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Editorial on the Research Topic

Immunological Effects of Nano-Imaging Materials

The biomedical application of novel engineered nanomaterials (ENM) has substantially expanded
in the last years in many areas, including imaging-based diagnostic approaches and use as imaged-
guided carriers for chemotherapeutic drugs and vaccines. In this context, the interaction between
nanomaterials for biomedical imaging (nano-imaging materials) and the immune system is a key
issue in the safety perspective, as nanomaterial-induced changes in immune reactivity may pose
health problems and even participate to disease development. On the other side, such interaction, in
particular with cells of the innate immune system, can be exploited for the targeted activation of
beneficial immune functions, thereby opening the way to new immunotherapeutic strategies
targeting innate immunity.

The Research Topic “Immunological Effects of Nano-Imaging Materials” aims at providing new
information and perspectives of the immune-related effects of nano-imaging materials, used or
developed for diagnostic procedures, which allow us to predict a much wider exploitation that
encompasses immunotherapeutic and immunopreventive purposes. The synergy between three
different research areas and related Frontiers journals (Frontiers in Immunology, Frontiers in
Bioengineering and Biotechnology, Frontiers in Molecular Biosciences) provides a wide
interdisciplinary view of different technological and conceptual strategies and underlines the
need for a comprehensive approach for successfully addressing and exploiting the capacity of
nanomaterials to interact with the immune system (Figure 1).

Safety, in particular immunosafety, is the primary issue for any new nanomaterial to be used in
nanomedicine. Our immune system is devoted to surveillance and protection of the body integrity
from endogenous and exogenous agents, such as senescent/anomalous cells, pathogens and
particles. In this scenario, ENMs used in medical applications may trigger a defensive immune
reaction, which may cause immune-related adverse effects and/or the failure of medical treatment.
Thus, the immunological effects and immunosafety of the nano-imaging materials should be
carefully evaluated before their clinical application, so as to allow for their optimal application in the
medical practice through a safer-by-design ENM optimisation.

We have examined here the immune-related toxicity and effects of some new nanomaterials with
unique physico-chemical and optical characteristics, in particular Aggregation-Induced Emission
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FIGURE 1 | Immunological effects and biomedical application of nano-imaging materials.

(AIE) imaging materials, 2D nano-imaging materials, quantum
dots, and perovskite nanomaterials (Wu et al., Da Silva et al,
Geppert and Himly, and Wei et al.).

Numerous organic and nanomaterial-based fluorophores
possess excellent fluorescent properties when dispersed in
solution. However, aggregation of these materials is likely to
result in fluorescent quenching due to the ACQ effect, which is
largely responsible for nonradiative energy transfer induced by
strong -7 stack. Since the discovery of AIE effects in 2001, great
efforts have been made to exploit AIE-active materials in medical
applications for diagnosis and treatment, as summarized by Wu
etal.

The group of Diego Martinez reviewed the most recent
advances relative to the immunological effects of the two
dimensional (2D) ENM applied to bio-imaging, and
highlighted to use nanoinformatics approaches/computational
modelling for nano-immunosafety evaluation, aiming at
providing key information towards immunologically safer
design of 2D-ENM (Da Silva et al.).

Geppert and Himly discussed the immunological effects
induced by iron oxide nanoparticles (IONP) used as MRI
contrast agent, and described how the physico-chemical
properties of IONP are crucial in determining their biological and
immunological effects. Notably, they stressed an important issue in
the assessment of nano-immunosafety, i.e., the undetected presence
of endotoxin (lipopolysaccharide, LPS), a ubiquitous bacterial
molecule with strong inflammatory/toxic effects (1). Thus, the
association of immunoactive agents such as LPS to the surface of
nanoimaging materials (usually occurring during nanomaterial
synthesis or storage) must be assessed and prevented, in order to

improve the material safety and correctly assess its biological effects.
In this respect, Anna Chiara De Luca’s group has developed a highly
sensitive surface-enhanced Raman spectroscopy (SERS) method for
accurate endotoxin detection in nano-imaging gold ENM, which
overcomes the many issues of optical interference experienced
when the current endotoxin detection assays are applied to ENM
(Verde et al.) Such evaluation is fundamental for toxicological
evaluation of nanomaterials, in order to discriminate between
nano-dependent and contaminant-dependent toxicity. On the
other hand, the interaction of nanomaterials with bacteria can
also have very promising health-improving applications, as in the
case of interaction with gut microbiota, which can change the
microbial composition in the gut and modulate in a positive fashion
the microbiota-dependent immune functions, as pointed out by
Liang Li’s group (Tang et al.).

The group of Shanze Chen reviewed the biomedical application
and immunological responses of a traditional nano-imaging
material, quantum dots (QD), with focus on the respiratory
apparatus (Ren et al.). They highlighted the adverse effects and
immunosafety concerns caused by QD, which are mainly related to
oxidative stress caused by the release of toxic metal ions and reactive
surface charge. Reactive oxygen species generated by ENM could be
considered as a common reason for ENM-induced cyto/immuno-
toxicity, as they seem to also account for the immuno-toxic effects of
Perovskite NM observed by the Liming Wang’s group (Wei et al.).
However, there are reports on many other potentially toxic effects of
medical ENM, relevant to immunotoxicity, for instance the specific
molecular interference with cell duplication (2), an effect that may
hamper lymphocyte proliferation during adaptive immune
responses. This asks for a deeper molecular analysis of nano-
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immune interactions, in order to clearly define the possible
immunotoxicity risks on different types of immune cells/
organs/responses.

