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KEY WORDS Abstract Acute lung injury (ALI) has been a kind of acute and severe disease that is mainly charac-
terized by systemic uncontrolled inflammatory response to the production of huge amounts of reactive
oxygen species (ROS) in the lung tissue. Given the critical role of ROS in ALI, a Fe30, loaded bovine
AT e e serum albumin (BSA) nanocluster (BF) was developed to act as a nanomedicine for the treatment of ALI.
NIR enhanced therapy; Combining with NIR irradiation, it exhibited excellent ROS scavenging capacity. Significantly, it also dis-
ROS scavenging; played the excellent antioxidant and anti-inflammatory functions for lipopolysaccharides (LPS) induced
Macrophage M2 macrophages (RAW264.7), and Sprague Dawley rats via lowering intracellular ROS levels, reducing
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polarization;
NF-«kB pathway

inhibition;
Immunoregulation

activation

inflammatory factors expression levels, inducing macrophage M2 polarization, inhibiting NF-«xB
signaling pathway, increasing CD4"/CD8" T cell ratios, as well as upregulating HSP70 and CD31
expression levels to reprogram redox homeostasis, reduce systemic inflammation, activate immunoregu-
lation, and accelerate lung tissue repair, finally achieving the synergistic enhancement of ALI immuno-
therapy. It finally provides an effective therapeutic strategy of BF + NIR for the management of
inflammation related diseases.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute lung injury (ALI) is a kind of acute hypoxic respiratory
dysfunction induced by various factors. And it can damage
alveolar epithelial cells and endothelial cells, causing diffuse
interstitial and alveolar edema'*>. When it reaches a more severe
level, acute respiratory distress syndrome (ARDS) with high
mortality occurred’. ALI is mainly characterized by a systemic
uncontrolled inflammatory response. In the metabolic process of
lung tissue, excessive production of metabolites can deplete
intracellular glutathione (GSH), causing the existence of exces-
sive reactive oxygen species (ROS) in mitochondria. And mito-
chondrial dysfunction ultimately leads to the apoptosis of lung
cells*”. Meanwhile, excessive ROS participates in the generation
of inflammatory factors including TNF-«, iNOS and IL-6, pro-
moting oxidative stress response, and inducing cell death®’.
These effects lead to structural damage and functional impair-
ment of lung tissue. Thus, the strategy focused on scavenging
ROS and further reprogramming redox homeostasis is expected
to be applied to prevent and treat the ROS-related diseases,
including ALI. On the other hand, as a protein complex, nuclear
factor kappa B (NF-«kB) is a key nuclear transcription factor of
cells. It is expressed in almost all animal cells and participates in
cellular responses to stimuli such as free radicals, cytokines, and
external stimuli. And it plays a central role in inflammatory
response, immune response, and the regulation of cell apoptosis®.
As a major regulator of inflammation, NF-«B can control many
aspects of innate and adaptive immune responses, and its acti-
vation is connected to inflammation and autoimmune dis-
eases”'?. Therefore, inhibiting NF-«B signaling pathways can be
a target for inflammation treatment. In the Lancet, a study about
ALI was published, revealing that it helped to improve lung
damage by down-regulating the NF-kB signaling pathway, and
upregulating the CAMP-Epac and HO-1 pathways''. Quan et al.
developed a type of novel lappaconitine derivatives with a lot of
substituent on 20-N position as potential anti-inflammatory
agents. It demonstrated that these derivatives possessed an
obvious anti-inflammatory mechanism via the inhibition of NF-
«B and MAPK signaling pathways'”. These studies suggested
that inhibiting NF-kB would be beneficial for ALI clinical
therapy. However, it is highly challenging how to inhibit NF-xB
signaling in ALI, limited by the low biostability and biosafety of
the inhibitors.

Benefiting from the advance of nanotechnology, nano-
medicines have been widely applied in various diseases’ ther-

apy'?, including the strategies focusing on NF-kB signaling'*'°.

Nanosized Fe;0,, as a kind of nanozyme with multiple catalytic
functions of superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GPX)'®, could be applied for various
biomedical fields such as medical diagnosis'”'®, and disease
therapy'”*°. In addition, Fe element can participate in various
physiological activities, and play a significant role in maintaining
intracellular redox homeostasis®'. Significantly, Fe;O4 nano-
particles (NPs) have been employed as ROS scavengers to alle-
viate inflammation-related diseases like acute kidney injury”*>’,
Parkinson”*?°, skin repair%’y, etc., attributed to the valence
state transition between Fe ions”® and oxygen vacancy to inhibit
NF-kB signaling pathway’’*’. Under near infrared (NIR) irra-
diation, it also confirmed the enhanced ROS scavenging capac-
ities’’*?, and promoted tissue repair’™** of metal-based
nanozymes, helpful to ALI therapy with high efficacy®”. Mean-
while, drug delivery systems (DDSs) aim to systemically regu-
late the biodistribution of drugs in the human body in terms of
time, space, and dosage’®. For ALI therapy, it expects to deliver
the appropriate amount of drugs to the correct location at the
appropriate time, and also in a controllable release way, thus
increasing their utilization efficiency, and minimizing toxic side
effects’’*®. Bovine serum albumin (BSA) is one of the most
important molecules involved in transcytosis as a DDS due to the
unique properties, including high drug loading, good water sol-
ubility, and nontoxicity”®”’. Upon the binding of albumin to a set
of albumin receptors, it was internalized and translocated to the
targeted area, enabling specific drug delivery to the disease
area’’. On the other hand, albumin can provide a spatial
confinement effect for NPs growth, and prevent their aggrega-
tion*'. Thus, it had been widely used to fabricate DDSs for
respiratory system disorders*>**.

Herein, we reported a simple synthetic method of biocompat-
ible Fe;O, loaded BSA nanocluster (BF). It could scavenge
multiple ROS, thereby efficiently reducing lipid peroxidation and
inhibiting cell apoptosis. After being taken up by macrophages, it
could efficiently clear intracellular ROS, downregulate inflam-
matory factors, induce macrophage M2 polarization, and inhibit
the NF-kB signaling pathway (Fig. 1). Most significantly,
combining with NIR irradiation, BF + NIR more efficiently
reprogrammed lung redox homeostasis, activated immunoregula-
tion, and accelerated lung tissue repair, to achieve synergistic
enhanced immunotherapy of ALI. Altogether, the good biocom-
patibility, excellent ROS scavenging, and outstanding NF-«xB
pathway inhibition by the strategy of BF + NIR made it a
promising candidate for the immunotherapy of inflammation
related diseases.
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2. Materials and methods
2.1.  Chemical reagents

Iron chloride hexahydrate (FeCl;-6H,0, 99%, Mw = 270.30),
BSA (98%, Mw = 66.40), and sodium hydroxide (NaOH, 99%,
Mw = 39.99) were supplied from Macklin (China). Lipopoly-
saccharides (LPS, >97%) and phosphate-buffered saline (PBS,
pH = 7.4) were commercially supplied by Sigma-Aldrich (St.
Louis, MO, US), and hydrogen peroxide (H,O,, 30% w/w,
Mw = 34.01) was commercially obtained from Junobio
(Nanning, China). Methanol (CH40, 99.5%, Mw = 32.04),
anhydrous ethanol (C,HgO, >99.7%, Mw = 46.07). All chem-
icals were directly applied without further treatments.

2.2.  Preparation of BF and its physicochemical characterization

The preparation of BF was implemented by a simple hydrothermal
reaction in a weak alkaline condition**. Briefly, 1 g of BSA was
homogeneously dissolved in deionized (DI) water, followed by the
addition of 0.2 g FeCl;. After stirring for 0.5 h, 0.2 g NaOH was
added to the solution. The final mixture was reacted at 80 °C for
2 h. Finally, the final product was centrifuged to remove the
supernatant and re-dispersed with DI water. The above procedures
were repeated for 3 times, and BF was obtained after freezing-
drying.

