantly, we found that FM@VP combined with PDT drastically 
suppressed metastatic colonization of tumor cells in the lungs, compared 
to FN@VP plus phototherapy or FM@VP alone (Fig. 5C). These data 
indicate that FM@VP alone exhibited modest inhibitory activity against 
TNBC, whereas the combination of FM@VP and PDT displayed 
enhanced antitumor growth and metastasis. Additionally, no significant 
change in weight loss was seen after the treatment with different DFPN 
formulations (Fig. 5D), and no obvious lesions in the heart, kidneys, 
spleen, or liver were observed via histological analyses (Supplemental 
Fig. S12A), demonstrating the safety of using FM@VP for PDT. More-
over, the immunohistochemistry analysis showed that protein levels of 
YAP, proliferating cell nuclear antigen (PCNA; a proliferation marker), 
and PD-L1 were drastically decreased in FM@VP-treated tumor tissues 
(Fig. 5E upper panel). Besides, FM@VP treatment downregulated reg-
ulatory T (Treg) cell infiltration while it increased expressions of 
Granzyme B and gamma-interferon (IFN-γ) (Fig. 5E lower panel), indi-
cating that FM@VP modulates immunosuppressive tumor 
microenvironment. 

2.8. Targeted FM@VP activates antitumor immunity and enhances the 
abscopal effect 

We further evaluated immunological profiles in the tumor and spleen 
of 4T1-bearing BALB/c mice after treatment with DFPN formulations. 
Results of flow cytometric analyses revealed that both CD3þCD4þ and 
CD3þCD8þ tumor-infiltrating T cells had increased across the different 
therapies. Of note, FM@VP combined with light irradiation substan-
tially upregulated tumor-infiltrating T cells, compared to other treat-
ments (Fig. 6A, Supplemental Fig. S13). Additionally, the population of 
CD11b þ F4/80þ tumor-associated macrophages (TAMs) drastically 
decreased in response to FM nanoformulations (Fig. 6A, Supplemental 
Fig. S13), and FM@VP plus light irradiation significantly reduced 
infiltration of TAMs in tumor tissues (Fig. 6A, Supplemental Fig. S13). 
Similar results were obtained in spleen extracts with percentages of CD4 
and CD8 T cells increasing, whereas the percentage of TAMs declined 
after treatment with FM@VP combined with phototherapy (Fig. 6B). 
Additionally, the expression of Granzyme B and IFN-γ were upregulated 
in FM@VP-treated spleen tissues (Supplemental Fig. S12B), suggesting 
the enhanced systemic immune response in FM@VP combined with 
phototherapy for completely enforcing the antitumor efficacy. 

To further explore the abscopal effect due to FM@VP-mediated 
immunomodulation, a mouse TNBC model was evaluated by ortho-
topically injecting 4T1 cells into the left mammary fat pad (designated 
as the primary tumor), and then 4T1-Luc cells were injected into the 

Fig. 5. FM@VP suppresses TNBC growth and metastasis. (A) Growth curve showing individual tumor volumes over time of 4T1 cells in BALB/c mice (n ¼ 5) which 
were treated on days 7, 14, and 21 as indicated (red arrows). (B) Mean � SEM of tumor sizes at the end of the experiment. Significance was calculated using a one- 
way ANOVA and Holm-Sidak multiple comparison tests; *p < 0.05; **p < 0.01. (C) Histological analyses of spontaneous lung metastasis from orthotopically 
implanted 4T1 cells with different DFPN formulation treatments. Lung sections were stained with hematoxylin and eosin (H&E). Bar ¼ 100 μm. (D) Percentages of 
mice body weight changes. (E) Immunostaining of PBS and FM@VP(þ)-exposed tumor tissues. Representative tumor tissues reacted with anti-YAP, PCNA, PD-L1, 
FoxP3 (Treg), Granzyme B, and IFN-γ antibodies. Scale bar ¼ 200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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bilateral site 1 week after primary tumor inoculation (designated as the 
distant tumor). Then, the mice were intravenously administered 
FM@VP and shielded from light irradiation except for the primary 
tumor site (Fig. 6C). Results showed that the luminescent signal was 
detected and gradually increased in PBS group (Fig. 6D), whereas it was 
suppressed in the group treated with FM@VP plus PDT (Fig. 6D). 
Measurement of the tumor volume showed that the primary tumor was 
eradicated by FM@VP combined with phototherapy (Fig. 6E and F). 
Importantly, treating the primary tumor with FM@VP and PDT induced 
an abscopal effect on the distant tumor site (Fig. 6E and F). 

