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ABSTRACT: Macrophage accumulation is central to the patho-
genesis of atherosclerotic plaques. Reducing macrophages in
plaques is an appealing approach to attenuate the development
of atherosclerosis. Chemodynamic therapy, specifically inhibiting
hydrogen peroxide (H2O2)-rich cells in slightly acidic micro-
environment, has emerged as a new method in tumor treatment.
Herein, we manufactured ultrasmall dopamine-modified hyalur-
onic acid (HD)-stabilized Fe(III)-tannic acid nanoparticles
(HFTNPs). HFTNPs can specifically accumulate in inflammatory
macrophages in atherosclerotic plaques, provide brighter magnetic
resonance images, promote reactive oxygen species (ROS)
generation, and induce the death of inflammatory macrophages
without damaging normal cells and tissues. In conclusion,
HFTNPs have a tremendous potential as safe and effective diagnostic and therapeutic reagents for atherosclerosis.
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1. INTRODUCTION

Atherosclerosis has been recognized as a progressive chronic
inflammatory disease, featured by the formation of atherom-
atous plaques in the subendothelial layer of artery wall.1−4 A
ruptured plaque may induce thrombosis and obstruction in
arteries, inducing major clinical consequences.5−7 The conven-
tional interventions for preventing the progression of
atherosclerotic plaques include life style changes and
appropriate medications,8−10 such as oral administration of
statins or cholesterol absorption inhibitors.11−13 In addition, a
macrophage-targeted strategy has been recently emerged as a
promising solution for specifically attenuating the progression
of atherosclerosis.14−16

Biomaterial-based interventions are currently attracting great
attention as a promising strategy to facilitate the specific
delivery of imaging or therapeutic agents to atherosclerotic
plaques.17−19 Different types of nanoparticles have been
engineered as macrophage-targeted nanomedicine for athero-
sclerosis therapy.20,21 It is reported that cRGD-conjugated
nanocarriers based on pluronic polymers have been established
to deliver anti-inflammatory interleukin-10 (IL10).22 The
IL10-loaded nanocarriers could effectively reverse the
production of pro-inflammatory cytokine and ROS by
lipopolysaccharide (LPS)-simulated Raw264.7 macrophage
cells. In vivo study showed that IL10-loaded nanocarriers
successfully reversed the production of pro-inflammatory
cytokine by immune cells in atherosclerotic lesion. Another

study has also reported a macrophage-derived drug delivery
system, combined with membrane vesicles and ROS-
responsive nanoparticles, to sequester pro-inflammatory
cytokines to suppress local inflammation.23 It is worth noting
that directly inhibiting macrophage proliferation in athero-
sclerotic plaques has been proved to be a promising strategy.24

All these reports have supported that macrophages are potent
and promising target cells for atherosclerosis targeting and
therapy.
Chemodynamic therapy (CDT), as a new approach for

cancer diagnosis and treatment, works by converting hydrogen
peroxide into ·OH via Fenton reaction.25 CDT has been
widely explored and different types of nanosystems have been
constructed for theranostics.26−30 Notably, the conversion
efficiency of hydroxyl radicals in CDT nanosystems is sharply
restrained in a normal physiological environment: neutral
conditions and insufficient H2O2.

31 The early diagnosis of
atherosclerosis is of great importance for the discovery and
treatment of cardiovascular disease. Interestingly, iron, as the
most critical factor in CDT, is also a very promising contrast
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agent of magnetic resonance imaging (MRI).32−34 All these
data prove that CDT has a tremendous potential in MRI in
vivo and inhibition of atherosclerosis progression. However,
for all we know, there are currently no reports about CDT
relieving or treating atherosclerosis.
Therefore, after absorbing the essence of CDT and

considering the microenvironment of atherosclerosis, we
designed integrated nanocatalysts targeting macrophages for
CDT of atherosclerosis. In our design, the nanocatalysts of
Fenton reaction are simply composed of three main
components: dopamine-modified hyaluronic acid (HD), ferric
ion, and tannic acid (TA). Hyaluronic acid (HA) has been
reported to possess high affinity for the macrophage-specific
surface receptor CD44.35−37 TA, as a FDA-approved food
additive, was combined with ferric ions to form a Fe3+-TA
complex, where TA worked as iron carriers and also reductant
to transfer ferric ions into ferrous ions.38,39 HD was conjugated
with Fe3+ to stabilize the Fe3+-TA complex that is almost
insoluble in water.40,41 HFTNPs were formed by simply mixing
HD, Fe3+, and TA and controlling pH values of coordination.
HFTNPs can specifically accumulate in inflammatory macro-
phages in atherosclerotic plaques, promote ROS generation,
and induce the death of inflammatory macrophages via iron-
mediated Fenton reaction. In addition, HFTNPs can
effectively inhibit the progression of plaques and provide
enhanced MRI (Scheme 1). As far as we know, this is the first
attempt of using CDT for MRI and attenuation of
atherosclerosis.

