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ARTICLE INFO ABSTRACT

Keywords: A combination of chemotherapy and chemodynamic therapy (CDT) is being developed to improve the thera-
Synergistic chemotherapy/chemodynamic nostic efficacy and biological safety of current therapies. However, most CDT agents are restricted due to
theranostics

complex issues such as multiple components, low colloidal stability, carrier-associated toxicity, insufficient
reactive oxygen species generation, and poor targeting efficacy. To overcome these problems, a novel nano-
platform composed of fucoidan (Fu) and iron oxide (IO) nanoparticles (NPs) was developed to achieve chemo-
therapy combined with CDT synergistic treatment with a facile self-assembling manner, and the NPs were made
up of Fu and IO, in which the Fu was not only used as a potential chemotherapeutic but was also designed to
stabilize the IO and target P-selectin-overexpressing lung cancer cells, thereby producing oxidative stress and
thus synergizing the CDT efficacy. The Fu-IO NPs exhibited a suitable diameter below 300 nm, which favored
their cellular uptake by cancer cells. Microscopic and MRI data confirmed the lung cancer cellular uptake of the
NPs due to active Fu targeting. Moreover, Fu-IO NPs induced efficient apoptosis of lung cancer cells, and thus
offer significant anti-cancer functions by potential chemotherapeutic-CDT.

Amplification of P-selectin and oxidative stress
Cancer-targeted fucoidan-iron oxide
nanoparticles

1. Introduction to -OH, the most toxic ROS, to cause damage and apoptosis to cancer

cells [1-3]. Crucial aspects of the CDT procedure are an acid microen-

Chemodynamic therapy (CDT), a reactive oxygen species (ROS)-
boosting strategy for curing cancer, focuses on eradicating cancer cells
with excessive ROS, such as hydroxyl radicals (-OH) [1]. CDT is prin-
cipally dependent on the Fenton-like or Fenton reaction for catalyzing
less-harmful hydrogen peroxide (H20-) in an acidic microenvironment

vironment, transitional metals, and HyO». Thus, despite the advantages
of features of cellular H,O5 overexpression of the microenvironment and
acidity, CDT is being extensively investigated as a more-specific treat-
ment against cancer with independent inputs of either exterior energy or
oxygen, and synchronously with no consideration of limitations of the
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penetrating depths of lasers into organs [4].

However, after extensive study of CDT approaches, scientists grad-
ually noted that awkward challenges still persisted before agreeable
therapeutic uses could be achieved. First, the limitation of cellular HyOy
inside tumor tissues (0.1- 1 mM) caused an undesirable CDT process and
an unsatisfactory efficiency of -OH generation [1]. Another limitation
derived from the constraint of the rigorous reaction conditions (pH 2- 4)
[1,5] and a slower chemical reaction rate (ca. 63 M~'/s) [5] of the most-
often employed ferric-based CDT substances (such as iron oxide, I0).
The third was associated with a rise in ROS-shielding mechanisms [4,6],
mainly regarding glutathione (GSH) (1- 10 mM within tumor cells)
[7,8]. Furthermore, these CDT-based inorganic nanoparticles (NPs)
were largely prevented from clinical translation because of their com-
plex preparation procedures, poor colloidal stability and reproduc-
ibility, a lack of tumor tissue selectivity, and particularly their potential
systemic toxicity [9].

These aspects revealed the challenges encountered when enhancing
curative effects through CDT. To address these essential concerns and
acquire augmented anticancer theranostic efficiencies, an ideal thera-
nostic nanoplatform should have the following features: (i) a straight-
forward and additional manner for sufficient ROS generation in tumors;
(ii) excellent colloidal biocompatibility and stability, and notable tumor-
targeting capacity for improving CDT efficacy; and (iii) combinational
ROS formation and GSH depletion in one nanoplatform to advance the
accumulation of ROS and augment the effect of ROS-facilitated
therapies.

Recently, fucoidan (Fu) has attracted the attention of scientists in
multidisciplinary areas, including biomaterials, nanomedicine, and
anticancer [10-13]. Fu is a biocompatible, sulfated polysaccharide that
can be used in nano-formulations with hydrophobic therapeutic agents
to increase their colloidal stability [14]. Synthesis of a Fu-based drug
carrier system can minimize the side effects of the chemo drug and
facilitate the active targeting and delivery efficacy toward P-selectin-
overexpressing cancer cells [15-17]. Moreover, Fu is considered a nat-
ural chemotherapeutic agent due to its exhibited characteristics [10,11].
Fu-induced cancer cell death and anti-metastasis action are related to
the depletion of GSH, an accumulation of high cellular ROS levels, and
accompanying damage to mitochondrial structures, caspase bio-
activation, and depolarization of the mitochondrial membrane potential
(MMP) [11,18]. Fucoidan can induce apoptosis and antitumor activity
via ROS-dependent c-Jun N-terminal kinase (JNK) inhibition and
mitochondrial-mediated pathways [19], as well as reduction of Wnt/
beta-catenin signaling [20], and the hypoxia-inducing factor (HIF)-1
signaling pathway [21]. After 72 h of treatment, Fu decreased the pro-
liferation of breast cancer cells (MDA-MB-231 cell line) by 53.2 % at a
25 pg/mL concentration [21].

Herein, we designed a Fu-IO therapeutic nano-system using a facile
co-precipitation procedure to produce IO and then wrap the Fu onto the
10 surface through ionic interactions. In this nano-system, Fu acted as an
intelligent shell to effectively enhance colloidal stability and the cancer-
targeting efficacy of the CDT IO NPs (Fu-IO NPs) through P-selectin
mediation, thus avoiding adverse effects. When the nanomedicine was
enriched in cancer cells through P-selectin mediation, the accumulation
of Fu-IO NPs in cancer cells could be detected by magnetic resonance
(MR) imaging (MRI) from a diagnostic aspect. This is commonly used as
a real-time clinical diagnostic tool for differentiating cancer cells
because of its benefits of noninvasiveness, deep tumor penetration, and
multiparametric imaging [9]. Thus, cancer cell-targeted MRI with the
use of contrast agents is of great interest for distinguishing abnormal
regions from normal cells. We assessed the physicochemical properties,
in vitro and in vivo cellular uptake efficiency, toxicity, and theranostic
efficacy of Fu-I0O NPs. We hypothesized that these self-assembling
multifunctional Fu-IO NPs possessed specific cancer targeting, good
MRI ability, and a significant anticancer effect. The increased cancer
cellular uptake of Fu-IO NPs was hypothesized to augment the CDT
process and enhance Fu’s biological effects, including increasing cellular

International Journal of Biological Macromolecules 235 (2023) 123821

ROS and depleting GSH, thus synergizing the CDT anticancer effect of
IO. Therefore, combined therapy with Fu and CDT could be achieved
with this precise cancer microenvironment-responsive nanosystem,
which presented an excellent theranostic effect of suppressing lung
cancer growth and metastasis (Scheme 1).