Tumor escape from immune surveillance contributes to cancer 
development and drug resistance. One of these complicated mechanisms 
involves immune checkpoints. In view of this, immune checkpoint 
blockade was intensively evaluated in various malignancies, particularly 
in TNBC due to its relatively high level of PD-L1 [50,51]. Recently, there 
has been increased research illustrating the advantage of utilizing 
nanomedicine to overcome tumor-mediated immunosuppression, 
induce immune responses against tumor cells, and even activate mem-
ory immune cells [52,53]. Despite the induction of damaged signals 
having been described as eliciting activation of antitumor immunity by 

PDT, the presence of immune checkpoints may dampen enthusiasm for 
and the effect of nanomedicines. Thus, the combination or conjugation 
with anti-PD-L1 drugs was exploited on various nanoplatforms and 
showed efficiency, including with PDT [15,54,55]. However, the low 
synthetic rate and low selectivity may reduce the therapeutic efficacy 
and feasibility. In the present study, we showed that VP, an 
FDA-approved photosensitizer, not only acted as a PDT inducer but also 
inhibited expression of PD-L1 through suppressing YAP-regulated 
oncogenic signaling. We previously reported that overexpression of 
YAP was associated with drug resistance in breast cancer cells and un-
favorable outcomes in TNBC patients [46]. YAP also participates in 
regulatory T (Treg) cell-mediated immune evasion [48]. Herein, we 
validated that FM@VP attenuated mitogenic signaling pathways, 
including PI3K-AKT, TGF-β, and Hippo, and FM@VP affected genes 
associated with cellular movement, growth, and differentiation. Our 
data also showed that FM@VP treatment downregulated PD-L1 and 
FoxP3 in tumor tissues, suggesting that downregulation of YAP by 
FM@VP may modulate immunosuppressive microenvironment. More-
over, FM@VP also enhanced systemic antitumor immune response as 
determined by the increase of Granzyme B and IFNγ in both tumor and 

Fig. 6. FM@VP activates antitumor immunity and induces an abscopal effect. (A, B) Percentages of CD3þCD8þ and CD3þCD4þ T cells, and tumor-associated 
macrophages (TAMs) in the tumor (A) and spleen (B) of 4T1 cell-bearing BALB/c mice treated with different DFPN nanoformulations. Significance was calcu-
lated using a one-way ANOVA and Holm-Sidak multiple comparison tests; *p < 0.05; **p < 0.01; ***p < 0.001 (C) Scheme for treatments and analyses. The sec-
ondary tumor was implanted in 4T1 cell-bearing mice after 7 days of inoculation followed by an orthotopic injection with 4T1-Luc cells into the bilateral site. Mice 
were administrated PBS and FM@VP, and the primary tumor received PDT (red arrows), with the rest of the body shielded. (D) IVIS bioluminescence images of 
distant tumor formation on days 15, 22, and 29. (E) Representative images of dissected tumor tissues at the end of the experiment. Scale bar ¼ 1 cm. (F) Box plots of 
tumor volumes in primary and distant tumors on day 29. **p < 0.01 assessed using an unpaired t-test. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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spleen tissues. Additionally, our previous study showed that inhibition 
of YAP decreased GSH level while increased oxidative GSSG level [45], 
suggesting that targeting YAP signaling by FM@VP might reduce GSH 
content and thereby increasing efficacy for PDT. Despite the in vivo study 
showing that treatment with FM@VP alone had only a minor inhibitory 
effect on tumor growth, it did modulate tumor immunity and enhanced 
the efficacy of PDT. As a results, FM@VP nanocomplexes efficiently 
suppressed tumor growth and metastasis, and induced an abscopal 
effect. 

3. Conclusion 

In summary, fucoidan-dendrimer-based FM@VP nanoplatform ex-
hibits therapeutic advantages including (1) specificity towards P-selec-
tin/YAP/PD-L1-overexpressing TNBC, (2) synergetic photodynamic/ 
cancer-targeted therapy, and (3) an immunomodulatory capacity. It is 
a safe, biocompatible, and multifunctional nanoplatform to be a 
compelling therapeutic strategy for cancer treatment. 

