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In recent years, using pharmacological ascorbic acid has emerged as a promising therapeutic approach in
cancer treatment, owing to its capacity to induce extracellular hydrogen peroxide (H,O,) production in
solid tumors. The H,O, is then converted into cytotoxic hydroxyl free radicals (HO') by redox-active Fe?*
inside cells. However, the high dosage of ascorbic acid required for efficacy is hampered by adverse
effects such as kidney stone formation. In a recent study, we demonstrated the efficient catalytic conver-
sion of H,O, to HO™ by wustite (Fe;_,O) nanoparticles (WNPs) through a heterogenous Fenton reaction.
Here, we explore whether WNPs can enhance the therapeutic potential of ascorbic acid, thus mitigating
its dose-related limitations. Our findings reveal distinct pH dependencies for WNPs and ascorbic acid in
the Fenton reaction and H,O, generation, respectively. Importantly, WNPs exhibit the capability to either
impede or enhance the cytotoxic effect of ascorbic acid, depending on the spatial segregation of the two
reagents by cellular compartments. Furthermore, our study demonstrates that treatment with ascorbic
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acid promotes the polarization of WNP-loaded macrophages toward a pro-inflammatory M1 phenotype,
significantly suppressing the growth of 4T1 breast cancer cells. This study highlights the importance of
orchestrating the interplay between ascorbic acid and nanozymes in cancer therapy and presents a novel
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Introduction

Ascorbic acid, also known as vitamin C, is widely recognized
for its antioxidant properties.” Interestingly, recent clinical
trials have unveiled that pharmacological ascorbic acid, ie.,
ascorbic acid administrated intravenously at high doses, can
effectively suppress tumour growth across various types of
cancer by inducing oxidative stress.*'' However, its thera-
peutic efficacy is hindered by poor bioavailability, necessitat-
ing repeated administration of high doses (ca. 4 g per kg body
weight). Moreover, a high intake of ascorbic acid poses a risk
of kidney stone formation in susceptible individuals, as one of
its metabolites, oxalate, can interact with calcium in the body
to form calcium oxalate stones.'”> Hence, there is an urgent
need for strategies to enhance the effectiveness of ascorbic
acid, thereby alleviating its dose-related limitation.

Previous research has demonstrated that pharmacological
ascorbic acid, when in the presence of proteins, undergoes
decomposition into ascorbic radicals, which in turn generate
extracellular hydrogen peroxide (H,O,) in the tumour.*'*

“Department of Biomedical Engineering, University of Kentucky, Lexington, Kentucky
40536, USA. E-mail: sheng.tong@uky.edu

bNew York Blood Center, New York, New York 10065, USA

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01208a

14330 | Nanoscale, 2024, 16, 14330-14338

macrophage-based cell therapy approach.

H,0, then infiltrates cells, where it is converted into highly
reactive hydroxyl free radicals (HO") by redox-active Fe>* via the
Fenton reaction. As cancer cells typically exhibit elevated levels
of intrinsic oxidative stress, their growth is selectively inhibited
by ascorbic acid.’®*>"® This fundamental mechanism suggests
that the therapeutic efficacy of ascorbic acid could be
enhanced by promoting the hydrolysis of hydrogen peroxide
into hydroxyl free radicals. Along these lines, Petronek et al
observed that the tumour-suppressing effect of ascorbic acid
was enhanced upon intraperitoneal injection of ferumoxytol,
an FDA-approved magnetite nanoparticle formulation of iron
supplement, in a mouse glioblastoma model."”” The study
revealed that ferumoxytol increased the labile iron pool in the
brain tumour, thereby facilitating the Fenton reaction.
Alternatively, research has established the intrinsic peroxi-
dase-like activity of iron oxide nanoparticles (IONPs), which
catalyses the hydrolysis of H,0, to hydroxyl free radicals on
the nanoparticle surface via a heterogeneous Fenton
reaction.'®2° Compared to labile iron ions, IONPs exhibit a
prolonged half-life in the body and offer opportunities for
image-guided and targeted delivery to specific tissues or
cells.” Numerous investigations have delved into harnessing
the enzymatic activity of IONPs for innovative cancer
therapies.?”>® For instance, Zanganeh et al. demonstrated that
intratumoral injection of ferumoxytol could induce the polariz-
ation of tumour-associated macrophages toward a pro-inflam-
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matory M1 phenotype, thereby suppressing breast cancer
growth and reducing lung metastasis.”® Additionally, Shen
et al. showcased how magnetite nanoparticles (MNPs) could
impede tumour progression through ferroptosis in a mouse
orthotopic brain tumour model.>* However, the anticancer
efficacy of IONPs relies on their catalytic efficiency as well as
the availability of endogenous hydrogen peroxide within the
tumour tissue. There is a burgeoning interest in combining
IONPs with H,0,-inducing reagents to enhance the effective-
ness of cancer treatment strategies.