2. Experimental section
2.1. Materials

Fu (Fucus serratus, 95 % purity, from Alaria esculenta) was purchased
from the Taiwanese agent of Biosynth Carbosynth (Taipei, Taiwan). The
fucose content of this fucan was ca. 37.5 %, and it also contained
galactose (ca. 16.4 %), uronic acid (ca. 12.3 %), and sulfate (ca. 20.2 %).
High-glucose Dulbecco’s modified Eagle medium (DMEM) and high-
glucose minimum essential medium (MEM) supplemented with 1-
glutamine and 10 % fetal bovine serum (FBS) were obtained from Gibco
(Grand Island, NY, USA). Iron (III) chloride (FeCls, 97 %), poly-
ethylenimine (PEI, branched, average Mw ~800 by LS), and 3,3',5,5'-
tetramethylbenzidine (TMB) liquid substrate system for an enzyme-
linked immunosorbent assay (ELISA) were from Sigma-Aldrich (St.
Louis, MO, USA). Iron (II) chloride (FeCly, anhydrous, 99.5 %) was
purchased from Alfa Aesar (Ward Hill, MA, USA). 2',7’-Dichloro-
fluorescin diacetate (H2DCFDA) and CellTracker™ Green CMFDA Dye
(Invitrogen™) were bought from ThermoFisher Scientific (Waltham,
MA, USA). Other chemicals and reagents in this work were of analytical
grade and were procured from Sigma-Aldrich (St. Louis, MO, USA) un-
less otherwise stated.

2.2. Preparation of the nanoformulations

2.2.1. Synthesis of IO NPs

10 NPs were prepared by co-precipitation of an iron chloride salt
method [22]. Briefly, FeCls (250 mg) and FeCl, (97.6 mg) were dis-
solved in double-distilled (dd) water under stirring at 70 °C, and 1 M
NaOH was then added drop-by-drop. Under stirring, the appearance of
black precipitates with time indicated the formation of 10 NPs. The
materials were collected with a magnet, washed three times with dd
water, and then dried by lyophilized-freezing for subsequent steps.

2.3. Preparation of Fu-IO NPs

To change the charge of the IO NPs, polyethylenimine (PEI) was used
to coat the IO NPs according to a previous paper [23]. First, a sonicated
10 NP solution was added drop-by-drop to a PEI solution under stirring.
After being sonicated for 20 min, the PEI-IO NP mixture was continu-
ously stirred for 2 h. This solution was dialyzed for 2 days to remove any
excess PEL. The PEI-IO NPs were precipitated by centrifugation and
cleaned three times with dd water. The Fu-IO NPs were fabricated by an
electrostatic method according to the literature [24]. Fu (1 mg/mL) was
dissolved in dd water with stirring at 50 °C until a light yellowish, ho-
mogenous solution was obtained. Then, the above-synthesized PEI-IO
NP solution was put dropwise into the Fu solution under vigorous stir-
ring at 50 °C for a further 2 h. Finally, Fu-IO NP pellets were collected
using a centrifuge machine (Purispin 17R Micro, Cryste, Korea) at
15,000 rpm for 10 min.

2.4. Physicochemical characterization of the NPs

2.4.1. Fourier-transform infrared (FTIR) spectroscopy

Powdered samples of I0 NPs, Fu, and Fu-IO NPs were tested on an
FTIR spectrometer (Nicolet iS10, ThermoFisher Scientific). Multiple
scans of 100 s were used to record FTIR spectral changes of samples in
the 4000- 500 cm ™! wavenumber range.
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Scheme 1. Schematic illustration of the nanoscale reactive oxygen species (ROS) generator fucoidan-iron oxide nanoparticles (Fu-IO NPs) which possess potential
for application in MRI-guided lung cancer theranosis by synergizing chemotherapy-chemodynamic therapy (CDT).

2.4.2. X-Ray diffraction (XRD) analysis

Powdered samples of IO NPs, Fu, and Fu-IO NPs were placed on a D2
XRD instrument (Bruker AXS, Madison, WI, USA). The angle range was
set from 10° to 40° with a 0.05° step size and 4-s integration for a wide-
angle scan.

2.4.3. Elemental analysis

To prove the successful fabrication of NPs, material elements of the
samples were analyzed using a scanning electron microscopy/energy-
dispersive x-ray spectroscopy (SEM-EDS) analysis (SEM SU3500v,
Hitachi Tokyo, Japan). The NPs were dispersed onto carbon tape at 1.5
kV, and the data collecting time was 90— 120s depending on the signal.

2.4.4. Transmission electron microscopy (TEM)

I0 NP and Fu-IO NP morphologies, including the particle size and
shape, were determined using TEM (HT7700, Hitachi, Tokyo, Japan).
One drop of an NP dispersion was placed on a carbon-supported copper
grid of a 200-mesh size and dried at approximately 60 °C in an oven.
This step was carried out three times.

2.4.5. Small-angle X-ray scattering (SAXS)

SAXS was performed on a beamline 13A of the Taiwan Photon
Source (TPS) storage ring at National Synchrotron Radiation Research
Center (NSRRC) [25,26]. A 15-keV incident x-ray beam was used with
an Eiger X1M detector (Dectris, Baden-Daettwil, Switzerland) located
3018.9 mm from the sample. Multiple 1-s exposures were recorded at
room temperature as the sample and background flowed through a
capillary cell, followed by averaging and background subtraction. Data
processing was performed using the standard beamline software, which
includes pyFAI [27]. The scattering intensity was measured as a function
of the scattering vector q = |q| = 4zsin(6/2)/2; where 0 is the scattering
angle, and A is the wavelength. Model fitting of the Guinier-Porod model
was performed using SASView 4.2.2.

2.4.6. Particle size analysis and surface charge

The size distribution and zeta potential of the IO NPs and Fu-IO NPs
were determined by an NP tracking analysis (Nanosight NS300, Malvern
Instruments, Amesbury, UK) and a dynamic light scattering (DLS)
method (ZetaSizer Nano Series, Malvern Instruments), respectively.
Stock NP solutions were dissolved in dd water or phosphate-buffered
saline (PBS; at pH 7.4) at the optimum concentration for the sample
analysis.