2. EXPERIMENTAL SECTION
2.1. Materials. HA with the average molecular weight of 10,000

Da and polyvinylpyrrolidone (PVP) were purchased from Shanghai
Yuanye Biotechnology (Shanghai, China); Cy5 NHS ester from
Shanghai Bide Pharmaceutical Technology (Shanghai, China); TA,
Gd-DOTA, adenosine triphosphate (ATP), and LPS from Shanghai
McLean Biochemical Technology (Shanghai, China); N-hydroxysuc-
cinimide (NHS) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) from Shanghai Aladdin Biochemical Technol-
ogy (Shanghai, China); dopamine hydrochloride (Dopa) from
Tianjin Xiensi Biochemical Technology (Tianjing, China); 2′, 7′-
dichlorodihydrofluorescein diacetate (DCF-DA) from Sigma-Aldrich;
oxidized low-density lipoprotein (oxLDL) and Dil-oxLDL from
Shanghai AngYu Biotechnology Co., Ltd.; and anti-mouse/human
CD44-FITC antibody from Shanghai Beyotime Biotechnology
(Shanghai, China). Prussian blue iron stain kit was supplied by
Yeasen Biotechnology (Shanghai, China). Calcein-AM cell viability
assay kit and hydrogen peroxide assay kit were bought from Beyotime

Biotechnology (Nanjing, China). The synthetic procedure of
dopamine-modified HA (HD) was described in the supporting
information and its chemical structure was characterized by 1H NMR
as shown in Figure S1.

2.2. Preparation of HFTNPs. HFTNPs were prepared as follows:
5 mg/mL of HD solution was mixed with FeCl3 to form HD-Fe3+ at
Dopa:Fe3+ molar ratio of 1:0.25 at pH 5.0; TA was added to chelate-
conjugated Fe3+ to form a HD-Fe3+-TA complex; an excess amount of
FeCl3 was added; and the pH value was raised to 7.4 to produce
HFTNPs (Dopa:Fe3+:TA = 1:1:0.25). The final HFTNPs suspension
contains 5 mg/mL HD, 1.8 mM Fe3+, and 1.8 mM TA. As a contrast,
a different solution or suspension, containing 5 mg/mL PVP or HA,
1.8 mM Fe3+, and 1.8 mM TA, was prepared using the above-
mentioned method. HFTNPs with Dopa:Fe3+:TA molar ratio of
1:2:0.5 and 1:4:1 were also prepared using the above-mentioned
method.

2.3. Fe(II) Detection. Fe(II) detection was measured according to
the literature.39 Briefly, all the samples were suspended in phosphate
buffer solution (PBS) containing ATP (1 mg/mL) and reacted with 1,
10-phenanthroline (1 mg/mL) at different times. Then the
absorbance was recorded via UV−vis spectrophotometry at 510 nm.

2.4. CD44-Mediated Endocytosis. To visualize the intracellular
distribution, HFTNPs were labeled by Cy5 (a red fluorescent dye).
Raw264.7 macrophages were seeded in a six-well or a glass-bottom
plate. After incubation overnight, HFTNPs (0.5 mg/mL) were added
into the plates and cultured with cells for 20 min, 40 min, and 60 min.
For visual observation, culture media were removed and macrophages
were rinsed with buffer solutions, following fixation using 4%
paraformaldehyde and 4′, 6-diamidino-2-phenylindole (DAPI)
staining. For quantitative analysis, cells were rinsed with buffer
solutions, digested with trypsin, and resuspended in PBS.

To investigate CD44-mediated endocytosis, macrophages were
seeded in a six-well plate, incubated overnight, and co-cultured with
different formulations for 1 h, including PBS, HFTNPs, or HA/
HFTNPs (macrophages were preconditioned with 10 mg/mL HA for
60 min). For visual observation, macrophages were rinsed with PBS,
following fixation using 4% paraformaldehyde and DAPI staining.
Cells were rinsed with PBS and examined via Prussian blue staining
method. For quantitative analysis, cells were rinsed with buffer
solutions, digested with trypsin, and resuspended in PBS.

2.5. Detection of H2O2 and ·OH by DCF-DA. Raw264.7
macrophages were cultured in a six-well plate with 0.1, 0.5, and 1.0
μg/mL LPS for 24 h at 37 °C. Cells treated with PBS were set as
control. The concentration of intracellular hydrogen peroxide was
performed according to the method of hydrogen peroxide assay kit.