To characterize the zeta potential, morphology, crystallization
structure, and molecular structure of BF, the zeta sizer (Malvern
Instruments Ltd, Nano ZS90, Malvern, UK), transmission electron
microscopy (Hitachi, HT7800, Tokyo, Japan), X-ray diffraction
(Rigaku, MiniFlex 600, Tokyo, Japan), and Fourier transform
infrared spectrometer (Shimadzu, IRTracer-100, Tokyo, Japan)
were applied. And the thermal stability of BSA and BF was
investigated by thermal gravity analyzer (TA, STD650, New
Castle, DE, USA). Besides, the element composition and Fe
element content of BF were investigated by X-ray photoelectron
spectroscopy (Thermo Fisher Scientific, ESCALAB 250XI+,
Waltham, MA, USA), as well as inductively coupled plasma-mass
spectrometry (Varian, 820—MS, Palo Alto, CA, USA). To inves-
tigate the photothermal behaviors, BSA and BF with different
concentrations (0, 50, 100 and 200 pg/mL) were irradiated by NIR
imager of different laser intensities (808 nm, 1, 1.5 and 2 Wiem?).
The corresponding photothermal images and temperatures were
recorded. Specifically, the photothermal stability was imple-
mented by placing 200 pg/mL BF with NIR irradiation (2 W/cm?,
15 min) for 4 “on” and “off” cycles. Significantly, BF or Fe;0,
was dispersed in different solutions (PBS, Dulbecco’s modified
Eagle medium (DMEM, Gibco, Billings, MT, USA), fetal bovine
serum (FBS, Gibco, Billings, MT, USA), and 5 mmol/L H,0,)
respectively. At 0, 0.5, 1, 2, 4, 8, 12 and 24 h, the solutions were
photographed by the camera.

The ROS scavenging capacities were initially characterized by
electron spin resonance (Bruker, A300, Karlsruhe, BW, Germany).
Details were: BF with 100 pg/mL was mixed with the different
working solutions: 5-tert-butoxycarbonyl 5-methyl-1-pyrroline-N-
oxide (BMPO, 100 mmol/L), xanthione (10 mmol/L) and
xanthione  oxidase (XOD, 1 U/mL), and 2,2,6,6-
tetramethylpiperidine (TEMPONE, 100 mmol/L) for -OH, ‘O,
and 'O, testing respectively. After mixing for 10 min, the corre-
sponding signal was recorded by ESR. In addition, the H,O,, - OH
and -O, testing kits were applied to test the ROS clearing
capacities of BF with different concentrations (100, 200 and

300 ng/mL) by following the corresponding protocols of the
manufacturer. Specifically, for BF + NIR, NIR irradiation was
implemented for 10 min with the power intensity of 2 W/cm? after
mixing BF with different working solutions.

2.3.  Biological functions investigation at the cellular level

Mouse monocyte macrophages (RAW 264.7), lung epithelial cells
(BEAS-2B) and mouse epithelioid fibroblast cells (L929) were
commercially purchased from American Type Culture Collection
(ATCC, USA). And the cells were cultured in DMEM containing
10% FBS and 1% penicillin/streptomycin (Solarbio, China).
During cell culture, the medium was replaced with fresh medium
every 2 days, and the cultured cells were passaged when reaching
above 85% confluence.

The cell viability was investigated by cell counting kit-8
(CCK-8, Biosharp, China). And the cells were seeded in a 96-well
plate with the density of 1 X 10° per well before incubation with
BSA, Fe3;0, or BF of concentrations ranging from 0, 5, 10, 20, 50,
100, 200 to 500 pg/mL for 24 h. After washing with PBS, the cells
were incubated with 10 pL. CCK-8 kit for another 1 h. The su-
pernatant was finally observed at 450 nm by a microplate reader
(Thermo Fisher, Multiskan FC). In addition, the cell protection
ability was also investigated by live/dead staining (Beyotime
Biotechnology, China). In brief, RAW264.7 cells at a density of
2 x 10° per well were cultured in a 6-well plate. After being
induced by LPS (1 pg/mL) for 30 min, the cells were incubated
with 100 pg/mL BSA or BF. Specifically, for BF + NIR, NIR
irradiation (2 W/cm?) was implemented 3 times within 24 h after
incubating with BF, 10 min per time. And the treated cells were
stained with calcein-AM/propidium iodide (Beyotime Biotech-
nology) for 10 min before washing with PBS 3 times. Finally, the
cells were observed by a fluorescent microscope (Olympus,
CKX53, Tokyo, Japan). Meanwhile, the effect of NIR irradiation
on the viability of L929 was also investigated. After mixing with
BE, NIR irradiation was implemented 3 times within 24 h, 0, 5, 10
or 15 min per time before evaluating the live cell ratio.

In addition, to investigate the cellular uptake ability,
RAW264.7 cells were cultured in the confocal dishes at a density
of 2 x 106, and incubated with Cy5-BF for 0, 3 and 6 h,
respectively. And then the treated cells were washed 3 times with
PBS before being fixed with 4% paraformaldehyde (PFA, Bio-
sharp, China) for 10 min. Next, the cytoskeleton and nuclei of
cells were respectively stained with actin-tracker green-488
(Actin, Biosharp, China), and 4,6-diamidino-2-phenylindole
dilactate (DAPI, Biosharp, China) following the manufacturer’s
protocols. At last, the cells were washed with PBS before being
embedded in paraffin and imaged by confocal scanning micro-
scopy (ZEISS, LSM 980, Oberkochen, BW, Germany). Specif-
ically, to prepare Cy5-BF, 50 mg BF was dispersed in 50 mL
ethanol, and mixed with 10 mg Cy5-PEG2000-NHS (Lumiprobe,
China) overnight. After centrifuging at 12,000 rpm (Eppendorf,
5425 R, Hamburg, NI, Germany) for 30 min to remove the su-
pernatant, and re-dispersion in ethanol 3 times, the final products
(Cy5-BF) were collected by vacuum drying.

To investigate the antioxidant and anti-inflammatory abili-
ties, an enzyme-linked immunosorbent assay (ELISA) was
initially applied. In detail, the supernatant of treated cells was
collected and tested by the corresponding ELISA kits (Meimian,
China) by following their protocols. And the intracellular ROS
levels were also analyzed by ROS testing probes, where
2/7'-dichlorodihydrofluorescein diacetate (DCFH-DA,
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Maokangbio, China) and dihydroethidium (DHE, Maokangbio,
China) were applied to test the intracellular total ROS and O,
levels of treated cells. The cultured medium of treated cells was
replaced with fresh medium containing DCFH-DA or DHE.
After incubating 30 min, the cells were washed with PBS for 3
times and fixed with 4% PFA. The cells were finally observed by
a fluorescent microscope. Besides, the expression levels of
inflammation related genes (TNF-a and SOD2), macrophage
polarization genes (CD86 and CD206), and tissue repair genes
(CD31 and HSP70) were analyzed using reverse transcription-
quantitative polymerase chain reaction (RT-qPCR). Briefly, the
total RNA was extracted by using an RNA extraction kit
(Magen, China), and RT-qPCR was performed by using the
LightCycler® System (Roche, Switzerland). And the relative
gene expression was analyzed by the 272" method, and
compared with the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), applied as the reference.

Furthermore, the related protein expression levels were
investigated by immunofluorescent staining. Briefly, the treated
cells were initially fixed with PFA for 30 min before blocking with
BSA. And the cells were separately incubated with primary
antibodies: CD86, CD206, CD31 or HSP70 (1:1000 dilutions,
Proteintech, China) at 4 °C overnight. After PBS washing 3 times,
the cells were incubated with secondary antibody (Alexa Fluor
647-labeled Goat Anti-Rabbit IgG (H + L), 1: 10,000) (Beyotime
Biotechnology) for another 1 h. Finally, after being stained with
DAPI for 10 min, the cells were imaged by fluorescent
microscopy.

At last, to confirm the anti-inflammation mechanism, Western
blotting (WB) was applied to detect the pathway-related proteins’
expression levels. In detail, the pre-treated cells were washed with
ice-cold PBS, and treated with lysis buffer (Solarbio, China)
containing protease and phosphatase inhibitors (Solarbio, China).
After centrifuging for 15 min, the supernatant was collected, and
its protein concentration was measured and adjusted a BCA pro-
tein assay kit (Beyotime, China). Subsequently, the proteins were
separated by protein gel electrophoresis and transferred to a pol-
yvinylidene fluoride (PVDF) membrane (IPVH00010, Millipore,
USA). After being blocked with blocking buffer (Sharebio, China)
for 20 min, the membrane was washed with tris buffered saline
with Tween-20 (TBST, Sigma) 3 times. And then the membrane
was incubated with primary antibodies (anti-p65, p-p65, IkBa and
p-IkBa, Proteintech, China) for 2 h before being incubated with
the secondary antibody (Goat Anti-Rabbit, Sangon, China) for
another 2 h. Finally, the membrane was soaked in 1 mL of Ultra-
Signal ECL Western blotting detection reagent (Beyotime, China)
before scanning by an automatic chemiluminescence image
analysis system (Bio-Rad, USA). In addition, their pathway-
related genes (p65, p-p65, IkBa and p-IkBa) expression levels
were also analyzed by RT-qPCR.