2.5. Determination of the Fu and iron contents inside the Fu-IO NPs

In this study, quantification of Fu in Fu-IO NPs was determined with
a methylene blue colorimetric assay [28]. A Fu-IO NP sample was mixed
with a methylene blue solution (0.5 mL, 25 pg/mL). Then, the absor-
bance of test samples was measured at 559 nm using an ultraviolet-
visible (UV-Vis) spectrophotometer (Jasco V-770 spectrophotometer,
Easton, MD, USA) (n = 3). Various known concentrations of Fu were
mixed with the methylene blue solution (0.5 mL, 25 pg/mL) and
measured by UV-Vis to generate a standard curve.

We performed a Prussian blue reaction as a colorimetric assay to
quantify the amount of IO [29]. Briefly, various known concentrations of
10 NPs were incubated with Perl’s reagent (2 % potassium ferrocyanide/
2% HCI, 1:1, v/v) for 30 min. Then, these solutions were measured with
a UV-Vis spectrophotometer (Jasco V-770 spectrophotometer) at 570
nm to create a standard curve. The iron contents of the Fu-IO NP samples
were calculated based on the above standard curve.

2.6. Colloidal stability study

10 NPs and Fu-I0 NPs colloids were placed in plastic cuvettes at room
temperature for 7 days. To observe the color changes or whether the
colloids precipitated, images of the colloidal NPs were taken with a
camera every day. Moreover, the particle size and zeta potential of
prepared NPs were measured on day 1 and day 7 by a dynamic light
scattering (DLS) method (ZetaSizer Nano Series, Malvern Instruments).
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2.7. Invitro studies

2.7.1. Cell culture

The HEL 299 cell line (normal fibroblast cells) at passage 15 was
seeded in MEM containing Earle’s salts and 1-glutamine, and 10 % FBS
and 1 % of penicillin/streptomycin/amphotericin-B (PSA) were added.
The A549 cell line at passage 20 was cultured in high-glucose with so-
dium pyruvate DMEM supplemented with 10 % FBS and 1 % PSA. Cells
were cultured in a standard cell incubator with a humidified 5 % CO,
atmosphere at 37 °C. The culture medium was changed every 2- 3 days
when cells had surpassed 90 % confluency.

2.7.2. Cell P-selectin expression analysis

Herein, HEL 299 and A549 cells were cultured on confocal dishes
(35 x 10 mm) at 4 x 10* cells/dish until confluent. Cells were fixed with
4 % paraformaldehyde and 0.2 % Triton X-100, respectively, every 10
min at 37 °C. Subsequently, cells were treated with an anti-P-selectin/
CD62P antibody conjugated with phycoerythrin (PE) (AK-6, Abcam,
Cambridge, UK) overnight at 4 °C. After several washes with PBS, their
nuclei were counterstained with DAPI. To determine expression of the P-
selectin protein by HEL 299 and A549 cells, cells were examined with
fluorescence microscopy (Leica Microsystems, Mannheim, Germany).

2.7.3. Measurement of ROS production

ROS production by HEL 299 and A549 cells was detected using 2/,7'-
dichlorofluorescein diacetate (H2DCFDA) staining [1]. Cells were
seeded on 96-well plates until reaching 90 % confluency and then
treated with I0 NPs (100 pg/mL), Fu (15 pg/mL), and Fu-IO NPs
(equivalent to 100 pg/mL IO NPs and 15 pg/mL Fu) for 6, 24, and 48 h.
The control group consisted of cells incubated with fresh medium only.
Fluorescence microscopy (Leica Microsystems) was used to record the
signal of the generated dichlorofluorescein (DCF), a green color. The
fluorescence intensity was quantitated using ImageJ 1.53 k software
(National Institutes of Health (NIH), Bethesda, MD, USA).

2.7.4. Glutathione (GSH) depletion assay

A549 cells were seeded in confocal dishes until confluency and then
treated with IO NPs (100 pg/mL), Fu (15 pg/mL), and Fu-IO NPs
(equivalent to 100 pg/mL IO NPs and 15 pg/mL Fu) for 6 h, 24 h, and 48
h. The control group consisted of cells incubated with fresh medium
only. After that, cells were washed with BPS 3 times and stained with 5
mM 5-chloromethylfluorescein diacetate (CMFDA) for 30 min at 37 °C.
Finally, the cells were washed with BPS before detecting the GSH signal
by Fluorescence microscopy (Leica Microsystems).

2.7.5. Inyvitro cellular uptake

To estimate the cellular uptake of the prepared NPs, A549 cells were
stained with Prussian blue [30]. Briefly, cells treated with I0 NPs (100
pg/mL), Fu (15 pg/mL), and Fu-IO NPs (equivalent to 100 pg/mL IO NPs
and 15 pg/mL Fu), or DMEM were incubated for 6, 24, or 48 h. Cells
were rinsed with PBS and stained with freshly prepared Perl’s reagent (2
% potassium ferrocyanide/2 % HCI, 1:1, v/v) for 30 min. Cells were
washed with PBS before being counterstained with neutral red solution
(0.33 %) for 30 s. Subsequently, stained cells were observed with an
optical microscope (Leica Microsystems) to evaluate the intracellular
iron distribution.

To obtain specific data on the uptake and internalization of the
prepared NPs by cells, TEM images were employed. Briefly, A549 cells
were seeded on two-well chamber slides (4.2 ¢cm?/well) until 80 %
confluent. After 6 h, 8 h, 12 h, and 24 h of incubation with Fu-IO NPs,
cells were washed with PBS to remove the excess NPs and fixed with 3 %
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) for 30 min. Post-
fixed cells were rinsed again with PBS and were kept at 4 °C for 1
day. After that, cells were subjected to a dehydrating process with an
ethanol series before infiltration-embedding with epoxy resin. Finally,
images of cellular uptake were visualized with an HT7700 TEM
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instrument (Hitachi).

In order to determine the suitability of Fu-IO NPs as MRI contrast
agents, HEL 299 and A549 cells were treated with IO NPs (100 pg/mL),
Fu (15 pg/mL), and Fu-IO NPs (equivalent to 100 pg/mL IO NPs and 15
pg/mL Fu) for 6, 24, and 48 h. Cells were then rinsed with PBS three
times to remove excess NPs and were detached with trypsin-EDTA. After
that, cells were suspended in a 1 % agarose gel solution. MR images of
agarose/cell/NP gels were acquired on a 7 T MRI instrument (Pharma
Scan, Bruker BioSpin, Billerica, MA, USA).