In a recent study, we have discovered that wistite nano-
particles (WNPs) exhibit markedly superior catalytic activity
compared to magnetite (Fe;04) and maghemite (Fe,0O;) nano-
particles, including ferumoxytol.”” The enhanced catalytic
activity of WNPs can be attributed to the presence of internal
low-valence iron (Fe® and Fe*"), stemming from the dispropor-
tionation of wiistite at ambient temperature. Here, we explore
the potential of WNP nanozymes to augment the efficacy of
ascorbic acid in cancer treatment. Surprisingly, our study
unveils distinct pH dependencies in the Fenton reaction and
hydrogen peroxide generation between WNPs and ascorbic acid,
respectively. Further study reveals synergistic effects in cyto-
toxicity and macrophage polarization when the two reagents are
compartmentalized by cellular organelles. Leveraging this
unique mechanism, we engineer magnetically targeted M1-
polarized macrophages, potentially presenting a promising
immune adjuvant for ascorbic acid-based cancer therapy.

Materials and methods
Chemicals

Iron acetylacetonate (99%), 1,2-hexadecanediol, benzyl ether
(99%), oleic acid (technical grade, 90%), oleylamine (technical
grade, 70%), hydrochloric acid, hydroxylamine hydrochloride,
ammonium acetate, ferrozine, iron standard solution, horse-
radish peroxidase (HRP), hydrogen peroxide, sodium hydrox-
ide, 3,3',5,5"-tetramethylbenzidine (TMB), and ascorbic acid
were purchased from Sigma-Aldrich. 1,2-Distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-
2000] (DSPE-PEG) and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[malemide( polyethylene glycol)-2000] (DSPE-PEG-
mal) were purchased from Avanti Polar Lipids. Fetal bovine
serum (FBS), CM-H,DCFDA, Amplex Red, DiO, Dil, DiD,
Hoechst33342, and ActinGreen 488 ReadyProbes were pur-
chased from ThermoFisher Scientific. Anti-CD86 antibody
(ab119857), and secondary goat anti-rat IgG H&L (AlexaFluor
555, ab150158) were purchased from Abcam. TAT peptide
(YGRKKRRQRRRGC) was synthesized by GenScript.
Ferumoxytol was a gift from AMAG Pharmaceuticals. All
reagents were used without further modifications.

Synthesis of IONPs

Wiistite nanocrystals were synthesized by thermo-decompo-
sition of iron acetylacetonate using a published method.?”:*®
In brief, a mixture of iron acetylacetonate (12 mmol), oleic
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acid (15 mmol), oleylamine (105 mmol), and benzyl ether
(10 mL) was heated at 120 °C under vacuum for 2 hours to
remove moisture and air. Next, the solution was heated to
220 °C at a ramping rate of 5 °C min~" under nitrogen flow
and held at 220 °C for 30 min. Then the solution was heated
to 250 °C at a ramping rate of 2 °C min~" and held at this
temperature for 30 minutes. After that, the solution was cooled
down to room temperature. Wiistite nanocrystals were col-
lected by precipitation with acetone. The supernatant was dis-
carded, and the pellets were dispersed with toluene. The nano-
crystals were washed three times with ethanol. After the last
wash, the nanocrystals were dispersed in toluene and stored in
a glove box under nitrogen. Magnetite nanocrystals were syn-
thesized using a similar thermodecomposition method pub-
lished previously.>**°