2.4. Invivo animal experiments

All experimental procedures were executed according to the
protocols approved by the Animal Experiment Ethics Committee
of Guangxi Medical University (No. 2025E0329). Sprague Daw-
ley (SD) rats (180 ~220 g) were chosen, and treated following the
local guidelines of the care and use of laboratory animals of
Guangxi Medical University. All animals were euthanized through
intravenous injection of excessive pentobarbital sodium (Sigma,
P3761). To investigate the in vivo biodistribution, in vivo animal
imaging systems (PerkinElmer, IVIS Lumina Series III, Waltham,

MA, USA) were utilized after intratracheal (IT) injection of NPs.
Briefly, the ALI rats were IT injected with 0.8 mL solutions
(100 pg/mL CyS5 or Cy5-BF). At the predetermined time points (0,
0.5, 1, 2, 4, 8, 12 and 24 h), the corresponding organs including
heart, liver, spleen, lung and kidney were collected, and imaged by
IVIS with the excitation (646 nm) and emission wavelengths
(664 nm). And the in vivo photothermal feasibility was evaluated
by IT injection of 0.8 mL BF (100 pg/mL) into rats. After 2 h, the
lung of rats was irradiated by NIR light (2 W/cm?) for 10 min. The
corresponding photothermal images and temperatures were
collected and recorded at the predetermined time points.

In in vivo biosafety, the blood biocompatibility was first
investigated by hemolysis testing. In brief, the blood was freshly
collected from SD rats and centrifuged at 3000 rpm for 10 min to
remove the serum. And 0.5 mL erythrocyte suspension was mixed
with 0.5 mL BF solution with different concentrations: 0, 5, 10,
20, 50, 100, 200 and 500 pg/mL, where DI water was utilized as
the control. After 1 h incubation, the mixture was centrifuged at
3000 rpm for 10 min before being observed by a microplate reader
at 540 nm. The corresponding hemolysis ratio was calculated as
Eq. (1):

Hemolysis ratio (%) = [(OD,-OD,) / (OD,-0D,)] /100 (1)

where OD,, OD, and OD; were the optical density (OD) of
negative control, positive control and samples, respectively. And
the body weight of each rat was weighed every day within 7 days.
And after 7 days, the blood from rats was analyzed using the fully
automatic blood analyzer (Mindray, China). Additionally, the
major organs were isolated. After fixation with 4% PFA, they were
embedded and cut into sections. And the tissue slice was applied
for hematoxylin and eosin (H&E) staining, followed by
observation.

ALI animal models were established by cutting the neck to
expose the trachea, followed by adding 1 mg/mL LPS (5 mg/kg)
into the trachea®®. SD rats were separately divided into 4 groups
(n = 6): rats without treatments (sham group), and ALI rats with
IT injection of 0.8 mL saline (ALI group), BF (100 pg/mL, BF),
and BF (100 pg/mL) and NIR irradiation (BF + NIR). Specif-
ically, NIR irradiation was implemented 3 times (2 W/cm?,
10 min) at 1, 2 and 3 h after IT injection for BF + NIR. After
establishing ALI models for 0.5 h, the corresponding treatments
were implemented. And the blood and major organs were
collected after 24 h. The blood indicators of blood samples were
analyzed by the fully automatic blood analyzer. Besides, the blood
was centrifuged to collect the serum, and its inflammation related
factors expression levels were analyzed by ELISA following the
corresponding protocols. Significantly, the fresh blood was
collected to isolate the corresponding cells, and the number of
CD4" and CD8™" T cells in the blood was quantified by using flow
cytometry after staining with the anti-CD4" and anti-CD8™
primary antibodies (Biolegend, America).

Furthermore, the major organs were applied for further eval-
uation. And the lungs were photographed, and the corresponding
wet/dry ratios were calculated by weighing the lung before and
after drying. Similarly, the lung tissues were homogenized, and
their inflammatory factors expression levels were analyzed by
ELISA.

Finally, the isolated organs were fixed with 4% PFA overnight
and cut into sections for the subsequent experiments. At the
beginning, the organ sections were treated with H&E staining, and
imaged by an Olympus microscope. And the corresponding im-
ages of lung tissues were evaluated by using the Smith scoring.
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Specifically, after NIR irradiation, the skin of rats was imaged and
observed at 0.1, 0.5, 1, 2, 4 and 8 h. At 8 h, the skin tissue was
treated with H&E staining and graphed by an Olympus micro-
scope. Besides, the ROS levels of lung tissue were tested by using
the DHE probe. After nuclei staining by DAPI, the sections were
imaged by a fluorescent microscope.

Meanwhile, for immunohistochemical and immunofluorescent
staining, the slides of lung tissues were firstly incubated with the
primary antibodies (rabbit polyclonal anti-TNF-e, IL-10, CD86,
CD206, CD31, HSP70, CD4" or CD8™, Servicebio, China). After
PBS washing 3 times, the tissue slides were incubated with bio-
tinylated or fluorescent-labeled secondary antibodies (Servicebio,
China). After rinsing, the slides were graphed by using the
Olympus microscope, and the average OD (AOD) or mean fluo-
rescent intensity (MFI) was analyzed using Imagel] software.
Meanwhile, the number of CD41 and CD8™ T cells in lung tissues
was also quantified using flow cytometry.

2.5.  Statistical analysis

All results are expressed as mean £ standard deviation (SD), and
the significance was defined as *P < 0.05, **P < 0.01,
#ekpP < (0.001 and ****P < 0.0001, where * indicated the com-
parison with normal or sham group.

3. Results and discussion
3.1.  Preparation and physicochemical characterization

BF was fabricated by the reduction reaction of FeCl; in BSA
solution (Fig. 2A)*"**. In brief, 1 g BSA and 0.25 g FeCl; were
dissolved in 100 mL DI water with magnetic stirring before the
reduction of ascorbic acid solution (10 mL, 20 mg/mL). The
mixture was reacted overnight before centrifuged at 10,000 rpm
for 10 min, and then re-dispersion in DI water. After repeated for 3
times, BF was collected by freeze-drying. Compared to BSA
(white) and Fe;O4 (umber), it became brown for BF after the in
situ reduction of FeCl; (Supporting Information Fig. S1).

As shown in Fig. 2B, the corresponding zeta potential was
—21.1 £ 1.3 mV for BSA, while no significant changes happened
for Fe;04 (—29.1 £ 0.5 mV) and BF (—-21.9 £ 1.2 mV). Simi-
larly, from FTIR results, no obvious changes were observed be-
tween BSA and BF (Supporting Information Fig. S2). From the
above, it was confirmed that ultra-small Fe;O, loading did not
affect the zeta potential and molecular structure of BF, similar to
those of BSA. In addition, the crystallization structure was also
investigated. As displayed in Supporting Information Fig. S3,
compared to BSA with two obvious peaks (9.4° and 20.6°), there
was a broad peak observed from 12.4° to 49.4° for BF, and 3
significant peaks at 30.3°, 35.7° and 43.2°, possibly attributed to
Fe;0,4 loading. And from TEM-mapping images, the diameter of
Fe;0,4 nanocluster was 5.5 £ 1.5 nm in BF (Supporting Infor-
mation Fig. S4). And the obvious C, N, O and Fe elements existed
in BF (Fig. 2C). Furthermore, the weight remaining ratio was
24.41% for BSA, increased to 78.82% for BF and 95.52% for
Fe;O4 respectively (Fig. 2D and Supporting Information
Table S1). Similarly, from XPS results, compared to BSA with
C, N and O elements existed, the extra Fe element happened for
BF (Supporting Information Fig. S5). Compared to BSA, the
weight loss ratio decreased, and the existence of Fe elements for
BF was due to Fe;04 loading. Significantly, after calculation, the

Fe element content was 2.79 £ 0.01% for BF by ICP-MS
(Supporting Information Table S2). The differences in Fe con-
tent obtained between TGA and ICP-MS were due to the residue
of BSA itself during TGA testing.

From the above, it confirmed the successful fabrication of BE.
Most importantly, after Fe;0,4 loading, it did not obviously change
the zeta potential, and molecular structure of BF compared to
BSA*'. However, Fe;0, loading contributed to the existence of
the Fe element, changed the crystallization structure, and
decreased the weight loss ratio of BF.