Nonfluorescent DCF-DA can enter the cell and react with ROS to
produce fluorescent dichlorofluorescein (DCF) in cells. Raw264.7
and 1.0 μg/mL LPS-activated Raw264.7 macrophages were cultured
(density: 3 × 105 cells/well) overnight and incubated with free TA,
HD-Fe3+, and HFTNPs for 15, 30, and 60 min, respectively.

Scheme 1. Schematic of Theranostic Applications of HFTNPs in Atherosclerosis

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c09480
ACS Appl. Mater. Interfaces 2021, 13, 33915−33925

33916

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09480?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09480?fig=sch1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Raw264.7 macrophages without LPS treatment were used as control.
Macrophages were incubated with 10 μM of DCF-DA for 30 min,
following DAPI staining. Cells were washed with PBS for three times
and imaged by confocal microscopy. To quantitatively detect
intracellular ROS, Raw264.7 and LPS-activated and oxLDL-
stimulated Raw264.7 macrophages were treated with different
formulations. Cells were incubated with 10 μM of DCF-DA for 30
min and then evaluated by flow cytometry.
2.6. Cell Viability. The cytotoxicity of Raw264.7 and LPS-

activated and oxLDL-stimulated Raw264.7 macrophages was
evaluated by MTT assay. Raw264.7 and LPS-activated or oxLDL-
stimulated Raw264.7 macrophages were cultured in a 96-well plate
(density: 4000 cells/well) overnight and incubated with HD-Fe3+ (Fe:
36, 72, 144, 216, 288, and 360 μM), TA (5.9, 11.8, 23.5, 35.3, 47.0,
and 58.8 μM), and/or HFTNPs (containing TA: 5.9, 11.8, 23.5, 35.3,
47.0, and 58.8 μM) for 48 h. Cells were treated with 20 μL of MTT
(5 mg/mL) and incubated for 4 h. The medium was replaced with
DMSO (200 μL) to completely dissolve the formazan. The optical
density (OD) was recorded by a microplate reader at 490 nm. Cell
viability (%) was determined as follows:

=
−
−

×Cell viability%
OD OD

OD OD
100%sample blank

control blank (1)

The samples comprised the cells treated with TA, HD-Fe3+, and
HFTNPs; control comprised the cells treated with DMEM medium;
and blank comprised the cells treated with culture medium alone.

2.7. In Vivo Biodistribution. The in vivo distribution of HD-Fe3+

and HFTNPs in healthy C57BL/6 mice was evaluated. HD-Fe3+ or
HFTNPs were injected via tail veil at a dose equivalent to 3 mg/kg of
iron. Saline was injected as control. MRI was performed to observe
the signal intensity changes in liver, spleen, and kidney. After
administration, mice were executed at 2, 4, and 8 h. The organs were
carefully collected to analyze iron content by an inductive coupled
plasma emission spectrometer (ICP). Tissue sections were also
prepared and stained by Prussian blue staining.

2.8. Treatment Protocol. Atherosclerotic apolipoprotein E
(ApoE)-deficient mice were randomized into four groups (n = 5).
The mice were treated with different formulations for 4 weeks. The
mice were intravenously injected with TA, HD-Fe3+, and HFTNPs at
a dose of 15 mg/kg of TA or 2 mg/kg iron every 3 days via tail veil.
The mice with saline treatment served as the control. The dosage of
iron was chosen according to the literature with some modification.39

The dosing frequency was reduced to minimize the possible side
effects.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of HFTNPs. The
fabrication of HFTNPs was described in Figure 1A. First, Fe3+

was mixed with HD to form a HD-Fe3+ complex at pH 5.0.
Fe3+ formed a complex with catechol (Dopa) at the molar ratio
of 1:1 (mono-complex) at pH 5.0,33,42,43 which was supported