Water-dispersible IONPs were generated by coating nano-
crystals with DSPE-PEG and DSPE-PEG-mal (molar ratio, 95: 5)
via a dual solvent exchange method.** To enhance the cellular
uptake, IONPs were conjugated with TAT peptides by mixing
IONPs and peptides in PBS overnight. The efficiency of peptide
conjugation was evaluated using gel electrophoresis. IONPs
were labelled with fluorophores (DiO, Dil, or DiD) for fluo-
rescence microscopy.*> Unbound DSPE-PEG, fluorophores,
and peptides were removed by ultracentrifugation.

Characterization of IONPs

Wiistite and magnetite nanocrystals were imaged with a trans-
mission electron microscope (Talos F200X) connected to a
charge-coupled device (CCD) camera. The size distribution of
the nanocrystals was quantified using Image J software. The
crystal structure of iron oxide nanocrystals was analysed with an
X-ray diffractometer (Bruker D8 Advance). The hydrodynamic
size of water-dispersible IONPs was measured by dynamic light
scattering (Wyatt Technology DynaPro Nanostar). The iron
content of IONPs was measured using a Ferrozine assay.>

Quantification of hydroxyl free radical and hydrogen peroxide

The hydroxyl free radicals (HO") generated by IONPs were
measured by TMB assay.”’** In brief, IONPs solution and
H,0, were diluted to designated concentrations in 0.2 M
acetate buffer (pH 4 unless otherwise specified). TMB powder
was dissolved in dimethylformamide (DMF). 100 uL of TMB
solution was mixed with 50 pL of H,0, solution in 96-well
plate. Then 100 pL of IONPs was added to the mixture. The
final concentrations of IONPs and TMB were 20 pug Fe mL™"
and 1 mM, respectively. Light absorbance at 652 nm was
recorded every minute using a microplate reader (Tecan
Spark). The reaction kinetics was calculated using the
Michaelis-Menten equation,

Vinax [S]

V= Kt B ®

where V is the initial velocity, V,ax is the maximal reaction vel-
ocity, [S] is the concentration of H,0,, and K, is the Michaelis
constant.
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The H,0, generated by ascorbic acid was measured using
an Amplex Red assay. In brief, Amplex Red (50 pM), HRP
(0.5 mU), ascorbic acid (25 mM), and FBS (5%) were mixed in
reaction buffers in a 96-well plate. The reaction buffer was
either 0.2 M acetate buffer at designated pH or PBS (pH 7.2).
In the control group, Amplex Red (50 uM), HRP (0.5 mU) and
H,0, were mixed in corresponding reaction buffers. The fluo-
rescence signal (excitation/emission = 530/590 nm) generated
during the reaction was measured with the microplate reader.
The fluorescence intensity was corrected according to the pH
dependency of Amplex Red (ESI Fig. S17).

Cytotoxicity of WNPs and ascorbic acid

Mouse 4T1 breast adenocarcinoma cells and mouse RAW 264.7
cells were purchased from ATCC. All cells were cultured accord-
ing to the standard protocols provided by the distributors. RAW
264.7 cells were used as a model macrophage in this study.

The synergistic effect of WNPs and ascorbic acid was exam-
ined by incubating 4T1 cells and RAW 264.7 cells with various
combinations of WNPs and ascorbic acid and subsequently,
evaluating the cell viability. The cells were seeded in 96-well
plates and incubated for 4 hours. The cells were divided into
three groups: (i) the cells were incubated with ascorbic acid
alone at designated concentrations for 2 hours; (ii) the cells
were incubated with WNPs (50 pg Fe mL™") for 24 hours,
washed with PBS to remove the WNPs in the medium, and
incubated with ascorbic acid for 2 hours; (iii) the cells were
incubated with the medium containing both WNPs and
ascorbic acid for 2 hours. After that, all groups of cells were
washed with PBS and incubated in fresh medium for another
24 hours. At the end of incubation, cell viability was evaluated
with the MTT assay.