2.7.6. MTT assay

HEL 299 and A549 cells were seeded at the density of 10° cells/mL
(100 pL per well) in 96-well plates to grow until confluent. Serial con-
centrations of Fu-IO NPs in HEL 299 cells or IO NPs (100 pg/mL), Fu (15
pg/mL), and Fu-IO NPs (equivalent to 100 pg/mL IO NPs and 15 pg/mL
Fu) in A549 cells were incubated with cells for different time points (6,
24, and 48 h). The control group consisted of cells cultured with 100 %
fresh medium. After washing cells several times with PBS, fresh medium
was added. Subsequently, cells were immersed in an MTT solution (20
pL, 1mg/mL) for approximately 2 h. Finally, the supernatant medium
was decanted, and a dimethyl sulfoxide (DMSO) solution was added to
extract the formazan crystals that had formed. Their optical absorbance
at 570 nm was measured with an ELISA reader (Multiskan FC; Thermo,
Waltham, MA, USA) (n = 4). Medium only or medium containing
different concentrations of NPs without cells was respectively used as
blank samples for the control and test groups. Finally, cell viability was
determined and calculated using the equation:

A le—A leblank
sample—Asampleblan. < 100%.

Cell Viability(%) =
ell Viability(%) Acontrol-Acontrolblank

2.7.7. Live/dead cell assay

In this study, we performed a live/dead cell assay to qualitatively
assess the biochemical effects of the NPs on cell viability. A549 cells
were cultured with 2 x 10* cells/well on 24-well plates until 80 %
confluency was reached. After 48 h of co-incubation with IO NPs (100
pg/mL), Fu (15 pg/mL), and Fu-IO NPs (equivalent to 100 pg/mL IO NPs
and 15 pg/mL Fu), cells were stained with a Live and Dead Assay Kit
following the protocol of Abcam (Cambridge, UK). Finally, cells were
examined with a fluorescence microscope. The experiment was con-
ducted with triplicate determinations (n = 3).

2.7.8. Migration (scratch-wound) assay

To evaluate the effect of NPs on the inhibition of cancer cell migra-
tion/metastasis in vitro, a scratch-wound assay was conducted [21].
A549 cells were seeded in six-well plates until confluent. Following
treatment with I0 NPs (100 pg/mL), Fu (15 pg/mL), and Fu-IO NPs
(equivalent to 100 pg/mL IO NPs and 15 pg/mL Fu) for 48 h, cells were
scratched using a sterile 200-pl pipette tip, and dead cells were washed
away with PBS. After that, cells were continually incubated with fresh
medium. Five images of cell migration were captured from randomly
selected microscopic fields at 0, 6, and 24 h. The area of cell migration
was determined using ImageJ 1.53 k software (NIH) and the percentage
of the migrated area was computed by the following equation:

Scratchareaatzero time — scratch areaat specific time,

%Migrated area= *100.

Scratchareaat zero time

2.7.9. Cell-invasion assay

A cell-invasion assay was performed to assess NP inhibition of the
invasive behavior of A549 cells using a 24-well transwell chamber [31].
A549 cells (2 x 10° cells/mL, 0.1 mL) were treated with prepared NPs
for 48 h. Cells were then harvested, resuspended in fresh medium, and
seeded onto the Matrigel-coated (BD Biosciences, San Jose, CA, USA)
upper chamber. To the lower chamber was added 750 pL of culture
medium in the absence or presence of NPs. After 48 h of incubation, non-



T.-L. Ho et al.

invading cells on the upper side were removed, while invading cells on
the lower surface were fixed in 4 % paraformaldehyde for 15 min and
stained with 0.2 % crystal violet for 1 h. Finally, we used a microscope
and ImageJ software (NIH) to record and count the number of invading
cells on the lower surface.

2.8. In vivo studies

Approval for the animal experiments was acquired from the Insti-
tutional Animal Care and Use Committee at Taipei Medical University
(IACUC TMU). Immunodeficient mice weighing 18-24 g (6-8 weeks old)
were obtained from BioLASCO Taiwan (Taipei, Taiwan) To create an in
vivo tumor model, A549 cells were subcutaneously injected into mice.
The experiments were performed after tumor formation (50— 150 mm?®).
NPs were used to evaluate the in vivo biodistribution and antitumor
efficacy by measuring tumor volume change. A549 tumors in these mice
were injected with NPs. The mice were anesthetized with isoflurane and
photographed with a 7 T MRI instrument (Pharma Scan, Bruker BioSpin,
Billerica, MA, USA). After the mice were euthanized with carbon diox-
ide, the major organs (heart, liver, spleen, lungs, and kidneys) and tu-
mors were excised, immersed in 4 % paraformaldehyde and embedded
in paraffin before tissue sectioning. After DCFDA, Prussian blue, or he-
matoxylin and eosin (H&E) staining, histological changes of the organs
were observed by microscopy.

2.9. Statistical analysis

Statistical analyses were performed using Graph Pad Prism v6.01
(Graph Pad Software, La Jolla, CA, USA), Origin Pro 8.5 program (Origin
Lab, Northampton, MA, USA), and ImageJ 1.53 k software (NIH). Sta-
tistical analyses included a two-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s multiple-comparison test. All data are presented as
the mean =+ standard deviation (SD). Values of *p < 0.05, **p < 0.01,
*** p < 0.001 and **** p < 0.0001 were considered statistically
significant.

3. Results and discussion
3.1. Preparation and characterization of the nanoformulations

To evaluate the successful fabrication of NPs, physicochemical ana-
lyses were carried out. Molecular structural changes of the samples were
analyzed using an FTIR spectrophotometer. Fig. 1A illustrates the FTIR
spectra of IO NPs, Fu, and Fu-IO NPs. There were peaks at 539 and 564
cm ™! in the spectrum of 10 NPs and Fu-IO NPs, respectively. These peaks
corresponded to Fe—O bond formation [32]. However, the magnetic
core of the Fu-IO NPs was coated with Fu resulting in a less-intense peak.
As observed in all spectra, the absorption peak at about 3300 cm ™! may
have been due to hydroxyl (OH) present in the water or polysaccharides.
The bands at around 800 (C—O—S stretching vibrations), 1019
(C—0O—<C stretching vibrations), and 1200 em™! (S=0 stretching vi-
brations) were observed in IO NP and Fu-IO NP spectra, confirming that
Fu had successfully been coated onto the IO NP surfaces.

To better understand the impact of the Fu-coated surface on IO NPs,
XRD patterns of the prepared NPs were measured. Bare IO NPs, Fu, and
Fu-IO NPs were scanned with an XRD instrument (Bruker) within the 20
range of 30° ~ 80° to determine the crystallographic planes of the Fu-
capped nanomaterials (Fig. 1B). Furthermore, with regard to the XRD
diffractograms of 10 NPs, a series of characteristic peaks at 311, 400,
422, 511, 440, and 533 was observed. These results were similar to the
Fe304 structure (magnetite, JCPDS card no. 85-1436) [33]. The Fu-IO
NP diffractogram also showed the same peaks as IO NPs, suggesting
that functionalization did not degrade the core magnetite. As a result,
the present methodology was found to be successful in producing Fu-
capped IO NPs.