Figure 1. (A) Preparation diagram of HFTNPs. Size distribution and TEM images of HFTNPs with different compositions. (B) Dopa/Fe3+/TA =
1:1:0.25; (C) Dopa/Fe3+/TA = 1:2:0.5; and (D) Dopa/Fe3+/TA = 1:4:1. (E) T1-weighted images of HFTNPs (Dopa/Fe3+/TA = 1:1:0.25) at pH
7.4, 6.5, and 5.0. (F) Detection of Fe(II) in the solution of Fe3+, HD-Fe3+, TA + Fe3+, and HFTNPs.
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by the characteristic absorption wavelength of mono-complex
at ∼636 nm (Figure S2). Second, TA was added to form a
HD-Fe3+-TA complex at the same pH. When 3 < pH < 6, Fe3+

formed a complex with pyrogallol at the molar ratio of 1:2 (bis-
complex),44 which indicated that TA can coordinate with HD-
Fe3+ at pH 5.0. The successful coordination between TA and
HD-Fe3+ was proved by the characteristic absorption wave-
length of bis-complex at ∼530 nm (Figure S3). At last,
additional amount of Fe3+ (Fe3+:TA = 3:1) was added and
mixed with HD-Fe3+-TA complex. After raising the pH value to
7.4, redundant Fe3+ was removed by ultrafiltration to obtain
HFTNPs. In HFTNPs, tris-complex between Fe3+ and
pyrogallol was formed with the molar ratio of 1:3, which was
proved by the characteristic absorption wavelength of tris-
complex at ∼513 nm (Figure S3). The formation of HFTNPs
was driven mainly by the coordination between Fe3+ and TA.
Both Fe3+ and TA have good solubility in water, but in situ
formed Fe3+-TA complex exhibits poor solubility in water
(Figure S4).40 Therefore, after additional Fe3+ was mixed with
HD-Fe3+-TA, the amphiphilic structure was formed between
HD and Fe3+-TA complex. Moreover, pyrogallol in HD-Fe3+-
TA was connected by Fe3+, leading to the cross-linkage of
HFTNPs.
Three types of HFTNPs were prepared with the

Dopa:Fe3+:TA molar ratio of 1:1:0.25, 1:2:0.5, and 1:4:1,
respectively. The size distribution and morphology of the three

types of HFTNPs were exhibited in Figure 1B, C, and D,
respectively. As TA increased, the average diameter of
HFTNPs increased gradually. HFTNPs with the Dopa:-
Fe3+:TA molar ratio of 1:1:0.25 exhibited ultrasmall uniform
nanoparticles with the average size of 6.4 nm. HFTNPs with
the Dopa:Fe3+:TA molar ratio of 1:2:0.5 also exhibited uniform
nanoparticles with the average size of 36.2 nm. The particle
size of these two types of HFTNPs measured by DLS was
larger than those from TEM photos, which possibly resulted
from the particle shrinkage during the preparation of TEM
samples. Notably, both large and small nanoparticles can be
observed in HFTNPs with the Dopa:Fe3+:TA molar ratio of
1:4:1. This result may be due to the fact that some of Fe3+-TA
cannot be fully stabilized by HD, resulting in the formation of
larger nanoprecipitates. In view of the ultrasmall and uniform
particle size, HFTNPs with the Dopa:Fe3+:TA molar ratio of
1:1:0.25 were used in the subsequent experiments.
Different from normal tissues with pH around 7.4,

atherosclerotic lesions are slightly acidic (pH 6.0∼6.8) and
the pH value in lysosomes of macrophages is much lower than
5.0.16 Therefore, it is necessary to survey the pH-dependent
MR contrast ability of HFTNPs. The longitudinal relaxivity
(r1) of HFTNPs was measured at 7.4, 6.5, and 5.0. As shown in
Figure 1E, HFTNPs presented pH-sensitive MRI T1-weighted
relaxivity. At pH 5.0, the r1 value of HFTNPs was 1.47-fold
higher than that at pH 7.4 and 1.39-fold higher than that at pH

Figure 2. (A) Fluorescent images of Raw264.7 macrophages cultured with Cy5-labeled HFTNPs for 20, 40, and 60 min. Nucleus was labeled using
DAPI. Scale bar: 50 μm. (B) Flow cytometry results of Raw264.7 macrophages incubated with Cy5-labeled HFTNPs for 20, 40, and 60 min. (C)
Intracellular localization of HFTNPs characterized by Nuclear fast red staining and Prussian blue staining, and fluorescent images of cells pretreated
using HA. Scale bar: 50 μm. (D) Flow cytometry analysis of Raw264.7 cells incubated with Cy5-labeled HFTNPs for 60 min with or without HA
pretreatment. *p < 0.05, **p < 0.01, #p < 0.05.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c09480
ACS Appl. Mater. Interfaces 2021, 13, 33915−33925

33918

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09480/suppl_file/am1c09480_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09480?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