Thus, by examining the effects of nanoimaging materials on
immunity, we can foresee the possibility of activating or
modulating some specific immune-related functions for
bioimaging-guided therapeutic purposes.

This is the case of nano-based strategies for modulating
innate memory, reported by Paola Italiani’s group, strategies
that would make possible to change/improve the capacity of
innate immune cells to mount a defensive response to infections
or diseases (Della Camera et al.). The effect on innate immunity
has the advantage of being largely non-specific, meaning that a
positive nano-effect would apply to a range of different diseases,
but it seems to depend on the individual subject (i.e., each human
being has her/his own individual way to generate innate memory
in response to nanoparticles), calling for a personalized profiling
and nano-application (Italiani et al.).

The capacity of EMNs to induce and direct innate immune
cells activation (e.g., anti-inflammatory macrophage polarization)
can be harnessed for improving tissue replacement integration.
The use of nano-patterned titania described by Ting Zhang and
colleagues can induce macrophage anti-inflammatory activation
with the release of exosomes able to facilitate bone cell
differentiation and bone apposition (Zhang et al.), thereby
opening the way to the design of “intelligent” biomaterials for
tissue replacement that facilitate transplant take and integration.

In the case of immunotherapeutic approaches to cancer, IONP
can be of particular interest for their ability to drive the anti-tumor
capacity of tumor-associated macrophages, in addition to direct
cytotoxic effects on tumor cells, as reported by Yang Li’s group
(Song et al.). Other novel “intelligent” photoreactive bimetallic
nanoparticles can be designed, able to induce tumor cell death by
inducing a strong oxidative burst and localized hyperthermia within
the hypoxic tumor microenvironment (Li et al.). Particles can be
designed with different characteristics for adding functional
properties, as shown in the exosome-camouflaged particles that can
act as chemotherapeutic drug carriers in addition to their
photothermal therapeutic properties (Tian et al.). Other particles,
such as the self-assembling amphiphilic nanodots reported by Yang
et al,, can unite their ability to deliver chemotherapeutic agents with
the AIE-based capacity for cancer imaging and accurate targeting,

Lastly, nano-probes sensitive to changes in pH and/or
oxidation can be used for imaging of pathological innate
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immune reactions, such as trauma-induced neuroinflammation,
which can be identified by detection of hypoxia-induced pH
decrease and the sustained production of reactive oxygen species,
as described by Lu et al,, while AIE luminogen-based nanodots
are being applied to improving the specificity and sensitivity
of detection assays for SARS-CoV-2, because of their high
stability and lack of non-specific luminescence, as reported
by Liu et al.

While our current knowledge on nano-immune interactions
is fostering the development of many tools and strategies for
using nano-imaging materials for the targeted therapeutic
activation of immunity, it is also clear that much basic
information is still missing, which would need a stricter
collaboration between immunologists, nanotechnologists,
pharmacologists, toxicologists and clinicians in order to tackle
and overcome current gaps and weaknesses. This Research Topic
aims to be a first practical step in this direction.
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Phototherapy is a promising oncotherapy method. However, there are various
factors greatly restricted phototherapy development, including poor tumor-specific
accumulation, the hypoxia in solid tumor, and the systemic phototoxicity of
photosensitizer. Herein, a tumor microenvironment (TME)-responsive intelligent
bimetallic nanoagents (HSA-Pd-Fe-Ce6 NAs) composed of human serum albumin
(HSA), palladium-iron (Pd-Fe) bimetallic particles, and chlorin e6 (Ce6) was designed for
effective combination phototherapy. The Pd-Fe part in the HSA-Pd-Fe-Ce6 NAs would
react with the endogenous hydrogen peroxide (H>O») in an acidic ambiance within tumor
to generate cytotoxic superoxide anion free radical through the “Fenton-like reaction.”
H,O,, coupled with highly toxic singlet oxygen ('O,) caused by the Ce6 component
under the irradiation of 660 nm laser, resulted in synergistic cancer therapy effects in
hypoxia surroundings. Besides, this nanoagents could result in hyperpyrexia-induced
cell apoptosis because of superior absorption performance in near-infrared wavelength
window bringing about excellent photothermal conversion efficiency. The cell cytotoxicity
results showed that the survival rate after treated by 40 wg mL~" nanoagents was only
17%, which reveals that the HSA-Pd-Fe-Ce6 NAs had the advantage of efficient and
controllable phototherapy. In short, it exhibited excellent hypoxia-resistant combination
phototherapy efficacy in vitro. Therefore, the multifunctional nanoagents are powerful
and provide a new avenue for effective combination phototherapy.