The chemical elements of the prepared IO NPs and Fu-IO NPs were
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analyzed using SEM-EDX. In Fig. 1C and D, peaks of the Fe and O ele-
ments were observed to exhibit good stoichiometry. Moreover, Fig. 1D
shows the presence of C, N, and S elements, which possibly came from
PEI and/or Fu compounds. It is worth noting that Fu-coated IO NPs were
successfully tested. In addition, the elemental mapping analysis further
confirmed the homogeneous presence of elements from the prepared
NPs.

SAXS was used to characterize the NP structures at length scale be-
tween those accessible with XRD and dynamic light scattering (DLS).
SAXS data, as revealed in Fig. 1E, showed that the NPs were composed of
clusters of smaller primary particles assembled to produce fractal
structures. The data showed two different linear slopes on a log-log plot
indicating the fractal dimension of the internal structure of the associ-
ated NPs at q < 0.04 A™! together with a surface fractal related to a
polydispersed primary particle size and surface roughness at higher q
values. To quantify these two slopes, the Guinier-Porod (GP) model was
utilized [34], which revealed that while the overall structures of the 10
and Fu-IO NPs were highly similar, the low-q fractal structure of Fu-I0
NPs was 2.289 + 0.0002 compared to 2.146 + 0.0002 for IO NPs. The
model extracted radii of gyration (Rg) of 11.7 + 0.008 and 13.8 + 0.007
A with high-q surface fractals of 3.51 + 0.001 and 3.5 = 80.009 for the
Fu-IO and IO NPs, respectively. It should be noted that due to the broad
size distribution, a true Rg could not be defined, although such a tran-
sition from a mass fractal to a surface fractal is generally indicates of the
primary particle size in NP clusters [35]. SAXS showed that the primary
particles were polydispersed in size and morphology with little differ-
ence between the Fu-IO and IO primary particles, although differences
in the low-q fractal slopes revealed differences in the internal structure
of the assembled particles.

The particle size and zeta potential of NPs influence their behavior in
terms of biosafety and biological activity [36,37]. It is crucial to un-
derstand the qualities of the NPs produced. Herein, we validated the size
and zeta-potential of NPs in water and PBS (pH 7.4), mimicking the
physiological microenvironment. As shown in Fig. 2A, I0 NP mean sizes
significantly increased from ca. 49 nm in water (upper) to ca. 116 nm in
PBS (lower), which induced the instantaneous aggregation of IO NPs in
the biological environment. In contrast, the sizes of Fu-IO NPs (Fig. 2B)
in water (ca. 143 nm) (upper) and in PBS (ca. 122 nm) (lower) exhibited
a slight change, which may have been caused by an error in the NTA
measurement. The presence of a coated Fu surface on Fu-IO NPs
inhibited agglomeration or contact between bare IO NPs, as demon-
strated by these data. This indicates that the Fu-IO NPs were colloidally
stable in the physiological environment. Moreover, as expected, the zeta
potentials of the prepared 10 NPs and Fu-IO NPs dramatically increased
in PBS by ca. 15 and ca. 8 mV (Fig. 2C, D), respectively, which would
facilitate greater cellular uptake of the NPs [38].

Aside from that, I0 NPs were first synthesized with a negative
charge. Then, PEI added cationic groups which acted as linkers by
providing positively charged functional groups onto the negatively
charged IO surface. Then, solid electrostatic interactions between PEI
(NH3) and Fu (SO3) facilitated the Fu being coated onto the PEI-IO
surface. As the results show (Fig. S1), the zeta potentials of IO NPs,
PEI-IO NPs, and Fu-IO NPs were around —34, 26, and —13 mV,
respectively. Moreover, the average sizes of IO NPs, PEI-IO NPs, and Fu-
10 NPs were measured by DLS in the water phase.

Morphological changes in IO NPs and the Fu-IO NPs were observed
by TEM (Fig. 3A). IO NPs were polydispersed and had rock-like crys-
tallized structures with an average diameter of 9.56 + 2.02 nm (n = 30)
(Fig. 3A, left side). The measured size from TEM images was smaller
than that from NTA measurements due to the former preparation of
samples fundamentally differing from the latter. Moreover, TEM images
showed an agglomeration of bare IO NPs. As a result, NTA values for IO
NP sizes might not have accounted for single IO NPs. In addition, TEM
images of Fu-IO NPs showed their size to be ca. 105.6 + 37.14 nm, and
they were well dispersed (Fig. 3A, right side). This result indicated that
the agglomeration phenomenon was significantly reduced after the Fu
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Fig. 1. Structural characteristic studies. (A) Fourier-transform infrared
spectroscopy (FTIR) spectrum. (B) X-ray powder diffraction (XRD)
pattern of iron oxide nanoparticles (IO NPs), fucoidan (Fu), and Fu-IO
NPs. EDX element analysis, SEM image, and chemical composition
mapping of (C) IO NPs and (D) Fu-IO NPs. (E) SAXS results of IO NPs
and Fu-IO NPs. SAXS data showed similarities between the Fu-IO and
10 NPs. The scattering is characterized by two power laws, one at low q
revealing the mass fractal and a second at higher q showing the surface
fractal of the primary NPs.
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Fig. 2. Size and surface charge distribution profile of the prepared nanoparticles (NPs). Particle size distribution vs. the NP concentration and intensity of (A) iron
oxide (I0) NPs and (B) fucoidan (Fu)-IO NPs in water (upper) and phosphate-buffered saline (PBS) (lower) obtained by an NP tracking analysis (NTA). Zeta potentials
of (C) IO NPs and (D) Fu-IO NPs in water and in PBS were determined by the Zetasize Nano Series.

coating was added, because of a decline in hydrophobic/magnetic in-
teractions among the IO NPs. We calculated the thickness of Fu in the Fu-
I0 NPs using ImageJ software [39]. The calculated thickness of Fu-IO
NPs was ca. 2.5 nm.

To further evaluate the stabilities of the prepared NPs (IO NPs, and
Fu-I0 NPs), colloids were observed for 7 days at room temperature. As
predicted, the colloidal Fu-IO NPs were more stable than were the I0
NPs. From captured images in Fig. 3B, it is evident that the color of IO
NPs gradually lightened due to their tendency to aggregate. The NPs
sank to the bottom of the cuvette, whereas no change was observed in
the colloidal Fu-IO NPs. These data were consistent with the TEM im-
ages. Moreover, the size and zeta potential of IO NPs and Fu-IO NPs in
water were measured on day 1 and day 7 to confirm the NPs’ stabilities.
The particle size of prepared NPs increased after 7 days, as shown in
Fig. 3C. IO NPs’ average nanoparticle size rose dramatically to 110 nm,
while Fu-IO NPs’ average nanoparticle size increased by 50 nm. In
addition, the changes in the zeta potential of Fu-I0O NPs were less than
that of IO NPs after 7 days. The results indicate an improvement in the
stability of IO NPs using encapsulation with Fu shells. The obtained is
consistent with previous research [14,40-42].