6.5. Notably, r1 values of HFTNPs at all three pH values were
higher than those of Gd-DOTA (contrast agent for clinical
use) (Figure S5), indicating excellent MR contrast ability of
HFTNPs.
Fe3+ could be transformed into Fe2+ by polyphenols,39 which

helps to increase the catalytic efficiency of Fenton reaction.
HFTNPs were dispersed in the solution in the presence of
ATP to release Fe3+ and TA. The concentration of Fe2+ was
measured at different time points. As shown in Figure 1F,
49.6% of Fe3+ in HFTNPs was reduced within 2 h, and the
concentration of Fe2+ indistinctively increased in the next 4 h.
However, only 23.1% of Fe3+ in HD-Fe3+ was reduced to Fe2+

within 6 h. As a comparison, no significant increase of Fe2+ was
observed in the Fe3+ solution. The results confirmed that Fe3+

could be effectively converted into Fe2+ by TA in aqueous
phase.
3.2. Cellular Uptake. CD44 expression on macrophage

cells was measured by CLSM and flow cytometry before and
after LPS activation. As shown in Figures S6 and S7, CD44
expression increased by only 13.1% after LPS induction. To
study the intracellular internalization of HFTNPs, Raw264.7
macrophages were co-cultured with Cy5-labeled HFTNPs for
20, 40, and 60 min. Figure 2A showed the counterstained
nuclei by DAPI. With the increase in incubation time, we
observed the continuous increase of red fluorescence signal in
cells, which indicates the time-dependent internalization of
HFTNPs by cells. Quantitative flow cytometry further
confirmed the increased intracellular internalization (Figure
2B). The mean fluorescence signal intensity of cells which were
incubated for 60 min was 1.41-fold and 4.29-fold higher than
that for 40 and 20 min. To further evaluate CD44-mediated

endocytosis, Raw264.7 macrophages were pretreated with HA
for 60 min to partially block CD44 and then incubated with
HFTNPs for another 60 min. Nuclear fast red staining was
used to reveal cells, and then iron staining was carried out
using Prussian blue staining reagent, interacting with Fe3+ to
produce a blue color. As shown in Figure 2C, Prussian blue
staining of cells showed the presence of HFTNPs in Raw264.7
cells. HA pretreatment decreased the internalization of
HFTNPs, which is consistent with the fluorescent images of
cells. The quantitative results of flow cytometry in Figure 2D
showed that the fluorescent signal intensity of cells decreased
by 67.3% after HA pretreatment, which indicates the CD44-
dependent uptake of HFTNPs.

3.3. •OH Generation. Studies confirmed that iron-based
nanocatalysts can markedly elevate the amount of hydroxyl
radical (·OH) in some tumor cells.45,46 However, whether
Fenton reaction catalysts could induce production of ·OH in
macrophages has not been investigated. LPS is widely used to
stimulate Raw264.7 cells into inflammatory macrophages that
produce more ROS. Nevertheless, the generation of ·OH was
dependent on intracellular concentration of hydrogen peroxide
(H2O2), and it has not been determined against LPS-activated
or nonactivated Raw264.7 cells. Hydrogen peroxide assay kit
was used to determine the intracellular H2O2 (Figure S8). As a
result, LPS (0.1, 0.5, and 1.0 μg/mL) can significantly promote
the generation of H2O2 in Raw264.7 cells (Figure S9). In
particular, the intracellular concentration of H2O2 simulated by
1.0 μg/mL LPS was 2.14-fold higher than that with no LPS.
The production of ·OH was tested using a DCF-DA probe.

Raw264.7 cells with 1.0 μg/mL LPS treatment were co-
cultured with TA, HD-Fe3+, and HFTNPs for 15, 30, and 60

Figure 3. (A) Representative fluorescent images of LPS-activated Raw264.7 macrophages incubated with TA, HD-Fe3+, and HFTNPs for 15, 30,
and 60 min, respectively. Raw264.7 macrophages were treated with PBS as control. TA: 29.4 μM, iron: 117.6 μM. Scale bars: 100 nm. (B)
Quantitative analysis of LPS-activated Raw264.7 cells incubated with PBS, TA, HD-Fe3+, and HFTNPs for 15, 30, and 60 min by flow cytometry.
LPS + HFTNPs vs LPS: **p < 0.01; LPS + TA vs LPS: #p < 0.05 and ##p < 0.01.
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min, respectively. Intracellular ROS production was measured
as shown in Figure 3A,B, and the intracellular ROS increased
dramatically after LPS stimulation. With the extension of
culture time, TA showed the ability to reduce ROS, which may
be due to its own antioxidant activity. HD-Fe3+ did not
significantly change the generation of intracellular ROS, which
possibly resulted from low conversion of Fe3+ to Fe2+.
Interestingly, HFTNPs further increased the generation of
intracellular ROS when prolonging the culture time. The
ability of ROS produced by HFTNPs is much stronger than
that of HD-Fe3+, which is due to the fact that TA can
effectively reduce Fe3+ to Fe2+.39 Thus, the amount of Fe2+ in
HFTNPs is actually higher than that of HD-Fe3+, which is
beneficial to maintain the Fenton reaction. Interestingly, the
production of ROS decreased slightly after cells were treated
with HFTNPs for 60 min, which is probably because the

hydroxyl radicals generated by the Fenton reaction may have
induced cell death.