Cellular uptake of WNPs and MNPs

1.25 x 10° RAW 264.7 cells were seeded per well in 6-well plate
overnight before they were incubated with the fresh medium
containing wiistite nanoparticles (50 pg Fe mL™") and magne-
tite nanoparticles (50 ug Fe mL™") for 4 hours, respectively.
After incubation, the cells were washed twice with PBS to
remove free nanoparticles. Next, the cells were collected and
the IONPs inside the cells was measured using a modified fer-
rozine method.>*

To visualize the intracellular distribution of internalized
IONPs, RAW 264.7 cells were seeded in a 4-well chambered cover-
glass (2.0 x 10° cells per well) (Nunc™ Lab-Tek™ II,
ThermoFisher) and incubated with IONPs labelled with Dil or
DiD (50 pug Fe mL™") for 24 hours. After incubation, the cells
were washed with PBS twice to remove free IONPs and counter-
stained with Hoechst33342, and ActinGreen 488 ReadyProbes.
Fluorescence images were acquired with an inverted fluorescence
microscope (Nikon Eclipse Ti2) connected to a CCD camera.

Detection of intracellular hydroxyl free radical

RAW 264.7 cells were seeded in a 4-well chambered coverglass
and incubated with nanoparticles as mentioned above. After
that, cells were washed with PBS twice and incubated with
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fresh medium containing ascorbic acid (4 mM) for 2 hours.
The intracellular hydroxyl free radicals were detected by incu-
bation with fresh medium containing CM-H,DCFDA (10 puM)
for 1 hour. The cells were imaged with the fluorescence micro-
scope. At the end, the cells were detached, and the fluo-
rescence was quantified using a BD FACSymphony cell
analyser.

Analysis of RAW 264.7 cell polarization

Polarization of RAW 264.7 cells toward pro- or anti-inflamma-
tory phenotypes was analyzed using RT-qPCR. In brief, macro-
phages were treated with ascorbic acid and IONPs. 24 hours
later, the cells were harvested, and the total RNA was extracted
using a Quick-RNA MiniPrep Kit (Zymo Research) and was
reverse-transcribed to c¢DNA using the PrimeScript™ RT
Master Mix (Takara Bio). RT-qPCR was performed using TB
Green Premix Ex Taq II (Tli RNase H Plus) (Takara Bio) with a
Biorad CFX96 Real-Time System. PCR primers were ordered
from Eurofins (ESI Table S1t). The 2744 method was used to
calculate relative gene expression.*”

Polarization of RAW 264.7 cells was further evaluated based
on the expression of CD86 on the cell surface. Briefly, the cells
were seeded in chambered coverglass and treated with
ascorbic acid and IONPs. The cells were fixed with 4% parafor-
maldehyde. After blocked with 1% BSA for 30 minutes, the
cells were incubated with CD86 antibody (2 pg mL™") at 4 °C
overnight, followed by incubation with secondary AlexaFluor
555 goat anti-rat IgG antibody (10 pg mL™") at ambient temp-
erature for 1 hour. Then the cells were counterstained with
Hoechst33342 and imaged with a fluorescence microscope.

Transwell study of RAW 264.7 cell released cytokines

The transwell assay was utilized to assess the impact of the
cytokines released by RAW 264.7 cells on 4T1 cells. Briefly, 4T1
cells were seeded in the upper chamber and RAW 264.7 cells
containing IONPs were seeded in the lower chamber of the
transwell. The cells were cultured in DMEM medium sup-
plemented with 10% FBS overnight. After that, the cells were
incubated with the medium containing 4 mM ascorbic acid for
24 hours. The viability of 4T1 cells in the upper chamber were
measured with a CCK8 assay (Dojindo Lab).*®