3.2. Invitro cellular uptake of the nanoformulations

Visual TEM and Prussian blue staining were used to confirm whether
the NPs had been adsorbed onto the cell surface or the prepared NPs had

been internalized/taken up intracellularly. A549 cells without treatment
were used as a control group. TEM images clearly demonstrated the
process of the trapped Fu-IO NPs after 6 h, 8 h, 12 h, and 24 h of in-
cubation (Fig. 4A). After 6 h of incubation, Fu-IO NPs gradually located
around the cells and trafficked into the cells were observed. Then, the
number of NPs pervaded intracellularly in organelles such as endo-
somes/lysosomes increased following the time of incubation. In addi-
tion, the destruction of cell membranes and cellular organelles such as
mitochondria was observed in A549 cells. Similarly, damaged phe-
nomena were reported in previous studies using Fu alone and when
combined with other materials of I0 NPs [41,43,44]. Moreover, to
evaluate targeted Fu in lung cancer cells, I0 NP- and Fu-IO NP-treated
A549 cells were stained with Prussian blue at different time points. The
prepared NPs were detected inside cells with 6 h of incubation (see
Fig. 4B). According to the presence of a blue color, A549 cells had taken
up a significantly higher amount of Fu-IO NPs than IO NPs. The number
of prepared NPs internalized inside of A549 cells remarkably increased
depending on the incubation time. These results indicated that the tar-
geted Fu-IO NPs could quickly be taken up by A549 cells and caused
damage to cancer cells owing to the overexpression of P-selectin by
A549 cells (which was proven below).

Acting as an MRI contrast agent is a powerful and key property of the
10 nanoplatform. To investigate the efficiency of Fu-I0O NPs as MRI
contrast agents, T2*-weighted MR images of prepared NP-treated HEL
299 and A549 cells were taken using a 7 T PharmaScan (Bruker)
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(Fig. 4C). The resulting signal intensities showed that the control groups,
consisting of cells only, and the Fu groups yielded no difference in sig-
nals, while signal intensities of the IO NP and Fu-IO NP groups were
gradually reduced following different incubation times, especially in the
A549 cell line. Moreover, detailed observations of the intensity of the 1/
T2* signal indicated a darkening effect of the Fu-IO NP groups which
was clearly visible compared to the IO NP groups. This demonstrated a
darkening effect of cells which was dependent on the amount of IO NPs
trapped, and was consistent with Prussian blue staining data. These
results also proved the Fu-IO NPs’ diagnostic capacity to work as MRI
contrast agents without interference from the Fu-coated surface.
Meanwhile, it was interesting that the Fu-IO NP-treated cancer cells had
higher cellular accumulation/interactions compared to Fu-IO NP-
treated normal cells, according to visual TEM and Prussian blue staining
data. It was thus worth further biochemically analyzing the underlying
detailed and potential cellular mechanisms.

3.3. Overexpression of P-selectin and enhanced ROS stress and GSH
depletion in A549 cells

P-Selectin or CD62P, which may aid cancer cell invasion of the
bloodstream during metastasis, has recently arisen as a therapeutic
target for delivering drugs to tumor locations [45]. To clarify the pres-
ence of P-selectin in cancer cells, HEL 299 and A549 cells were cultured
with an anti-P-selectin/CD62P antibody conjugated with PE. Fluores-
cence data in Fig. 5A indicate that the expression of P-selectin in A549
lung cancer cells was considerably more significant than that in healthy
HEL 299 lung fibroblast cells. In a 2016 study, Shamay et al. found
abundant P-selectin expression in lung tumor tissues from 420 clinical
samples [45]. In addition, P-selectin can bind to oligosaccharide ligands
containing fucoses, such as Fu, heparin, and dextran sulfate. Bachelet
et al. proved that Fu has a great affinity for P-selectin and prevented the
highest of P-selectin binding to sialyl Lewis X (higher than 20- and 1250-
fold compared to heparin and dextran sulfate, respectively) [15].
Therefore, the targeted P-selectin mechanism implies that Fu-based NPs
facilitate binding to lung cancer cells compared to healthy cells.

The high level of ROS in cells causes damage to the mitochondrial
ultrastructure and depolarizes the MMP resulting in dead cells [11]. So,
nanomaterials that can precisely increase cancer intracellular ROS levels
are considered potential candidates for application to cancer treatment
[46]. Many studies proved the capacity of IO NPs and Fu to induce
oxidative stress. IO NPs escalate intracellular ROS stress via the Fenton
reaction by releasing ferrous (Fe? 1) or ferric (Fe1) in acidic lysosomes
[47,48]. Fu increases ROS levels in lung cancer cells via the knockdown
of Toll-like receptor 4 (TLR4) [49]. However, previous findings reported
that cancer cells have ROS-shielding mechanisms [4,6], mainly
regarding GSH (1- 10 mM within tumor cells) [7,8]. Lately, Fu has
attracted the attention of scientists in multidisciplinary arenas including
biomaterials, nanomedicine, and anticancer [10,11]. Fu is a biocom-
patible, sulfated polysaccharide and can be used in nanoformulations
with hydrophobic therapeutic agents to increase their colloidal stability
[14]. Developing Fu-based targeted delivery cargoes can reduce chemo
drug side effects and improve active targeting and delivery efficacy to-
ward P-selectin-overexpressing cancer cells [15-17]. Fu-induced cancer
cell death and anti-metastasis are associated with GSH depletion, high
cellular ROS levels accumulate, and accompanying damage to mito-
chondrial structures, caspase bioactivation, and depolarization of the
MMP [11].