3.4. Cytotoxicity. Raw264.7 macrophages with or without
LPS activation were incubated with TA, HD-Fe3+, and
HFTNPs for 24 h. Calcein-AM and PI were used to detect
viable and dead cells. Very few dead macrophages were seen
when cells were treated with TA and HD-Fe3+ (Figure 4A). A
small number of dead Raw264.7 cells were seen when they
were treated with HFTNPs. However, a large number of dead
LPS-activated Raw264.7 cells were observed when they were
treated with HFTNPs, which is consistent with the results as
shown in Figure 3. To further explore the cytotoxicity of
HFTNPs, the viabilities of cells were assessed by MTT assay.
No significant cytotoxicity of HD-Fe3+ on Raw264.7 cells was
observed (Figure 4B), which was together decided by relatively
low concentration of H2O2 in Raw264.7 cells and low
conversion of Fe3+ to Fe2+, whereas HD-Fe3+ exhibited

Figure 4. (A) CLSM images of viable or dead cells after PBS, TA, HD-Fe3+, and HFTNPs treatment. TA: 29.4 μM or iron: 117.6 μM. Scale bars:
100 nm. (B) Cytotoxicity of HD-Fe3+-treated Raw264.7 macrophages with or without LPS activation. Cytotoxicity of LPS-activated Raw264.7 (C)
and Raw264.7 macrophages (D) after TA and HFTNPs treatment. (E) Cytotoxicity of Raw264.7 pretreated with different concentrations of H2O2
and then treated with HFTNPs (TA: 29.4 μM; Fe: 117.6 μM). *p < 0.05, **p < 0.01, ***p < 0.001.
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cytotoxicity against LPS-activated Raw264.7 cells with 86.4%
of the viability at the maximum test concentration. Figures
4C,D show that TA has no significant cytotoxicity effect on
both Raw264.7 and LPS-activated Raw264.7 macrophages.
HFTNPs exhibited almost no cytotoxicity on Raw264.7
macrophages, but showed dose-dependent cytotoxicity on
LPS-activated Raw264.7 macrophages. When Raw264.7
macrophages were incubated with diverse levels of H2O2 and
then treated with HFTNPs, cell viability decreased dramati-
cally (Figure 4E), indicating H2O2-dependent cytotoxicity of
HFTNPs. It is worth noting that HFTNPs exhibited darker
purple than HD-Fe3+ (caused by the formation of Fe3+-TA
complex), which would slightly raise the OD values of
formazan solution (purple).

To further investigate the effect of HFTNPs, foam cells were
induced by oxLDL. The successful induction of foam cells was
proved by internalization of oxLDL into macrophages, as
shown in Figure S10A and S10B. Notably, oxLDL did not
promote the expression of CD44 (Figure S10C), but it did
increase the generation of ROS in Raw264.7 macrophages. As
depicted in Figure S10D, HFTNPs treatment can also further
increase the ROS generation in oxLDL-stimulated Raw264.7
macrophages and thus result in dose-dependent cytotoxicity
(Figure S10E).

3.5. In Vivo Distribution. MRI was performed to
investigate the distribution of HD-Fe3+ and HFTNPs in
healthy mice. Within 3.5 h, the MRI signals in liver, kidney,
and spleen were measured as shown in Figure 5. HFTNPs
showed significant accumulation in liver and spleen, and HD-

Figure 5. T1-weighted MRI images of spleen, kidney, and liver in healthy C57BL/6 mice after injection of HD-Fe3+ and HFTNPs. Red line: spleen;
blue line: kidney; yellow line: liver. (A) Time-dependent signal-to-noise ratio (SNR) of HD-Fe3+ and HFTNPs in liver (B), spleen (C), and kidney
(D). HD-Fe3+ vs Control: *p < 0.05, **p < 0.01, and ***p < 0.001; HFTNPs vs Control: #p < 0.05, ##p < 0.01, and ###p < 0.001.
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Fe3+ was mainly accumulated in spleen and kidney. This result
indicated different excretion pathways of HD-Fe3+ and
HFTNPs, which probably resulted from different modalities
of HD-Fe3+ (similar to biomacromolecules) and HFTNPs
(nanoparticles). Both HD-Fe3+ and HFTNPs showed
enhanced MRI signals in the spleen, which may be due to
the abundance of macrophages in the spleen that take in HD-
Fe3+ and HFTNPs. To quantitatively confirm the in vivo
distribution of HD-Fe3+ and HFTNPs, mice were adminis-
trated with HD-Fe3+ and HFTNPs and killed to collect major
organs to measure the iron content at different time points
(Figure S11). Elevated iron content was confirmed in spleen
within 8 h, whereas other organs exhibited no evident increase
of iron. This result can also be observed in the Prussian blue
staining images of the tissue sections (Figure S12). After
administration for 2 h, the iron concentration in the spleen
increased by 459% for HD-Fe3+ and 482% for HFTNPs
compared with the control group. After 4 h, iron increased by
317% for HD-Fe3+ and 206% for HFTNPs. However, after 8 h,
HFTNPs could still be detected in the spleen and the iron