4. Experimental section 

Synthesis of low-molecular weight fucoidan (LMWF): Fucoidan (Lami-
naria japonica fucoidan, 22% L-fucose and 34% sulfate) was purchased 
from NOVA Pharma & Liposome Biotech. LMWF was prepared accord-
ing to a method reported in our previous study with a slight modification 
[56]. The fucoidan aqueous solution (10 mg/mL, 50 mL) was depoly-
merized with 0.1 M hydrogen peroxide (H2O2) under magnetic stirring 
at 70 �C for 1 h. The reaction was terminated by adding 0.1 M sodium 
carbonate. LMWF was then purified by ultrafiltration and dialysis with 
dialysis tubing (with a molecular weight cutoff of 1000 Da). The MW of 
the depolymerized product was determined by gel permeation chro-
matography (GPC) using a TSKgel G3000PWXL column (Tokyo, Japan) 
and a refractive index (RI) detector. An Na2SO4 aqueous solution (0.2 M) 
was used as the mobile phase, the flow rate was 0.5 mL/min, and the 
column temperature was 40 �C. Standard curves were constructed using 
dextran standards of different MWs (PSS Polymer Standards Service, 
Mainz, Germany). 

Preparation of FM@VP: The detailed methodology for the synthesis 
and structure identification of the dendrimer is provided in “Supple-
mental Materials and Methods”. To prepare MnO2 NPs, a KMnO4 solu-
tion (3 mg/mL) was mixed with a poly(allylamine hydrochloride) (PAH) 
solution (37.4 mg/mL; Alfa Aesar) at 9:1 v/v and stirred for 2 h to until 
the solution turned brown. The MnO2 nanoparticles were purified by 
dialysis in deionized water for 24 h. VP (SelleckChem) was dissolved in 
dimethyl sulfoxide (DMSO). To assemble FM@VP nanoclusters, the 
fucoidan-VP mixture was prepared by adding VP (10 μg) into a 0.5% 
fucoidan solution (400 μl). Meanwhile, 0.25% dendrimer (80 μl) was 
mixed with 5 μl MnO2 NPs. The dendrimer-MnO2 mixture was carefully 
added into the fucoidan-VP mixture and stirred for a further 30 s to 
produce a colloidal solution. The final FM@VP nanoclusters product was 
centrifuged at 6000 rpm for 30 min to remove DMSO, and unencapsu-
lated VP and MnO2 NPs in supernatant. The centrifuged nanoclusters 
were washed with DI water and then were resuspended in PBS and used 
in further studies. 

Characterization of FM@VP: The size distribution and zeta potential 
of DFPN formulations were measured with a Zetasizer Nano (Malvern 
Instruments, Malvern, UK). The morphology of FM@VP NP clusters was 
obtained by transmission electron microscopy (HT7700, Hitachi, Tokyo, 
Japan). Characteristics of fucoidan, VP, DFPN, and FM@VP were 
determined by Fourier transform infrared spectroscopy (FTIS; Frontier, 
PerkinElmer). Stability testing of the FM@VP, FN@VP and FM nano-
formulations was performed by dispersing the nanoclusters in water, 
Dulbecco’s modified Eagle medium (DMEM) (containing 7% fetal 
bovine serum; FBS), or a DTT solution. The mean particle size and 
polydispersity index (PDI) of the nanoformulations were analyzed with a 
Zetasizer Nano. To evaluate the loading efficacy of VP, FM@VP NPs 

were centrifuged at 10,000 rpm for 10 min, and then the concentration 
of VP in the supernatant was determined by measuring the absorbance at 
700 nm on a Spark M10 plate reader (Tecan Group) to evaluate the un- 
encapsulated drug. The encapsulation efficiency was obtained according 
to the following formula: Encapsulation efficiency ¼ (amount of drug 
contained in NPs/total dose of input) � 100%. 

Detection of H2O2 decomposition and oxygen generation: PBS (100 μl) 
and FM (8 μg/μl, 50 μl) were respectively added in 96-well plate with 
and without the presence of H2O2 (3.0 wt%). The generation of O2 was 
monitored by adding an oxygen sensing probe [(Ru(dpp)3)]Cl2 (10 μg/ 
mL, 90 μl) to the samples and then the mixture were incubated at 37 �C 
for 30 min. The fluorescent intensity at 620 nm was recorded after 
excitation at 488 nm by a microplate reader (Infinite M200 pro, Tecan, 
Switzerland). The decomposition rate of H2O2 was determined by add-
ing a H2O2 sensing kit (ferric-xylenol orange complex) to the samples 
followed by measuring the absorbance of the mixture at 560 nm. 