3.2.  Dispersion and stability, photothermal effect and ROS
scavenging ability

For a clinic application, it is required that the nanomedicine be
stable and well dispersed during blood circulation®*>. Thus, the
dispersion of BF in different solutions was investigated. To
simulate the cellular conditions, DMEM and FBS were applied.
And 5 mmol/L H,O, was considered to simulate the ROS con-
dition of ALI’*. As displayed in Supporting Information Fig. S6,
Fe;0, was homogeneously dispersed in all solutions in the
beginning. And it fully deposited on the bottom of PBS at 0.5 h,
and DMEM, FBS and H,O, at 4 h. However, for BF, it was totally
precipitated on the bottom of PBS, DMEM and FBS at 8 h, and
H,0, at 12 h. From here, it displayed the improved dispersion of
Fe;0, after forming BF.

Additionally, the photothermal effects of BF were also inves-
tigated. As imaged in Supporting Information Fig. S7, compared
to PBS and BSA with no temperature change, the temperatures
increased over time for BF with NIR irradiation (2 W/cmz). As
illustrated in i of Fig. 2E, the temperatures remained stable for
PBS (28.2 °C) and BSA (27.9 °C), while it increased to 54.4 °C
for BF in the same concentration (100 pg/mL) after 15 min irra-
diation (2 W/em?). And the temperatures sequentially increased to
28.2, 51.6, 54.4 and 62.0 °C for BF with the concentration of 0,
50, 100 and 200 pg/mL under 2 W/cm® NIR irradiation (ii of
Fig. 2E). Similarly, for different irradiation intensity, the temper-
atures jumped from 38.0 to 52.9 °C for 100 pg/mL BF with
irradiation intensity from 1 to 2 W/cm? (iii of Fig. 2E). Specif-
ically, after 4 cycles of “on” and “oft™, it displayed the excellent
photothermal stability (iv of Fig. 2E).

Finally, the ROS scavenging ability was tested by ESR and
ROS testing kits. The intensity of magnetic fields corresponded
to the ROS levels in ESR. As shown in i of Fig. 2F, for -OH
levels, compared to the control group with obviously strong in-
tensity of magnetic fields, the corresponding intensity of BF
decreased, and significantly declined in BF 4+ NIR. It was the
same tendency for -0, and 'O, levels, with the intensity order
of control group > BF > BF + NIR (ii and iii of Fig. 2F).
Meanwhile, by ROS testing kits, the -OH scavenging ratio was
250 = 1.2% for BSA, increased to 41.0 + 0.4% and
579 £ 0.4% for 100 pg/mL BF and BF + NIR (Supporting
Information Table S3). And if increasing the concentration from
100 to 500 pg/mL, the -OH scavenging ratio changed from
41.0 £ 0.4% to 55.8 = 0.8% for BF (i of Fig. 2G and Supporting
Information Table S4). Similarly, for -O, and H,O, scavenging
capacities, it was 24.3 + 3.9% and 17.0 £ 1.0% in BSA,
37.3 £ 0.2% and 42.8 £ 0.2% in BF, and 51.9 £+ 3.5% and
70.4 &+ 0.3% in BF + NIR. Increasing the concentration of BF to
500 pg/mL, the ROS scavenging ratios became 71.5 £ 1.2% and
69.6 + 0.5% for -0, and 'O, respectively (ii and iii of Fig. 2G).
Previous studies had confirmed that BSA had a certain of
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antioxidant capacity, which could capture harmful free radicals,
and act as an antioxidant, thereby protecting cells from oxidative
stress damage” . After hybridizing with nanozymes, the ROS
scavenging capacities were enhanced”’%. Significantly, NIR
irradiation was helpful in improving the electron transfer rate
and the improved ROS scavenging ability”>°’. And increasing
the concentration of BF + NIR also contributed to high ROS
scavenging ability.

3.3.  Cell biocompatibility and cellular uptake ability

To investigate the biological functions at the cellular level, 3 types
of cells were considered: RAW264.7, BEAS-2B and 1.929. As
shown in Fig. 3A, BSA displayed excellent cell biocompatibility
with the cell viability around 100% within the concentrations
ranges from O to 500 pg/mL. However, for Fe;0, alone, its cell
viability was significantly declined with the increase in concen-
tration. At 100 pg/mL, its cell viability was 32.9 + 2.6% for
RAW264.7 and 38.7 =+ 1.0% for BEAS-2B. If increasing the
concentration to 500 pg/mL, the corresponding cell viability
decreased to 11.4 + 2.9% and 6.9 £ 2.0% for RAW264.7 and
BEAS-2B, respectively. Significantly, the cell viability was
83.5 £ 2.2% and 79.1 + 0.3% for RAW264.7 and BEAS-2B,
respectively, in BF, both above 79%. Thus, 100 pg/mL was
considered as the dosage concentration applied for further ex-
periments. And due to its high cytotoxicity, Fe;O4 alone was not
considered for further experiments.

From the live/dead staining images of RAW264.7, compared to
the normal group with little red fluorescence (dead cells), lots of
red fluorescence was found for the control group. For BSA, it
slightly decreased the red fluorescence. However, it was observed
that BF efficiently decreased the red fluorescence, and increased
the green fluorescence, enhanced by BF + NIR (Fig. 3B). After
statistical analysis, the live cell ratio was 98.8 + 0.2%,
66.5 £ 0.6%, 78.4 £ 1.3%, 89.7 £ 0.5% and 94.7 £ 0.8% in
normal group, control group, BSA, BF and BF + NIR respectively
(Fig. 3C). It had confirmed that BF could efficiently protect the
cells away from the damages of oxidative stress, and increased the
live cell ratio. And this function had significantly been improved
by BF + NIR due to its enhanced ROS scavenging capacities. It
confirmed the good biocompatibility and protection ability of BF.
Specifically, for 1929, after NIR irradiation at different time
points, only a few dead cells were observed (Supporting Infor-
mation Fig. S8A). And the live cell ratio was 96.1 + 0.8%,
95.6 + 1.2%, 94.9 £ 0.8% and 95.9 &+ 0.7% in BF + NIR with 0,
5, 10 and 15 min irradiation (Supporting Information Fig. S8B).
From the above, BF effectively increased the cell viability of
Fe;0,4-based nanozymes, and BF + NIR had no damage to normal
cells.

For clinical application, it is expected that nanomedicines
could be easily taken up by cells, and exert their functions at the
intracellular levels. As displayed in Supporting Information
Fig. S9, the red fluorescence increased over time, indicating the
increased uptake of BF. After analysis, the MFI was 4.8 4 0.8 for
BF at 3 h, increased to 11.1 £ 0.8 at 6 h (Supporting Information
Fig. S10). From the TEM images, the quantified diameter of the
nanocluster was less than 10 nm, which is helpful in improving the
cellular uptake®'. And the endocytosis of macrophages also
contributed to the improved uptake of BF°’. Thus, the good
cellular uptake ability of BF was helpful in exerting its intracel-
lular biological effects.

3.4. Antioxidant and anti-inflammatory capacities

LPS is a main component of the outer wall of Gram-negative
bacteria. It can activate inflammatory cytokines expression and
trigger an inflammatory response by binding with receptors on the
surface of host cells, such as TLR4°**. Thus, it is commonly used
in cell experiments to simulate inflammatory responses. In animal
models, it is mainly used to establish various inflammation-related
disease models, such as ALI®>*®°. The in vifro antioxidant and anti-
inflammatory capacities were initially evaluated by testing the
expression of inflammatory factors in the supernatant of treated
cells by ELISA. As shown in Fig. 3D, compared to the normal
group with the low levels of IL-6 (8.7 £ 0.2 pg/mL) and TNF-«
(43.1 £ 1.0 pg/mL) expression, they were significantly increased
to 26.4 £ 0.8 and 98.9 £+ 3.5 pg/mL for the control group. BSA
slightly decreased the IL-6 (17.8 + 0.2 pg/mL) and TNF-«
(67.4 + 0.6 pg/mL) expression levels, significantly enhanced by
BF (13.1 £ 0.4 and 52.7 & 0.6 pg/mL) and BF + NIR (10.4 £ 0.8
and 44.4 £ 2.0 pg/mL).