concentration increased by 261%, whereas HD-Fe3+ could be
barely detected. These results suggested that HFTNPs has the
potential for longer blood circulation, which warrants adequate
targeting of atherosclerotic plaques.

3.6. In Vivo Efficacy of HFTNPs. The MRI contrast-
enhancing effect of HFTNPs was investigated in atheroscler-
otic ApoE−/− mice. The MRI signal intensities of plaques and
muscles were measured, and their ratio was used as signal-to-
noise ratio (SNR). As shown in Figure 6A and B, both HD-
Fe3+ and HFTNPs showed higher hyperintense signals in T1-
weighted images than those in Gd-DOTA, indicating
successful CD44-mediated plaque targeting. The SNR of
HFTNPs was higher than that of HD-Fe3+ at 1 h. Furthermore,
HFTNPs showed more persistent contrast enhancement
within 3.5 h, whereas the MRI contrast-enhancing effect of
HD-Fe3+ started to decrease in plaque at 1.5 h.
To explore the anti-atherosclerosis potential of HFTNPs,

atherosclerotic AopE−/− mice were randomly grouped into
four teams (n = 5) followed by the treatment of TA, HD-Fe3+,
and HFTNPs via tail veins for 4 weeks. Saline treatment was

Figure 6. (A) Time-course T1-weighted MRI images of plaques from AopE−/− mice after injection of Gd-DOTA, HD-Fe3+, and HFTNPs. (B)
Time-dependent SNR of Gd-DOTA, HD-Fe3+, and HFTNPs. HFTNPs vs Gd-DOTA: **p < 0.01 and ***p < 0.001; HD-Fe3+ vs Gd-DOTA: ##p
< 0.01 and ###p < 0.001. (C) Typical T1-weighted MR images of plaques of mice after treated with HFTNPs. (D) Images of ORO-stained aortas
from ApoE−/− mice. (E) Representative photographs of plaques stained by H&E, Masson’s trichrome, and Toluidine blue. Scale bar: 100 μm.
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used as controls. As shown in Figure 6C, atherosclerotic
plaques can be observed clearly after a high-fat diet for 8
weeks. The plaques continued to progress after saline
treatment for another 4 weeks (total 12 weeks). After
administration of HFTNPs for 4 weeks, plaques can still be
observed clearly. Notably, the progression of plaques was
inhibited after the treatment of HFTNPs since the 9th week. In
addition, the lesion area ratio of plaques was extraordinarily
reduced to 9.1% according to Oil Red O (ORO) staining
results compared with saline (20.7%), TA (18.4%), and HD-
Fe3+ (17.9%) treatment (Figures 6D and S13). These results
suggested mild inhibition for the progression of plaques. The
accumulation of HD-Fe3+ and HFTNPs in major organs was
investigated by Prussian blue staining. As shown in Figure S14,
both HD-Fe3+ and HFTNPs can be detected in spleen, and
HFTNPs can also be detected in liver, which is consistent with
in vivo distribution as depicted in Figure 5.
Immunohistochemistry analysis was used to survey the

compositions of atherosclerotic plaques. H&E and Toluidine
blue staining showed larger plaques and necrotic core after
mice were treated with saline for 4 weeks, indicating
continuous progression of the plaques (Figure 6E). Compared
with the treatment of TA and HD-Fe3+, HFTNPs significantly
prevented the progression of plaques and the formation of
necrotic cores, but the plaques were still observed (the dotted
circle). In addition, Masson staining results showed that
HFTNPs can also effectively reduce the production of
collagen. At last, biosafety is essential for diagnostic and
therapeutic reagents. Therefore, adverse effects were studied by
H&E staining after treatment for 4 weeks. No significant
change can be observed in the major organs, demonstrating
great biocompatibility of HFTNPs (Figure S15).