Magnetically targeted RAW 264.7 cell therapy

Magnetic targeting and macrophage-mediated damage to
cancer cells were investigated under a physiologically relevant
flow condition using a flow channel (p-Slide VI, ibidi). First,
4T1 cells labelled with Dil were seeded in the flow channel at a
density of 2 x 10* cells per channel and incubated for 24 hours
to allow cell attachment. After that, the channels were con-
nected to a syringe pump (NE-1000, New Era Pump Systems).
RAW 264.7 cells loaded with IONPs were infused at a flow rate
of 273 pL min™" for 10 minutes, equivalent to a mean velocity
of 3 mm s in the channel. For magnetic targeting, the
medial line of the channel was aligned with the edge of a
NdFeB block magnet (1/4 x 1/4 x 1", N52, K& Magnetics) in a
3D printed platform. After the flow, the channel was infused

This journal is © The Royal Society of Chemistry 2024
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with the medium containing ascorbic acid (4 mM) every
24 hours. After 48 hours of incubation, the viability of 4T1
cells were evaluated based on the fluorescence intensity of Dil.

Statistics

All measurements were performed at least in triplicate.
GraphPad Prism was used for statistical analysis. Data were
analysed using one-tailed Student’s ¢-tests or one-way ANOVA
with post-hoc Tukey tests. p < 0.05 was considered statistically
significant. In all figures, ns denotes not significant, *, p <
0.05, **, p < 0.01, ***, p < 0,001, and ****, p < 0.0001.

Results and discussion
IONP-catalysed Fenton reaction

Iron oxide nanocrystals of various sizes and compositions were
synthesized by thermodecomposition of iron acetylacetonate.
TEM and XRD analyses showed the two types of nanocrystals
were 8 nm wiistite and 15 nm magnetite nanocrystals, respect-
ively (Fig. 1a and b and ESI Fig. S21). It is noteworthy that the
wistite nanocrystals also contained magnetite phase due to
surface oxidation and disproportionation at the room tempera-
ture. Water-dispersible WNPs and MNPs were synthesized by
encapsulating the respective nanocrystals with copolymers of
phospholipid and poly (ethylene glycol), as outlined in the
method section. Gel electrophoresis confirmed the near-com-
plete conjugation of TAT peptide onto IONPs (ESI Fig. S37).
The key properties of WNPS and MNPs are listed in ESI
Table S2.7

The catalytic efficiency of WNPs was evaluated under
varying concentrations of H,0, within a pharmacologically
relevant range (0-200 pM) utilizing a TMB assay. The measure-
ments shown in Fig. 1c and ESI Table S31 demonstrated that
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the catalytic efficiency of WNPs significantly surpassed that of
MNPs and ferumoxytol, aligning with prior research.”’” An
inherent characteristic of the classical Fenton reaction is its pH
sensitivity.”” Thus, we examined the pH dependency of WNP-
catalysed heterogenous Fenton reaction using the TMB assay.
Since most colorimetric assays are sensitive to alterations in salt
compositions and pH values, we employed HRP as a reference
to validate the TMB assay in buffers of different compositions
and pH values. Our study found that WNPs exhibited optimal
catalytic activity at pH 4, while no detectable activities at pH
levels exceeding 6 (Fig. 1d). Conversely, we observed that WNPs
consumed H,0, in neutral pH buffers (ESI Fig. S4f). This
finding concurs with prior report that both magnetite and
maghemite nanoparticles mimic peroxidase behaviour in acidic
buffers, whereas they catalyse the decomposition of H,0, into
H,O and O, at neutral pH, akin to a catalase.®

pH dependency of ascorbic acid-mediated H,0, generation

Chen et al. previously demonstrated that ascorbic acid could
generate H,O, in a protein-dependent manner in various bio-
logical fluid."™ In this study, fetal bovine serum (FBS) served as
the protein source. Intriguingly, directly mixing ascorbic acid,
WNPs, and FBS in acetate buffers spanning pH 3 to 7 failed to
generate H,0, detectable by the TMB assay. Subsequent inves-
tigation unveiled that ascorbic acid could bleach oxTMB, the
chromogen generated in the TMB assay. Using a pH-calibrated
fluorogenic Amplex Red assay, we observed that ascorbic acid-
mediated H,0, generation exhibited optimal efficiency at
neutral pH (Fig. 1le and f). After 10 minutes of reaction, the
fluorescence signal generated by 25 mM ascorbic acid was
equivalent to that of 1.5 pM of H,0,. However, H,0, gene-
ration decreased significantly at pH 6 and became undetect-
able at lower pH levels.