Next, from Fig. 3E, the intracellular ROS levels (DCFH-DA
and DHE) of treated cells are displayed. In the normal group,
they were in the lowest levels with almost no fluorescence
observed. After LPS stimulation, they were significantly increased
with a lot of fluorescence existed, where green and red fluores-
cence corresponded to the DCFH-DA and DHE levels of treated
cells, respectively. Treatment by NPs could decrease their levels,
especially for BF + NIR. After quantified analysis, the MFI of
DCFH-DA was 19.5 £ 0.6,41.4 +2.9,30.9 +3.2,29.0 £+ 1.5 and
25.4 + 2.4 respectively in the normal group, the control group,
BSA, BF and BF + NIR. And the highest MFI of DHE was
44.4 + 2.7 for the control group, followed by BSA (39.1 + 3.6),
BF (34.6 + 3.3), BF 4+ NIR (23.4 £ 2.5) and the normal group
(16.0 £ 0.2) (Fig. 3F).

In addition, the related gene expression levels were analyzed
by RT-qPCR, and illustrated in Fig. 3G. The TNF-« expression
was in the lowest levels in the normal group (1.0 £ 0.3), signif-
icantly increased to 5.2 £ 0.4 for control group. Treatments by
BSA, BF and BF + NIR could decrease its expression levels to
4.5 +£0.1,4.0 &£ 0.2 and 1.3 £ 0.1, respectively (i of Fig. 3G). In
contrast, for SOD2 expression levels, it was 1.0 &+ 0.1 for the
normal group, reduced for the control group (0.2 £+ 0.1). Treat-
ments improved the SOD2 expression levels. Among them,
BF + NIR (0.8 £ 0.1) was the most, followed by BF (0.7 & 0.1)
and BSA (0.5 £+ 0.1) (ii of Fig. 3G). Significantly, for CD31
expression, it was in the relative low levels in the normal group
(1.0 = 0.1), the control group (1.2 £ 0.1), BSA (1.9 +0.1) and BF
(1.7 £ 0.1), significantly enhanced for BF + NIR (5.4 + 0.2) (iii
of Fig. 3G). It was in a similar tendency for HSP70 expression
levels, where it was 10.4 4= 0.2 for BF + NIR, higher than that of
the normal group (1.0 = 0.1), the control group (1.6 &+ 0.1), BSA
(1.5 £ 0.1) and BF (1.0 & 0.1) (iv of Fig. 3G).

Furthermore, immunofluorescent staining was also applied to
test the corresponding CD31 and HSP70 expression levels. As
displayed in Fig. 3H, the green fluorescence, corresponding to the
CD31expression levels, was at relatively low levels in the normal
group, the control group and BSA, slightly increased for BF, and
significantly increased for BF + NIR. By statistical analysis, the
MFI was 7.2 £ 2.0, 7.1 + 1.2, 11.3 £ 0.9, 189 £ 1.1 and
44.1 £ 4.5 in the normal group, the control group, BSA, BF and
BF + NIR respectively (Fig. 3I). Similarly, the expression of
HSP70 was in relative low levels for all groups except for
BF + NIR with obvious green fluorescence observed (Fig. 3J).
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And the MFI was 6.3 +0.8,6 +0.9,6.1 £ 0.5 and 11.9 £ 1.6 for
the normal group, the control group, BSA and BF, increased to
19.6 £ 1.8 for BF + NIR (Fig. 3K).

From the above, it confirmed the unique antioxidant and anti-
inflammatory capacities of BF, enhanced by BF + NIR. For BSA
itself, with a few amino acid residues, it possessed a little of
antioxidant and anti-inflammatory capacities®’. And for Fe;0,-
based nanozymes with multiple catalytic functions, the original
cytotoxicity limited their clinical application. After forming BF, it
not only improved the biocompatibility of Fe;O4-based nano-
zymes, but also improved the dispersion of NPs to promote their
catalytic functions®®. Significantly, NIR irradiation was helpful in
accelerating the movement of metal charges, contributing to high
catalytic functions®’'. Thus, the strategy of BF + NIR most
efficiently lowered the intracellular ROS levels, decreased the
expression of inflammatory factors, promoted the expression of
factors and accelerated the expression of tissue repair factors,
presenting the most outstanding antioxidant and anti-inflammatory
activities.

3.5.  Invivo biosafety study

For clinic application, it is required that NPs could be accumulated
in the lung, retained for a certain time, and gradually cleared from
the lung’>"*. As displayed in Fig. 4A, the fluorescence was only
observed in the lung, while no fluorescence was observed in other
organs. It indicated that NPs were only accumulated in the lung by
IT administration, and could not be retained in other organs. And
for Cy5 itself, the fluorescence appeared slightly at 0.5 h,
increased to the highest levels at 2 h, and gradually disappeared
after 8 h. However, for Cy5-BF, it reached the highest levels at 2 h,
and was cleared after 12 h, confirming that BF could be accu-
mulated in the lung for 12 h by IT injection (Fig. 4B). In the
meantime, in vivo photothermal behaviors were also evaluated. As
shown in Fig. 4C, the temperatures did not change over time for
the sham group. Conversely, the temperature increased during NIR
irradiation for BE. After statistical analysis, it maintained at
37.3 °C for sham group, while it shifted to 48.2 °C for BF after
15 min NIR irradiation (Fig. 4D). NIR light with the wavelength
ranging from 700 to 1100 nm can be applied as an ideal light
source for photodynamic therapy (PDT) and photothermal therapy
(PTT), as it has excellent capability of penetrating the tissue, and
little damages to healthy tissues’*’>. Thus, NIR irradiation
(808 nm) could be applied for PPT of ALIL

In in vivo therapy, the blood biocompatibility of BF was also
considered. As displayed in Supporting Information Fig. S11,
compared to the positive control with obvious hemolysis, there
was no hemolysis observed for BF with the concentration ranges
from 0 to 500 pg/mL. The corresponding hemolysis ratio was
around 0.3%, all below the normal value (5%)’®"". Besides, after
IT injection of BF + NIR, the body weight in rats gradually
increased versus time, closed to that of sham group (Fig. 4E). And
from the results of blood indicators, there were also no obvious
differences observed between sham group and BF + NIR after 14
days (Fig. 4F and Supporting Information Table S5). Significantly,
from H&E staining images, there were also no obvious differences
existed in all major organs of sham group and BF + NIR
(Fig. 4G).

To sum up, it demonstrated the feasibility of the strategy of
BF + NIR for in vivo ALI therapy. And it also provided the proof
that BF is only retained in the lung rather than other organs, and is
gradually cleared. For long-term biosafety, it also confirmed that

the strategy of BF + NIR did not affect the body weight, blood
routine, liver and kidney function, and coagulation indicators, and
pathological features of major organs, close to those of the sham
group after 14 days.

3.6.  In vivo therapy evaluation

The ALI models were established by IT instillation of LPS, and
in vivo therapy was also implemented by IT administration”®’?. The
reason for the IT instillation of LPS applied to establish ALI models
is due to the fact that no extra damages happen to other organs except
for the lung during modeling®’. And IT administration is a treatment
method that directly delivers drugs through the respiratory tract,
allowing the drugs to quickly act on the lungs or the whole body. Its
core advantages lie in high local concentration, fast onset, and
minimal systemic side effects. However, although nebulization
administration is relatively convenient, it is not suitable for the op-
erations in animal experiments®'"*. The corresponding time
schedule of the in vivo experiment is shown in Fig. 5SA. As a results
of IVIS, the strongest fluorescence was observed at 2 h by IT
administration. Thus, NIR irradiation was implemented at 1, 2 and
3 h after IT administration during ALI therapy. After 24 h therapy,
the blood and major organs were collected for investigation. As
illustrated in Supporting Information Fig. S12 and Table S6, the
blood indicators, including RBC, PT and TT, did not obviously
change in all groups. And compared to the sham group, the PLT and
MCYV in the ALI group decreased, improved for BF and BF + NIR.
Conversely, the WBC was at high levels for the ALI group,
decreased in the order of BF > BF + NIR > sham group. Signifi-
cantly, from the ELISA results of blood serum, the IL-6 and TNF-«
expression were in the lowest levels for the sham group (12.3 £ 0.2
and 3.0 = 0.2 pg/mL), significantly enhanced for the ALI group
(23.6 £ 0.7 and 88.6 £ 19 pg/mL). BF (209 £ 0.3 and
627 + 0.7 pg/mL) and BF + NIR (13.6 £ 0.7 and
23.2 £ 1.3 pg/mL) both decreased their expression, where BF + NIR
played the most key role (Fig. 5B).