After co-incubation with NPs, the intracellular ROS production by
HEL 299 and A549 cells was examined using fluorescence microscopy.
As shown in Fig. 5B, no or less green DCF fluorescence was observed in
HEL 299 cells at all time points, indicating the lack of prepared NP-cell
interactions in normal cells for sufficient ROS therapies (FU plus CDT).
Meanwhile, stronger fluorescence of ROS levels was detected in treated
A549 cells (Fig. 5C). However, fluorescence intensities remarkably
increased only after 24 h of incubation, indicating that an appropriate

10
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time is required for NP-cell interactions to achieve high efficiency. In
addition, the achieved cellular ROS levels in A549 cells were the highest
in the Fu-IO NP group. Moreover, regarding material characterization,
the ROS generation of prepared NPs was verified using TMB [50], as
shown in Fig. S2. Herein, Fe3" was transformed to Fe?", triggering an in-
situ Fenton reaction with TMB-supplied H20» to generate OH radicals,
resulting in the TMB-involved chromogenic reaction. Results showed
that after 6 h of incubation, the peak absorbance of IO NPs was ca. 3
times higher than that of PBS (Fig. S2). However, the mechanism of Fu-
induced ROS production is still unclear. Previous research demonstrated
that Fu could induce intracellular ROS production, inhibit cell viability
and proliferation, and induce apoptosis in cancer cells [19,49,51]. For
example, Wei et al. showed that after 48 h of treatment with 100 pg/mL
Fu, intracellular ROS level increased approximately 1.5-fold, with the
apoptotic rate of SKM-1 cells increasing to 28.2 % versus 16.4 % in the
control group [51]. A study by Zhang and co-workers indicated that
after being treated with Fu at 820 pg/mL, levels of intracellular ROS
increased which was a contributing factor causing mitochondrial
membrane dysfunction and apoptosis of MCF-7 cell lines [19]. As shown
in Fig. S2, the absorbance of Fu was about 2-fold higher compared to the
PBS control group. Moreover, the intensities of the absorbance of Fu-IO
NPs were highest, reaching around 3.5-fold compared to the PBS group.
These results suggested that intracellular ROS production was syner-
gistically enhanced, which was attributed to combined chemotherapy
(Fu) and chemodynamic theranostics (I0).

In addition, intracellular excess GSH in cancer cells can scavenge
ROS produced, limiting the efficacy of ROS treatment [52]. Combining
chemodynamic therapy (CDT) and reactive oxygen species (ROS)-
boosting strategies referred to in studies as endogenous synergies, has
recently been widely developed to reduce GSH levels while generating
ROS [4,6]. Furthermore, the study of Jin et al. discovered that Fu re-
duces intracellular glutathione (GSH) levels by activating ERK1/2 and
JNK [53]. The GSH deleption assay, thus, was performed to evaluate the
effect of prepared NPs on intracellular GSH level in A549 cells (Fig. 5D).
The results revealed that the GSH signal remained nearly constant
throughout the control groups. However, the green signal was reduced
in IO NPs, Fu, and Fu-I0O NPs groups. This indicates that the GSH is
consumed by the prepared NPs. Especially the green signal seems totally
depleted in A495 cells after 48 h treated with Fu-IO NPs. The previous
study showed that GSH levels in JB6 P+ cells were decreased after
exposing superparamagnetic iron oxide (SPION) [54]. Besides,
fucoidan-decreased intracellular GSH level induces apoptosis via ERK1/
2 and JNK activation [53]. As a result, when Fu and IO NPs were
combined, the effect of GSH depletion was enhanced (as shown in
Fig. 5D).

3.4. Cytotoxicity and inhibition of migration and invasion of lung cancer
cells by Fu-IO NPs

Aside from diagnostic applications, IO NPs are a very attractive and
viable cancer treatment candidate due to their unique features. Khan
et al. discovered that I0 NPs triggered ROS and autophagy, which
resulted in mitochondrial collapse and cell death [43]. Similarly, there
are numerous publications on the toxicity of bare IO NPs in cancer cells
due to ROS production [29,47,48,55]. Furthermore, the toxicity of 10
NPs toward cancer cells was significantly increased by combination
therapy (I0 NPs plus chemotherapeutic drugs or hyperthermic agents),
in which they serve as a reservoir for the regulated release of therapeutic
drugs mediated by the intracellular acidic pH [42,50,56]. For example,
Wang et al. loaded Fe>* into a depot that responded to the thermal and
tumor microenvironment of colorectal tumors, resulting in improved
chemodynamic therapy for colorectal tumors [50]. As a result,
increasing numbers of differently modified iron-based NPs are being
explored as possible anticancer treatment agents.

It is well known that both IO NPs and Fu cause loss of cell viability in
a dose- and time-dependent manners [11,57,58]. Herein, to determine
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Fig. 5. (A) Representative images of anti-P-selectin protein
expression by HEL 299 (upper) and A549 cells (lower) (scale bar
= 250 pm). Detection of generated reactive oxygen species (ROS)
in treated cells after at 6, 24, and 48 h of incubation with fresh
medium, iron oxide nanoparticles (I0 NPs) (100 pg/mL), fucoi-
dan (Fu) (15 pg/mL), and Fu-IO NPs (equivalent to 100 pg/mL IO
NPs and 15 pg/mL Fu). Representative images and ROS gener-
ation by the fluorescence intensity of (B) HEL 299 and (C) A549
cells stained with DCFH-DA and the generated cellular DCF
fluorescent signals as determined by fluorescence microscopy
(scale bar = 100 pm), (* p < 0.05, ** p < 0.01, *** p < 0.001,
*xk p < 0.0001) (compared to control). (D) Green fluorescence
indicates GSH levels in A549 cells stained by 5-chloromethyl-
fluorescein diacetate (CMFDA) fluorescent dye (scale bar =
100 pm).
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the ideal concentration and time treatment of NPs that would not affect
normal cells, a cytotoxicity assay was performed on HEL 299 cells
(normal healthy lung fibroblasts) with a series of I0-based concentra-
tions of Fu-IO NPs (0- 500 pg/mL) at different time points. Fig. 6A shows
that after 6 and 24 h of incubation with Fu-IO NPs, cell viabilities
exhibited no obvious cytotoxicity with the control group containing
fresh media even at 500 pg/mL. After 48 h of incubation, the cell
viability was slightly reduced at 200 and 500 pg/mL. Therefore, the 100
pg/mL IO-based concentration of Fu-IO NPs was biocompatible and was
used for further experiments with minimal cytotoxicity toward normal
cells without unwanted side effects.

The tetrazolium dye, MTT, is easily transformed to formazan by
mitochondrial succinate dehydrogenase in viable cells. We performed an
MTT assay in order to evaluate the cytotoxicity of the prepared NPs to
A549 cancer cells. Here, concentrations of IO NPs (100 pg/mL) and Fu
(15 pg/mL) were used, which were equivalent to the contents of IO NPs
and Fu inside the working Fu-IO NPs calculated based on a colorimetric
assay. As shown in Fig. 6B, the viability of A549 cells decreased by <80
% after 48 h of co-incubation with IO NPs and Fu alone. Meanwhile,
with only 6 h of co-incubation with Fu-IO NPs, cell viability was reduced

International Journal of Biological Macromolecules 235 (2023) 123821

by <80 %. Following 24 and 48 h of Fu-IO NP treatment, survival of cells
remarkably dropped to <70 % and 50 %, respectively. This indicated
precise synergistic toxicity using the combination of chemotherapy-CDT
with time-dependent antiproliferative activity. The synergistic effect of
the Fu-IO NPs was further confirmed by live/dead double staining [59].
After 48 h of treatment with Fu-IO NPs, cells were stained with a Live
and Dead Assay Kit (live cells in green and dead cells in red). As shown in
Fig. 6C, the fluorescent results of the live/dead assay were consistent
with those of the MTT assay results.