Release of VP and MnO2 NPs: Release of VP and MnO2 NPs from 
FM@VP NPs clusters was investigated in PBS (pH 7.4) with and without 
DTT (500 mM) at 37 �C. The release media were withdrawn at pre-
determined time intervals and then were centrifuged at 12,000�g for 30 
min to remove FM@VP NPs clusters. The supernatants were collected for 
analysis of the concentrations of VP and MnO2 NPs. The release rate of 
VP was determined by measuring the absorbance at 700 nm on a Spark 
M10 plate reader (Tecan Group). The release rate of MnO2 NPs was 
analyzed using inductively coupled plasma optical emission spec- 
troscopy (ICP-OES, PerkinElmer Optima 200DV). Sigma-Aldrich). 

Detection of 1O2 generation: The 1O2 generation was measured using 
singlet oxygen sensor green (SOSG). Briefly, PBS (100 μL) and FM, 
FM@VP and FN@VP (100 μL) nanoformulations were respectively 
added in 96-well plate with and without the presence of H2O2 (3.0 wt%), 
followed by light irradiation with 660 nm LED. The generated 1O2 was 
determined immediately by detecting the restored SOSG fluorescence. 

Cellular uptake of FM@VP and competition assays: Mouse fibroblast 
3T3-L1 and human TNBC MDA-MB-231 cells were cultured in DMEM 
supplemented with 7% FBS (Hyclone) and 1% penicillin/streptomycin 
with 5% CO2 at 37 �C. Cells were seeded in a 24-well plate at a density of 
5 � 104 cells/well and treated with 1 μM VP and the FM@VP nano-
complex for 0–30 min. Additionally, MDA-MB-231 cells were pretreated 
with a 0.5% fucoidan solution followed by the addition of FM@VP for 
30 min. Visualization of VP fluorescence was performed under a 
deconvolution fluorescent microscope (DeltaVision, GE Healthcare) at 
an excitation (Ex) frequency of 490 nm/emission (Em) frequency of 670 
nm. To quantify the fluorescent intensity of VP, cells were washed with 
phosphate-buffered saline (PBS) and lysed with 1% Triton X-100. Cell 
lysates were centrifuged at 10,000 rpm for 30 min, and the supernatants 
were collected. The fluorescent intensity of VP in the supernatant was 
measured at Ex 420 nm/Em 690 nm on a Spark M10 plate reader (Tecan 
Group Ltd.). 

Animal model: All animal models were carried out based on institu-
tional guidelines and were approved by the Animal Care and Use 
Committee of Taipei Medical University. Female 8-week-old BALB/c 
mice (National Laboratory Animal Center, Taiwan) were inoculated on 
the left mammary fat pad with 105 murine breast cancer 4T1 cells sus-
pended in serum-free DMEM and Matrigel for 7 days. Mice were 
randomly divided into individual groups and intravenously injected 
with PBS, FM@VP (1 mg/kg), and FN@VP (1 mg/kg) with or without 
PDT treatment (1.1 W/cm2, 690 nm). PDT was performed at 30 min 
post-injection and illuminated for 10 min for 3 consecutive days. The 
tumor size was calculated based on the equation: (width) x (length)2/2. 
At day 28 after tumor inoculation, the mice were sacrificed, and the 
heart, lungs, spleen, kidneys, and tumor were harvested for histological 
examination. 

To evaluate the abscopal effect, a distant tumor was created in 4T1 
cell-bearing mice 7 days after inoculation followed by an orthotopic 
injection with 105 4T1-Luc cells in the right mammary fat pad. Mice 
were randomly divided into two groups (n ¼ 5) and intravenously 
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injected with PBS and FM@VP for 30 min. Mice were shielded from light 
except for the primary tumor site which received PDT for 10 min for 3 
consecutive days. The formation of distant tumors was detected using 
IVIS bioluminescence system. 

Statistical analysis: Each experiment was performed in triplicate, and 
results are expressed as the mean � standard deviation (SD) unless 
otherwise specifically indicated. The significance of the difference from 
the respective controls for each experimental test condition was assayed 
using an unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001 were 
regarded as a significant difference compared to the indicated group. 
Statistical analysis was carried out using GraphPad Prism software. 

The detailed methodologies for cytotoxicity and phototoxicity assay, 
tube formation and transwell migration, isolation and analysis of tumor- 
infiltrating lymphocytes (TILs) and splenocytes, Western blot, T cell- 
mediated cytotoxic assay, 3D tumorsphere formation and hypoxia 
detection, 3D tumorsphere and tumor-associated vasculature formation 
assay, and histological analyses are provided in Supplemental Materials 
and Methods 2. 
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