4. CONCLUSIONS

In general, we have developed HFTNPs for enhanced MRI
and inhibiting progression of plaques. HFTNPs with ultrasmall
particle size can be effectively internalized by macrophages and
induce further oxidant stress to specifically inhibit cell growth.
In addition, the MRI contrast of plaques was tremendously
enhanced via HFTNPs compared with that of clinical Gd-
DOTA. In animal models, HFTNPs can specifically accumu-
late in atherosclerotic plaques and show higher SNR.
Compared with free TA and HD-Fe3+, HFTNPs significantly
prevented the progression of atherosclerotic plaques with no
obvious side effects. To sum up, our research demonstrated the
possibility and advantages of mild CDT in the diagnosis and
treatment of atherosclerosis. HFTNPs have a tremendous
potential as safe and effective diagnostic and therapeutic
reagents for targeting chronic inflammation.
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(42) Ju, Y.; Cui, J.; Müllner, M.; Suma, T.; Hu, M.; Caruso, F.
Engineering Low-Fouling and PH-Degradable Capsules through the
Assembly of Metal-Phenolic Networks. Biomacromolecules 2015, 16,
807−814.
(43) Holten-Andersen, N.; Harrington, M. J.; Birkedal, H.; Lee, B.
P.; Messersmith, P. B.; Lee, K. Y. C.; Waite, J. H. PH-Induced Metal-
Ligand Cross-Links Inspired by Mussel Yield Self-Healing Polymer
Networks with near-Covalent Elastic Moduli. Proc. Natl. Acad. Sci.
USA 2011, 108, 2651−2655.
(44) Ejima, H.; Richardson, J. J.; Liang, K.; Best, J. P.; Van
Koeverden, M. P.; Such, G. K.; Cui, J.; Caruso, F. One-Step Assembly

of Coordination Complexes for Versatile Film and Particle Engineer-
ing. Science 2013, 341, 154−157.
(45) Yang, B.; Liu, Q.; Yao, X.; Zhang, D.; Dai, Z.; Cui, P.; Zhang,
G.; Zheng, X.; Yu, D. FePt@MnO-Based Nanotheranostic Platform
with Acidity-Triggered Dual-Ions Release for Enhanced MR Imaging-
Guided Ferroptosis Chemodynamic Therapy. ACS Appl. Mater.
Interfaces 2019, 11, 38395−38404.
(46) Zhang, Y.; Wan, Y.; Liao, Y.; Hu, Y.; Jiang, T.; He, T.; Bi, W.;
Lin, J.; Gong, P.; Tang, L.; Huang, P. Janus γ-Fe2O3/SiO2-Based
Nanotheranostics for Dual-Modal Imaging and Enhanced Synergistic
Cancer Starvation/Chemodynamic Therapy. Sci. Bull. 2020, 65, 564−
572.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c09480
ACS Appl. Mater. Interfaces 2021, 13, 33915−33925

33925

https://doi.org/10.1016/j.biomaterials.2020.120279
https://doi.org/10.1002/ange.201510031
https://doi.org/10.1002/ange.201510031
https://doi.org/10.1016/j.biomaterials.2020.120093
https://doi.org/10.1016/j.biomaterials.2020.120093
https://doi.org/10.1016/j.biomaterials.2020.120093
https://doi.org/10.1002/anie.201805664
https://doi.org/10.1002/anie.201805664
https://doi.org/10.1002/anie.201805664
https://doi.org/10.1021/acsmacrolett.8b00287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b09425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b09425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b09425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201311136
https://doi.org/10.1002/anie.201311136
https://doi.org/10.1016/j.addr.2019.12.001
https://doi.org/10.1016/j.addr.2019.12.001
https://doi.org/10.1016/j.addr.2019.12.001
https://doi.org/10.1016/j.carbpol.2019.115479
https://doi.org/10.1016/j.carbpol.2019.115479
https://doi.org/10.1021/acsnano.7b01385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b01385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b03178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b03178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b03178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b00213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202000897
https://doi.org/10.1002/smll.202000897
https://doi.org/10.1002/smll.202000897
https://doi.org/10.1021/bm5017139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm5017139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1015862108
https://doi.org/10.1073/pnas.1015862108
https://doi.org/10.1073/pnas.1015862108
https://doi.org/10.1126/science.1237265
https://doi.org/10.1126/science.1237265
https://doi.org/10.1126/science.1237265
https://doi.org/10.1021/acsami.9b11353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b11353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b11353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scib.2019.12.024
https://doi.org/10.1016/j.scib.2019.12.024
https://doi.org/10.1016/j.scib.2019.12.024
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