WNP d . —_—
T MNP & 40
> 80 L HRP
E Ferumoxytol %
s 2 -
© ©
c 20{T
5 - -
0= : . . -
0 . . . . .
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P om - :
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5 l S
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Fig. 1 Characterization of IONP-mediated Fenton reaction and ascorbic acid-induced hydrogen peroxide generation. (a) and (b) Representative
TEM images of wustite and magnetite nanocrystals. Scale bars: 50 nm. (c) The catalytic activity of WNPs, MNPs, and ferumoxytol. The data were
fitted with the Michaelis—Menten equation. (d) pH dependencies of WNP and HRP catalysis. (¢) pH-dependency of ascorbic acid-mediated H,O,
generation. (f) The ratio of the fluorescence intensity shown in (e) data represent mean + standard deviation (n = 3). AA: ascorbic acid.
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Interaction between WNPs and ascorbic acid in cell culture

The disparity in pH-dependent behaviours between WNPs and
ascorbic acid prompted our investigation into whether these
agents might synergistically induce cytotoxic effects on cancer
cells. The cells were incubated with ascorbic acid and WNPs in
different sequences (see Methods). In the first scenario,
ascorbic acid alone demonstrated dose-dependent toxicity to
both 4T1 and RAW 264.7 cells, with 4T1 cells showing slightly
higher sensitivity compared to RAW 264.7 cells (Fig. 2). In the
second scenario, when ascorbic acid was introduced to cul-
tured cells, only intracellular WNPs were present. Conversely,
in the last scenario, most WNPs were present extracellularly in
the medium. Our study revealed that intracellular WNPs sig-
nificantly amplified the cytotoxicity of ascorbic acid. However,
when WNPs and ascorbic acid coexisted in the medium, WNPs
completely nullified the cytotoxic effects of ascorbic acid
across all tested concentrations. MNPs and ascorbic acid
exhibit similar interactions in cultured cells (ESI Fig. S51).

Previous studies have established that nanoparticles encap-
sulated in phospholipid-PEG coating are internalized by cells
through endocytic pathways, accumulating in endosomes and
lysosomes with pH levels ranging from 4 to 5.%° Taken together,
when only intracellular WNPs are present, ascorbic acid can
generate H,0, in the medium, which then permeates cells and
encounters WNPs accumulated in the acidic cell organelles.
Under optimal pH conditions, WNPs efficiently convert H,O,
into toxic hydroxyl free radicals. Conversely, when WNPs are
mixed with ascorbic acid in a neutral pH medium, they act as
catalase, converting H,O, into H,O and O,. This discovery
underscores the significance of coordinating IONPs and
ascorbic acid in cancer treatment. It’s plausible that patients
undergoing IONP-based tumour detection may not respond to
ascorbic acid treatment unless extracellular IONPs in the
tumour are cleared via cellular uptake or degradation.

a
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Fig. 2 Cytotoxicity of ascorbic acid and WNPs. 4T1 (a) and RAW 264.7
cells (b) were treated with ascorbic acid alone or in the presence of
intracellular or extracellular WNPs. Data represent mean + standard
deviation (n = 4).
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IONP and ascorbic acid-induced RAW 264.7 cell polarization