Migration and invasion processes play essential during cancer
metastasis [60,61]. So, migration and invasion of cells are considered a
measure of the metastatic ability of cancer cells. A previous study found
that Fu inhibits the migration and invasion of lung cancer cells (A549
cell line), leading to an anti-metastatic effect via extracellular signal-
regulated kinase 1/2 and Akt-mammalian target of rapamycin (mTOR)
downregulation [31], and inhibition of the transforming growth factor
receptor (TGFR)/Smad7/Smurf2-dependent pathway [62]. So, in this
study, we performed a scratch-wound assay to determine the migration
inhibition ability of the prepared NPs in A549 cells. As shown in Fig. 7A,
after 48 h of co-incubation with Fu-IO NPs, A549 cell migration was
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Fig. 6. (A) Cell viability of HEL 299 cells after 6, 24, and 48 h of incubation with different iron oxide (I0)-based concentrations in fucoidan (Fu)-IO nanoparticles
(NPs). Error bars represent the mean + SD (n = 3). (B) MTT analysis of I0 NPs (100 pg/mL), Fu (15 pg/mL), and Fu-1I0 NPs (equivalent to 100 pg/mL IO NPs and 15
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(C) Representative live/dead staining images of A549 cells after 48 h of incubation with I0 NPs, Fu, and Fu-IO NPs, (scale bar = 100 pm).
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significantly suppressed by up to ca. 15 % and 35 % at 6 and 24 h,
respectively. Meanwhile, migrated areas of the IO NP and Fu groups had
no or less significant differences compared to the control group. These
results again indicated that the synergistic effect of the Fu-IO NPs
significantly inhibited the migration of A549 cells. Moreover, to inves-
tigate the effect of the prepared NPs on cell anti-invasion, a transwell
invasion assay was performed with A549 cells. As illustrated in Fig. 7B,
the number of invaded cells was slightly reduced in the IO NP and Fu
groups, while Fu-IO NPs inhibited up to 50 % of the number of A549
cells that invaded, compared to control group. These results highlighted
that Fu-IO NPs could strongly inhibit invasion by A549 cells, which was
consistent with the in vitro scratch-wound assay results. Similarly, a
previous study showed that using a combination of Fu and other agents
more highly inhibited the migration and invasion of A549 cells only Fu
[62].

The antitumor effect of chemotherapy plus chemodynamic therapy
in the mouse A549 tumor-bearing model was evaluated by measuring
tumor volume. We found that no obvious inhibition of tumor growth
was observed in saline control group (Fig. 8A). Compared to control
group, Fu or IO group had a partial inhibitory effect possibly due to the
monotherapy capability from chemotherapy or chemodynamic therapy.
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Moreover, Fu-IO NP mediated combination treatment of chemotherapy
and chemodynamic therapy showed the most potent antitumor efficacy
and almost no tumor recurred in the treated mice until 14 d thereafter.
Moreover, the specific in vivo tumor accumulation of Fu-IO NPs resulted
in increased oxidative stress compared to that of group of untreated
control, tumor received Fu, and tumor received IO, which was attributed
to effects of chemodynamic therapeutic IO plus chemotherapeutic Fu
(Fig. 8B and C), which effectively killed the tumor cells. As shown in
Fig. 8D, compared to the untreated tumor group, the group with tumors
given Fu-IO NP had great dark contrast effects on T2 MRI due to their
superparamagnetic properties. Owing to the high expression of P-
selectin in lung tumors, the administered Fu-IO NPs possessed the
capability of long-term accumulation in lung tumors according to the
microscopic data of in vivo Prussian blue staining (visual blue color)
suggesting great iron deposition in the tumor region (Fig. 8E), consistent
with the in vitro results (Fig. 4). In our in vivo studies, we observed
histological changes in major tissues, including the heart, liver, spleen,
lungs, and kidneys, as well as tumors by H&E staining (Fig. 8F). Findings
of H&E staining evidenced that there was no obvious damage to tissues
of experimental mice. An in vivo safety assessment for tumor-bearing
mice proved that Fu-IO NP had no significant systemic toxicity toward



T.-L. Ho et al.

(A) (B)
6009 - control
-+ Fucoidan __g
4001+ 10 NPs S
- FulONPs | 1

3

g

2

@

§

= 200 =

2 Z

5 ‘Q

£ o .

F 0 5 10 15 *
Time (days)

(©) 50,

= -=- Control 2

@ =

£ 404 . Fucoidan °, o

£ 304+ IONPs *

(] 7]

5 204 Fu-lONPs g

@ )

8 104 e —_— 5

Z W

Fucoidan

International Journal of Biological Macromolecules 235 (2023) 123821

Tumor

Prussian Blue
Staining

o TS
SRR T Sy
Lok ABICH- i

‘g«'. ": : ¥ ‘\»?%

3 5

Fig. 8. In vivo (A) Antitumor efficacy, (B) qualitative and (C) quantitative cellular ROS DCFDA, (D) MRI, (E) Prussian blue, and (F) H&E assays. The in vivo data
indicated that the fucoidan-iron oxide nanoparticles (Fu-IO NPs) were biocompatible, were able to accumulate in lung tumors, caused tumor oxidative stress, and

were diagnosable by MRI. (Scale bar: 250 pm).
mice.
4. Conclusions

Chemodynamic therapeutic agents for lung cancer are usually
compromised by insufficient colloidal stability, low production of ROS,
and low target efficiency. Herein, nano-formulated IO with Fu as a lung
cancer cell-targeted moiety (Fu-IO NPs) was constructed to overcome
these issues and achieve remote MRI-diagnosable in lung cancer cells.
Remote monitoring of non-invasive MRI data showed that Fu-IO NPs
could precisely target cancer cells and enhance the MRI contrast effi-
cacy. As expected, Fu-10 NPs efficiently accumulated in lung cancer cells
compared to normal healthy cells, thus enhancing their anticancer ef-
ficacy. Moreover, biocompatible Fu-I0 NPs produced excess cellular
ROS inside lung cancer cells through the Fenton reaction of 10 and the
biological effects of Fu, which effectively inhibited the proliferation and
metastasis of lung cancer cells. These biochemical results suggested that

14

the nanoscale ROS generator Fu-IO NPs could be applied in MRI-
diagnosable lung cancer theranostics by synergizing chemotherapy-
CDT. Therefore, using Fu-IO NPs, a strategy of multimodal anticancer
therapeutics as endogenous synergistic agents for CDT, would help
enhance anticancer efficacies in the future.
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