Next, the ALI therapy evaluation mainly focused on the lungs®’.
From the gross view of lungs, it was smooth, and in a pink color
without congestion observed in the sham group. However, an
obvious congestion phenomenon happened in the lungs of the ALI
group, alleviated in the BF and BF + NIR. Especially for BF + NIR,
the lung became smooth, and almost no congestion was presented
(Fig. 5C). Meanwhile, the wet/dry ratio of lung tissue was 4.2 & 0.1
in sham group, increased to 4.6 £ 0.1, 4.5 £ 0.1 and 4.2 £ 0.1 for
ALI group, BF and BF + NIR respectively (Fig. 5D). And the
expression levels of inflammation related factors in lung tissue were
initially investigated by ELISA. As shown in Fig. 5E, the IL-6 and
TNF-«a expression was in the lowest levels in sham group
(129 £ 0.5 and 3.6 = 0.3 pg/mL), significantly ascended to
28.2 £ 0.3 and 79.5 £ 2.4 pg/mL in ALI group, and sequentially
changed to 19.1 £ 1.1 and 53.9 £ 0.2 pg/mL for BF, and 13.6 £ 0.1
and 18.7 £ 0.6 pg/mL for BF + NIR.

Furthermore, the ROS levels in lung tissue were evaluated by
the DCFH-DA testing probe. As shown in Fig. 5F, the ROS levels
(green fluorescence) were the highest in the lung tissue of the ALI
group, followed by the BF, BF + NIR and the sham group. After
statistical analysis, the MFI was 104 + 1.6, 449 + 228,
32.0 £ 4.2 and 14.7 £ 1.6 in the sham group, ALI group, BF and
BF + NIR, respectively (Supporting Information Fig. S13). And
the H&E images of lung tissue were displayed in Fig. 5G.
Compared to the sham group with a thin lung wall and no infil-
tration of inflammatory cells, obviously thickened lung wall and



Xiaoxuan Guan et al.

Fe*
.
L NaOH
¢ @
¢ ¢ 80°C,2 h
¢

ROS scavenging

Anti-inflammation

LPS ovs, SOD 2
o P J . #IL-107 4 TNF-a 9
’ ’ o9 - ﬁ‘;-,g @ n.o.
- \%ﬂ IL-6 | #sSOD2 1 &
= 10 @ = Tissue repair P
NIR irradiation Macrophage M2 polarization ® @ HSP70 | ; .‘]
_ -
L1 3 ..," - 'C\r"' cps6 | . D206 | () @cp3t |
[ \ \ i Ay / (
A \ Immunoregulation activation NF-«B pathway inhibition

Figure 1

Schematic illustration of the preparation of BF, and the strategy of BF + NIR for ALI immunotherapy via the synergistic effects of

intracellular ROS scavenging, inflammatory factors expression downregulation, macrophage M2 directional polarization, NF-kB pathway inhi-
bition, CD41/CD8™ ratio increase, and tissue repair factors upregulation to reprogram lung redox homeostasis, activate immunoregulation and

accelerate lung tissue repair.

many inflammatory cells were observed in the ALI group. BF and
BF + NIR efficiently decreased the thickness of the lung wall and
the number of inflammatory cells, where BF + NIR was the most
efficient. After Smith scoring, it was 3.7 &= 0.1 for the ALI group,
sequentially decreased to 2.3 & 0.1 for the BF, 1.4 £ 0.1 for the
BF + NIR, and 0.8 & 0.1 for the sham group (Fig. 5H). Besides,
the TNF-a and IL-10 expression levels of lung tissue were
investigated by immunohistochemical staining. As revealed in
Fig. 51, the TNF-« expression of lung tissue was in low levels
in the sham group, significantly increased for the ALI group. It
was also at higher levels for BF, decreased for BF + NIR. After
quantified analysis, the AOD was 0.6 £ 0.1 for sham group,
increased to 1.1 £ 0.1 for ALI group, and became 0.9 £ 0.1 for
BE, and 0.7 £ 0.1 for BF + NIR, respectively (Fig. 5J).
Conversely, the IL-10 expression levels of lung tissue were in the
order of BF + NIR (1.6 £ 0.1) > BF (1.4 = 0.1) > ALI
(1.2 £ 0.1) > sham group (0.9 &+ 0.1) (Fig. 5K and L). Signifi-
cantly, the CD31 and HSP70 expression in lung tissue were also
assessed. For CD31 expression, it was in the relatively low levels
for the lung tissue of the sham group, ALI group, and BF, obvi-
ously enhanced for BF + NIR (Supporting Information Fig. S14).
By quantified analysis, the AOD was all 0.5 £ 0.1 in the sham
group, ALI group, and BF, increased to 0.9 &+ 0.1 for BF + NIR
(Supporting Information Fig. S15). And the HSP70 expression

levels were the highest for the lung tissue of BF + NIR
(1.1 £ 0.1), followed by ALI group (0.5 + 0.1), BF (0.5 &+ 0.1),
and sham group (0.4 £ 0.1) (Supporting Information Figs. S16
and S17).

Finally, the skin tissue of treated rats was also observed. As
shown in Supporting Information Fig. S18, no obvious skin
damage occurred in rats after BF + NIR treatment. From H&E
staining images, no significant differences existed between the
skin tissue of the sham group and BF + NIR (Supporting Infor-
mation Fig. S19). And the pathological features of other organs
were also assessed by H&E staining. As shown in Supporting
Information Fig. S20, no significant differences were observed for
other tissue among all groups, indicating no damage to other or-
gans during establishing the modeling and in vivo ALI therapy.

During ALI model establishment, the IT instillation of LPS
was expected to ensure the successful establishment of lung
models, with no or few effects on other organs. And IT adminis-
tration was applied for ALI therapy to achieve high efficacy and
minimum side effects. Thus, it had confirmed that the strategy of
BF + NIR by IT injection could most efficiently decrease ROS
levels, lower inflammatory factors expression levels, and accel-
erate the expression levels of repair factors in lung tissue. And this
strategy also did not cause any extra damage to other organs,
including skin, during therapy.



Ferrum @albumin nanocluster for NIR enhanced acute lung injury immunotherapy

5899

A B
Fe! 0
@ o
=
‘ NaOH E 220
o @ H
=
® ¢ 80°C,2h g3
@
40 . "
BSA FeOs  BF
C g
< 100,
2 =
¢ N Q9 £ g0 95.52
£ 78.87
£ 60 ’
= BSA
E 4ol Fe.
n:- BF 24.4[\
e
g 200 400 600 800
E F Temperature (°C)
60 . 75
! i ii iii
= -~ Control Control Control
[*] o Cory oy =
g < 3 3 3
g PBS 2 2 £ =
Z40 § 545 £ £ £
g ik H 0 %100 £ BF | g BF | g BE
2 i g v H £ g
£ £ d 50 200 E E E
E &y BF+NIR BF+NIR BF+NIR
20 204
0 300 600 900 0 300 600 900 3460 3480 3500 3520 3540 3560 3460 3480 3500 3520 3540 3560 3460 3480 3500 3520 3540 3560
Time (s) Time (s) Magnetic field (G) Magnetic field (G) Magnetic field (G)
G ) 80 _
0 CTE ¢ | ihd [Dooe g [T
2 60{ . 260d . :
£ i £ ii 8 iii
& = £ £ -
g ¢ & = . 2
3 E E‘ 40 E‘ 40 ;ﬁ 40
£ E 45 2 g g
£ s a z g
g £ | g 20 g 20 2 20
& 2 o & -~
: 5 | g $ =
T L0 O-1.5 420 a I 0 To J6 Lo o o e 0 .k e l\“l\\ S 0 o Lals I To
20 : : : 20 4 . . . | ol \z‘.;“x.\;.\ AV A0 e o' Qg:\_ RAREUE AR o V;\,\":‘\ AN A
0 300 600 900 0 2000 4000 6000 9000
Time (s) Time (s) 100 pg/mL BF 100 pg/mL BF 100 pg/mL BF

Figure 2

Preparation and physicochemical characterization of BF. (A) Schematic preparation of BF. (B) Zeta potential of BSA, Fe;O, and BE.

(C) TEM-mapping images of BF, and the corresponding element composition (HAADF, C, N, O and Fe images). Scale bar = 100 nm. (D) TGA
results of BSA, Fe;04 and BF. (E) Temperature changes of PBS, BSA and BF with the same concentration of 100 pg/mL under NIR irradiation
2 W/cmz) (i), different concentration (0, 50, 100 and 200 pg/mL) of BF under NIR irradiation (2 W/sz) (ii), and 100 pg/mL BF under different
power intensity of NIR irradiation (1, 1.5 and 2 W/cm?) (iii) versus time, and photothermal stability of 200 pg/mL BF under NIR irradiation
2 W/cmz) for 4 “on” and “oft” cycles (iv). (F) ROS scavenging ability of BF and BF + NIR by ESR: -OH (i), -O, (ii) and 10, (iii). (G) ROS
scavenging capacity by CAT (i), -OH (ii) and H,0, (iii) testing kits: different NPs with 100 pg/mL, and BF with different concentrations.