Given the tendency of systemically administered IONPs to dis-
tribute to the extracellular space, potentially diminishing the
therapeutic efficacy of ascorbic acid, we investigated the possi-
bility of utilizing IONPs to engineer cell therapy alongside
ascorbic acid treatment. In conventional cell therapy, effector
cells are modified ex vivo before being administered into the
body. An emerging approach involves the ex vivo engineering
of macrophages.***' Macrophages, being highly plastic cells,
can be polarized to a proinflammatory (M1) phenotype that
responds to the chemoattractants released from cells under-
going viral infection or various types of irreversible damage,
including cancer cells.*>** On the other hand, macrophages
are prominent constituents in most solid tumours, often exhi-
biting an anti-inflammatory (M2) phenotype within the
tumour microenvironment due to intricate crosstalk with
cancer and stromal cells. Macrophage-based cell therapy,
therefore, relies on engineered macrophages’ ability to target
tumour tissue and sustain the M1 phenotype despite the
immune-suppressive tumour microenvironment. Previous
studies have demonstrated that IONPs could induce the polar-
ization of macrophages towards an M1 phenotype, likely
through the production of free radicals.***> Hence, we hypoth-
esize that when IONP-loaded macrophages encounter ascorbic
acid within the tumour, intracellular IONPs may facilitate the
generation of hydroxyl free radicals, subsequently promoting
M1 polarization in host macrophages.

As a proof of concept, RAW 264.7 cells, a type of immorta-
lized mouse macrophages, were utilized as the model system
for macrophages due to their retention of key features resem-
bling native macrophages, including polarization, cytokine
release, and cytotoxicity in response to classical stimulants.
Fig. 1c illustrates that WMPs exhibit higher catalytic activity
compared to MNPs, while magnetite demonstrates signifi-
cantly higher magnetization than wiistite.”®> We explored the
potential of RAW 264.7 cells to be simultaneously loaded with
WMPs and MNPs, thus enabling both free radical generation
and magnetic targeting. We discovered that the uptake of
WNPs and MNPs could be augmented through conjugation
with a cell-penetrating peptide and facilitated by magnetic
field-assisted cellular uptake. With both measures combined,
each cell could uptake approximately 4 pg of Fe from IONPs
(Fig. 3a). Notably, flow cytometry analysis revealed that nearly
all cells contained both WNPs and MNPs (Fig. 3b).
Intracellular WNPs and MNPs co-localized within the vesicles
scattered around the cell nuclei (Fig. 3c and ESI Fig. S6t). Our
previous study showed that DSPE-PEG-coated nanoparticles
entered the cells via the endocytic pathway and accumulated
in the lysosomes.””*° The lysosomes provide an acidic environ-
ment that favours the IONP-mediated Fenton reaction.

The RAW 264.7 cells underwent further treatment with
ascorbic acid at a concentration achievable in vivo within the
tumour microenvironment.> While ascorbic acid alone was
capable of generating detectable hydroxyl free radicals, their
quantity notably increased in the presence of intracellular

This journal is © The Royal Society of Chemistry 2024
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Scale bar: 10 pm. Data represent mean + standard deviation (n = 3).

IONPs (Fig. 4a and b). Cells containing WNPs exhibited signifi- ~depicted in Fig. 1c. Moreover, cells harbouring both WNPs and
cantly higher levels of free radicals compared to those with fer- MNPs displayed the highest amount of free radicals, as both
umoxytol or MNPs, aligning with the catalytic activity of IONPs contributed to their generation.
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Fig. 4 IONPs and ascorbic acid-induced macrophage polarization. RAW 264.7 cells with intracellular IONPs were treated with ascorbic acid (4 mM).
(a) and (b) Intracellular hydroxyl free radicals were detected with fluorescence microscopy and flow cytometry. Scale bar: 20 pm. (c) Gene expression
in RAW 264.7 cells was evaluated with RT-qPCR. (d) Expression of CD86, an M1 macrophage marker, on the surface of RAW 264.7 cells. Scale bar:
10 pm. Data represent mean + standard deviation (n = 4).
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We investigated the effects of intracellular IONPs and
ascorbic acid on the polarization of RAW 264.7 cells, utilizing
two sets of gene markers (Fig. 4c). Upregulation of CD86, TNF-
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a, and iNOS indicates polarization toward the M1 phenotype,
while upregulation of Argl, CD206, and TGF-f is associated
with the M2 phenotype.*> Compared to untreated RAW 264.7
cells (M0), those treated with IONPs alone displayed a moder-
ate shift toward the M1 phenotype. The M1 polarization
became more following ascorbic acid treatment. Conversely,
ascorbic acid alone prompted RAW 264.7 cells to polarize
toward the M2 phenotype. The polarization of RAW 264.7
toward the M1 phenotype was confirmed by the upregulation
of CD86 on the cell surface (Fig. 4d, ESI Fig. S7 and S8%).