3.7. ALl immunotherapy investigation

Immunotherapy is generally a treatment method that improves the
body’s immune function, and alleviates diseases, suitable for
regulating various inflammatory responses® . It can also reduce
tissue damage and organ dysfunction by regulating the immune
function of the human immune system®’. At the cellular level, the
CD86 expression, corresponding to green fluorescence, was at the
lowest levels for the normal group, and was obviously enhanced
for the control group. And BSA could slightly decrease the green
fluorescence of the control group, while BF and BF + NIR most
efficiently decrease CD86 expression levels. By quantified anal-
ysis, the MFI was 1.9 + 0.4 in normal group, changed to
34.0 £ 4.8, 12.3 + 0.5, 59 4+ 0.8 and 2.0 & 0.5 for the control
group, BSA, BF and BF + NIR, respectively (Fig. 6A and B).
Conversely, CD206 expression was in the relative low levels in the
normal group, control group, BSA and BF with little green fluo-
rescence observed, significantly enhanced for BF + NIR
(Fig. 6C). And the MFI of CD206 expression was in the order of
BF + NIR (123 £+ 0.8) > BF (93 £ 0.5) > BSA

(7.1 £ 0.5) > control group (4.4 + 0.3) > normal group
(2.9 £ 0.8) (Fig. 6D). In addition, the expression levels of CD86
and CD206 genes were also analyzed by RT-qPCR. As illustrated
ini of Fig. 6E, CD86 gene expression levels were 1.0 £ 0.3 for the
normal group, jumped to 80.0 £ 8.1 for the control group. And
they were sequentially declined to 68.9 & 7.6 for BSA, 59.6 £ 0.9
for BF and 1.9 & 0.3 for BF + NIR. And the expression levels of
CD206 were 1.0 = 0.1 for the normal group, sequentially
ascended to 1.8 + 0.1 for the control group, 3.0 £ 0.1 for BSA,
3.1 £ 0.1 for BF and 4.2 &+ 0.1 for BF + NIR (ii of Fig. 6E).
Furthermore, the macrophage polarization levels in lung tissue
were also investigated. As shown in Fig. 6F, CD86 was at a high
expression level in the ALI group, while it decreased for other
groups. However, CD206 was in the lowest expression levels for
the sham group, and it became the highest expression levels for
BF + NIR. After quantified analysis, the AOD of CD86 expres-
sion was 0.6 £ 0.1 in the lung tissue of the sham group, signifi-
cantly increased to 1.4 £ 0.1 for the ALI group. And the
corresponding AOD was declined to 1.2 £ 0.1 and 0.9 £ 0.1 for
BF and BF + NIR respectively (i of Fig. 6G). However, the AOD
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Figure 3  (A) Cell viability of BSA, Fe;O, and BF with different concentrations ranging from 0 to 500 pg/mL: RAW264.7 (i) and BEAS-2B
(ii). (B) Live/dead staining images of treated cells, and the corresponding live cell ratio (C). Scale bar = 50 pm. Data are presented as mean + SD
(n = 3). (D) Inflammatory factors (IL-6 (i) and TNF-« (ii)) expression levels of the supernatant of treated cells by ELISA. (E) Intracellular ROS
levels of treated cells by fluorescent microscopy, and the corresponding MFI (F): DCFH-DA (i) and DHE (ii). Scale bar = 50 um. Data are
presented as mean £ SD (n = 3). (G) Relative gene expression levels of treated cells by RT-qPCR: TNF-« (i), SOD2 (ii), CD31 (iii) and HSP70
(v). (H) CD31 expression levels of treated cells by fluorescent microscope, and the corresponding MFI (I). Scale bar = 20 um. Data are presented
as mean + SD (n = 3). (J) HSP70 expression levels of treated cells by fluorescent microscope, and the corresponding MFI (K). Scale
bar = 20 pum. Data are presented as mean + SD (n = 3). The corresponding groups were: cells without treatment (normal group), cells pre-
treated with LPS followed by incubating with PBS (control group), 100 pg/mL BSA (BSA), 100 pg/mL BF (BF), and 100 pg/mL BF and
NIR irradiation (2 W/cm?) (BF + NIR). Data are expressed as mean + SD. One-way ANOVA analysis was conducted to test for differences
among groups. “*” symbol compared with normal group, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; and ns, not significant.

MFI (a.u.)
o

of CD206 expression was the highest for BF + NIR (1.2 £ 0.1), CD86 and upregulation of CD206 expression levels indicated the
sequentially reduced for BF (0.9 & 0.1), ALI group (0.7 £ 0.1) macrophage M2 directional polarization by the strategy of
and sham group (0.5 £ 0.1) (ii of Fig. 6G). The downregulation of BF + NIR.
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(A) In vivo bio-distribution of Cy5 and Cy5-BF after IT injection. The fluorescent images of major isolated organs (heart (H), liver

(Li), spleen (S), lung (Lu) and kidney (K)) of treated rats at predetermined time points (0, 0.5, 1, 2, 6 and 24 h) by IVIS, and the corresponding
MFI of lung (B). The corresponding groups were: rats injected with Cy5 (Cy5), and Cy5-BF (Cy5-BF). (C) In vivo photothermal feasibility of BF,
and the corresponding temperature changes versus time (D). (E) Body weight changes of treated rats versus time. (F) Blood indicators of treated
rats. (G) H&E staining images of the major organs of treated rats. Scale bar = 50 um. Data are presented as mean + SD (n = 6). The cor-
responding groups were: rats without treatment (sham group) and rats with BF injection (BF).

In addition, the CD4" and CD8" T cells number was also
analyzed by immunofluorescent staining and flow cytometry. As
shown in Supporting Information Fig. S21, for blood samples, the
CD4% T cells number was 47.2 + 0.1%, 465 + 0.2%,
55.3 £ 0.5% and 59.9 £ 1.1% in the sham group, the ALI group,
BF and BF + NIR respectively, while it was 48.0 + 0.1%,
48.7 + 0.4%, 37.8 + 0.4% and 32.9 + 0.7% for CD8" T cells
number in the sham group, the ALI group, BF and BF + NIR
respectively. After calculation, the CD4'/CD8' ratio was
1.0 £ 0.1 for the sham group, and 1.0 £ 0.1 for the ALI group,
sequentially increased to 1.5 £ 0.1 for BF, and 1.8 £+ 0.1 for
BF + NIR (Supporting Information Fig. S22). Besides, the CD4*
and CD8" T cells number in lung tissue was also quantified and
analyzed by flow cytometry. As displayed in Fig. 6H, the number
of CD4" and CD8" T cells was in a small amount in the lung
tissue of the sham group (25.6 & 0.4% and 26.9 4+ 0.3%) and the
ALI group (24.3 &+ 0.6% and 26.2 £ 0.7%). For the lung tissue of
BF, the CD4™" T cells number increased to 31.3 £ 0.4%, and the
CD8™ T cells number remained at the same levels (26.5 + 0.6%).
Significantly, the CD4" T cells was increased to 31.6 + 1.5%, and
the number of CD8" T cells decreased to 24.6 + 0.2%. After

calculation, the CD4"/CD8™ ratio was 1.0 £ 0.1 and 0.9 + 0.1 for
the sham group and the control group, increased to 1.2 £ 0.1 and
1.3 £+ 0.1 for BF and BF + NIR (Fig. 6I). Finally, the number of T
cells in lung tissue was also analyzed. For immunofluorescent
staining of lung tissue, the green fluorescence corresponded to the
number of CD4™ T cells, while red fluorescence was equal to the
number of CD8" T cells. As displayed in Fig. 6], the CD4" T
cells number was at relatively low levels for the lung of the sham
group and the ALI group, increased for BF and BF + NIR.
However, the CD8" T cells number was similar in the sham group,
ALI group and BF, slightly decreased for BF + NIR. After
calculation, the MFI of CD4™" T cells was 0.2 + 0.1, 0.2 &+ 0.1,
0.3 &£ 0.1 and 0.3 £ 0.1, while it was 0.2 + 0.1, 0.2 £ 0.1,
0.2 + 0.1 and 0.1 & 0.1 for CD8" T cell number in sham group,
ALI group, BF and BF + NIR respectively (Supporting Infor-
mation Fig. S23). And the corresponding CD4"/CD8" ratio was
1.0 = 0.1 (sham group), 0.8 = 0.1 (ALI group), 1.5 £+ 0.1 (BF)
and 2.3 £ 0.2 (BF + NIR) (Fig. 6K). Thus, BF + NIR could
increase the CD4" T cells number and the CD47/CD8™ ratio in
both of blood and lung tissue of rats, beneficial for ALI immu-
notherapy. However, for spleen tissue, the number of CD4" and
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(D) The wet/dry ratio of lung tissue of treated rats. (E) The inflammatory factors (IL-6 (i) and TNF-« (ii)) expression levels of lung homogenate of
treated rats were measured by ELISA. (F) ROS levels of lung tissue of treated rats. (G) H&E staining images of lung tissue of treated rats, and the
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levels of the lung tissue of treated rats, and the corresponding AOD (L). Scale bar = 50 um. Data are presented as mean = SD (n = 6). The
corresponding groups were: rats without treatment (sham group), and LPS-induced rats with saline injection (ALI group), BF injection (BF), and
BF injection and NIR irradiation (BF + NIR). Data are expressed as mean + SD. One-way ANOVA analysis was conducted to test for differences
among groups. “*” symbol compared with sham group, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; and ns, not significant.

CD8™ T cells was also analyzed by flow cytometry. As shown in
Supporting Information Figs. S24 and S25, no prominent changes
in CD4™" and CD8™ T cells number were observed, with a similar
CD4%/CD8™ ratio for all groups. Generally, for acute disease’
therapy, the changes of CD4" and CD8" T cells number in the
spleen were not obviously observed®®.

Altogether, it had confirmed that the strategy of BF + NIR
could efficiently achieve ALI immunotherapy via lowering CD86
expression and increasing CD206 expression to induce macro-
phage M2 directional polarization, and increasing the number of
CD4* T cells and the CD4"/CD8" ratio to activate
immunoregulation.

3.8.  Anti-inflammation mechanism investigation

The strategy of BF + NIR could efficiently scavenge ROS, lower
inflammatory factors expression, induce macrophages M2 polar-
ization, and activate immunoregulation. In the mechanism, WB
was applied to detect the related proteins’ expression levels. As
shown in Supporting Information Figs. S26 and S27, Fig. 7A and
B, the p65 expression was at relatively low levels for the normal
group, while its expression was almost the same for the other
groups. However, p-p65 and p-IkBa expression were at low levels
for the normal group, significantly enhanced for the control group.

And treatments could decrease their expression levels. Conversely,
the IkBa expression was in relatively high levels for normal group
compared to those of control group. After treatments, IkBa
expression increased. After statistical analysis, the p-p65 and p-
IkBa expression levels were 1.0 & 0.1 and 0.8 £ 0.1 for the
control group, decreased to 0.9 &+ 0.1 and 0.7 £ 0.1 for BSA,
0.8 £ 0.1 and 0.6 = 0.1 for BF, 0.4 £ 0.1 and 0.6 £+ 0.1 for
BF + NIR, and 0.3 & 0.1 and 0.5 £ 0.1 for the normal group
respectively (ii and iv of Fig. 7B). In contrast, the IkBa expression
levels were 1.1 £ 0.1 in normal group, decreased to 0.6 = 0.1 in
control group. Compared to the control group, its expression
levels increased to 0.7 4+ 0.1, 0.7 £+ 0.1 and 1.0 £ 0.1 in BSA, BF
and BF + NIR respectively (iii of Fig. 7B).

Besides, their relative gene expression levels were analyzed by
RT-gPCR. The detailed primer sequences are displayed in Sup-
porting Information Table S7. As illustrated in i of Fig. 7C, at
cellular levels, for p65 gene expression, it was at almost in similar
levels for all groups. However, the p-p65 and p-IkBa gene
expression levels were relatively low for the normal group
(1.0 £ 0.1 and 1.0 £ 0.1), obviously increased to 4.5 + 0.1 and
14.5 £ 0.3 for the control group. Compared to control group, they
slightly decreased to 4.1 = 0.1 and 12.5 = 0.3 for BSA, and
significantly decreased for BF (3.4 £ 0.3 and 11.1 £+ 0.3) and
BF + NIR (2.0 = 0.1 and 54 4+0.9) (ii and iv of Fig. 7C). In
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Figure 6  ALI immunotherapy evaluation. (A) CD86 expression levels of treated cells by fluorescent microscope, and the corresponding MFI

(B). Scale bar = 20 um. Data are presented as mean £+ SD (n = 3). (C) CD206 expression levels of treated cells by fluorescent microscope, and
the corresponding MFI (D). Scale bar = 20 pm. Data are presented as mean + SD (n = 3). (E) Relative gene expression levels of treated cells by
RT-gqPCR: CD86 (i) and CD206 (ii). The corresponding groups were: cells without treatment (normal group), cells pre-treated with LPS followed
by incubating with PBS (control group), 100 ug/mL BSA (BSA), 100 pug/mL BF (BF), and 100 pg/mL BF and NIR irradiation (2 W/cm?)
(BF + NIR). (F) CD86 and CD206 co-immunostaining images of lung tissue of treated rats, and the corresponding AOD (G): CD86 (i) and
CD206 (ii). (H) Gating of the number of CD4" and CD8" T cells in the lung of treated rats by flow cytometry, and the corresponding CD4/CD8™"
ratio (I). (J) CD4" and CD8™ T cells co-immunofluorescent staining images in the lung tissue of treated rats by fluorescent microscopy, and the
corresponding CD47/CD8™ ratio (K). Scale bar = 50 um. Data are presented as mean + SD (n = 6). The corresponding groups were: rats
without treatment (sham group), and LPS-induced rats with saline injection (ALI group), BF injection (BF), and BF injection and NIR irradiation
(BF + NIR). Data are expressed as mean £+ SD. One-way ANOVA analysis was conducted to test for differences among groups. “*” symbol
compared with normal or sham group, *P < 0.05, ¥**P < 0.01, ***P < 0.001, and ****P < 0.0001; and ns, not significant.

particular, the IkBa gene expression was in relative high levels
(0.9 £ 0.1) in normal group, significantly decreased to 0.1 £ 0.1
in the control group. After treatments, its expression had been
improved, which was 0.6 + 0.1, 0.7 & 0.1 and 1.0 £ 0.1 in BSA,
BF and BF + NIR, respectively (iii of Fig. 7C). Finally, in animal
level, the expression levels of pathway-related proteins were also

analyzed by immunofluorescent staining. As shown in Fig. 7D and
E, the expression of p65 was in similar levels for all groups.
Significantly, the p-p65 expression was in the lowest levels for the
normal group (0.5 £ 0.1), and increased for ALI group
(0.9 £ 0.1). Treatments could decrease its expression. Among
them, BF + NIR (0.6 & 0.1) played the most effective role. Thus,
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*#%k%P < (0.0001; and ns, not significant.

BF + NIR could efficiently alleviate ALI via inhibiting the NF-xB
pathway, revealed by the downregulation of p-p65 and p-IkBa
expression.

4. Conclusions

In summary, an ultrasmall Fe;O,-loaded BSA nanocluster (BF)
was developed to act as a nanozyme with enhanced ROS scav-
enging capacities for ALI immunotherapy. Combining with NIR
irradiation, it was confirmed that BF possessed multiple enzymatic
activities to scavenge ROS. In cellular level, compared to BSA
and BF, the strategy of BF + NIR possessed excellent antioxidant
and anti-inflammatory functions via lowering intracellular ROS
levels, downregulating inflammatory factors expression levels, and
upregulating tissue repair factors expression levels, to reprogram
redox homeostasis and accelerate tissue repair for ALI therapy.
Meanwhile, BF possessed good retention time and was gradually
cleared in the lung by IT administration, no damage to other or-
gans. In addition, BF + NIR strengthened the induction of
macrophage M2 polarization, and an increase of CD4"/CD8" T
cell ratios, thereby leading to immunoregulation activation.

Significantly, NF-«kB pathway inhibition mediated an anti-
inflammation mechanism has been proved both in vitro and
in vivo. It finally provides a promising strategy of BF + NIR to
achieve the synergistic enhancement of ALI immunotherapy with
high efficacy and biosafety, which extends its applications for
other inflammation related diseases.
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