RAW 264.7 cell-based cell therapy

We investigated the effects of RAW 264.7 cells containing
IONPs on 4T1 cells, particularly in response to ascorbic acid
exposure, which polarized these cells towards the M1 pheno-
type. The cytotoxicity effect was evaluated utilizing both a
transwell and a flow channel system. In the transwell configur-
ation, the porous membrane (0.4 um pore size) facilitated cyto-
kine exchange while keeping the cell types separate. 4T1 cells
and RAW 264.7 cells, with or without IONPs, were respectively
seeded into the upper and lower chambers (Fig. 5a). Our find-
ings indicated that untreated RAW 264.7 cells had minimal
impact on 4T1 cell viability, whereas those with IONPs
decreased 4T1 cell viability by approximately 20% (Fig. 5b).
RAW 264.7 cells preloaded with IONPs significantly enhanced
the cytotoxicity of ascorbic acid. Moreover, RAW 264.7 cells
preloaded with IONPs displayed enhanced polarization

Dil intensity (a.u.)

Fig. 6 Macrophage-based cell therapy. The potency of macrophage-based cell therapy was evaluated in vitro in a flow channel. (a) Schematic
diagram of the flow channel study. RAW 264.7 cells containing IONPs were infused into a flow channel seeded with 4T1 cells. The channel was
placed on top of a magnet for magnetic targeting. 4T1 and RAW 264.7 cells were labelled with Dil and DiO respectively for visualization. (b)
Representative cell images with and without magnetic targeting. Scale bars: 60 pum. (c) Representative cell images after the treatment with ascorbic
acid. Scale bars: 60 um. (d) Viability of 4T1 cells measured by fluorescence of cell labelling. Data represent mean + standard deviation (n = 4).
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towards the M1 phenotype after coculture with 4T1 cells for 4
days (Fig. 5c¢).

In assessing the potential of RAW 264.7 cells loaded with
WNPs and MNPs for tumour targeting via magnetic guidance,
we investigated their synergy with ascorbic acid treatment using
a flow channel system. Here, 4T1 cells were seeded within the
channel, while RAW 264.7 cells were infused at a rate mimicking
postcapillary venues (Fig. 6a). After 10 minutes of infusion,
minimal RAW 264.7 cell attachment to 4T1 cells was observed,
but magnetic targeting with an NdFeB magnet notably increased
cell retention within the channel (Fig. 6b). Subsequent analysis
revealed that ascorbic acid alone exhibited moderate cytotoxicity
towards 4T1 cells. However, the combination of RAW 264.7 cells
and ascorbic acid resulted in the death of over 80% of 4T1 cells,
demonstrating a promising synergistic effect (Fig. 6¢ and d).
Previous study has shown that systemic administration of
ascorbic acid can preferentially elevate H,O, levels within the
tumour microenvironment.'® Combining magnetically targeted
macrophages with ascorbic acid offers a dual targeting
approach, mitigating potential adverse effects on normal tissue
caused by engineered macrophages. Significantly, this strategy of
loading macrophages with IONPs, as opposed to genetically
modifying them, represents an effortless and swift cell engineer-
ing method, facilitating its practical application in engineering
patient-derived macrophages.

Conclusions

In summary, our investigation illuminates the distinct pH
dependency of two promising reagents in cancer therapy.
While IONPs exhibit efficacy as nanozymes, effectively curtail-
ing tumour growth through the generation of free radicals,
their synergistic utilization with other chemotherapeutic
agents necessitates meticulous coordination in accordance
with their respective mechanisms of action. Moreover, our
study underscores the potential of macrophages engineered
with IONPs as potent cellular adjuncts to ascorbic acid in
cancer treatment. Here, WNPs and MNPs play pivotal roles in
catalysis and magnetic targeting, respectively. This discovery
prompts further exploration utilizing native macrophages and
in vivo models, charting a path towards an innovative combi-
nation therapy.
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