Keywords: bimetallic nanoagents, photosensitizers, tumor microenvironment, reactive oxygen species,
phototherapy
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INTRODUCTION

Cancer has become an important cause of morbidity and
mortality worldwide. As the GLOBOCAN 2018 reported,
there were 18.1 million new cases of cancer and 9.6 million
deaths resulting from cancer in 2018 (Bray et al, 2018).
The conventional cancer treatment options are chemotherapy,
surgery resection, and radiotherapy. However, chemotherapy
often comes with systemic side effects and high recurrence
rate,which is associated with surgical resection (Sun et al,
2019). Meanwhile, radiation therapy is limited by the cumulative
radiation dose. Therefore, it is an urgent issue to develop a
smart, safe, efficient, and cost-effective alternative strategy to treat
cancer (Liu et al., 2018; Pu et al., 2019).

As one of the non-invasive tumor therapy, phototherapy has
become a hot research topic in recent years (Ma et al., 2020).
It can be devided into two categories: photothermal therapy
(PTT) and photodynamic therapy (PDT) (Meng et al., 2018;
Zhou et al., 2018). PTT is an efficient cancer treatments that
artificially elevates tissue temperatures to take advantage of cells
with a weak defense against heat, causing minimal side effects.
Many PTT delivery materials, including nanocomposites, have
been developed for the applications in oncotherapy (Robinson
et al,, 2011; Jung et al.,, 2015; Lim et al,, 2015; Hu et al,, 2019).
PDT, a typical phototherapy, involves the administration of a
photosensitizer (PS) followed by local illumination of the tumor
with light in a specific wavelength to active the PS, which converts
molecular oxygen into cytotoxic reactive oxygen species (ROS)
resulting in tumor cell ablation (Dougherty et al., 1975; Dolmans
et al, 2003). Obviously, such a light-triggered and oxygen-
dependent therapy has better selectivity to the target site and less
toxic side effects on the biological system than the traditional
therapy (Hu et al., 2016). However, neither PTT nor PDT can
realize the perfect cancer treatment, since they have their own
weakness. For example, most of the small molecule PSs such as
phthalocyanines, porphin, and porphyrin derivatives which are
currently available in the clinical practice (Brown et al., 2004)
generally have various drawbacks, such as the lack of specificity,
rapid metabolism, and phototoxicity (Hu et al., 2015). It is known
that the rapid growth of tumor cells and abnormal vascularization
would confine oxygen supply, aggravate hypoxia, and acidization
tumor microenvironment (TME), which not only promote the
angiogenesis and metastasis, but also could be main causes for
the therapeutic resistance and failure of phototherapy (Semenza,
2003, 2012; Bertout et al., 2008; Rademakers et al., 2008; Lou et al.,
2011) especially for PDT, which requires oxygen to be maximally
cytotoxic. Therefore, it is highly demanded to develop intelligent
phototherapy nanoagents that are sensitive to TME for better
phototherapy effect.

In recent years, various strategies have been explored to
overcome therapeutic resistance of phototherapy (Qing et al.,
2019a), including the application of artificial blood substitutes
(such as perfluorocarbons) to transport oxygen into tumors
(Songetal.,, 2016) and inorganic nanocatalysts to generate oxygen
in situ within the tumor (Prasad et al, 2014; Chen et al.,
2015a). Moreover, Fenton-like catalytic reaction also plays an
essential role in cancer therapy. For example, Liu et al. (2020)

fabricated a biodegradable nanoscale coordination polymers
for chemodynamic therapy. And Chen et al. (2019) developed
AFeNPs@CAI nanocomposites to accelerate the Fenton reaction
for amplified oxidative damage to cells. Herein, we have
developed a self-assembling intelligent bimetallic nanoagents,
HSA-Pd-Fe-Ce6 nanoagents (NAs) for effective combination
phototherapy (Scheme 1). The HSA-Pd-Fe-Ce6 NAs are
composed of human serum albumin (HSA), which is the most
abundant plasma protein in human body and a multifunctional
biocompatible drug delivery carrier to tumor (Xie et al., 2010;
Elzoghby et al., 2012; Mertz et al., 2012a,b; Chen et al., 2014a,b,
2015b,¢; Gause et al., 2015), palladium-iron bimetallic particles
(Pd-Fe NPs) which have high reactivity toward hydrogen
peroxide (H,O;) to genrate superoxide anion free radicals, and
chlorin e6 (Ce6), a commercial photosensitizer, which converts
molecular oxygen into cytotoxic singlet molecular oxygen (10,)
by PDT (Yoon et al., 2012; Huang et al., 2016; Liu et al., 2016).
It is possible that the hydrophobic Ce6 and Fe-Pd nanoparticles
enter the hydrophobic chamber of HSA, thereby forming an
amphiphilic molecular system.

In this system, we took advantages of high loading capacity,
biocompatibility of HSA, which could overcome the potential
problems carused from Ce6, such as poor solubility in an aqueous
solution and lack of tumor targeting. So this nanoagents were
able to be enriched in tumor by passive targeting (enhanced
permeability and retention effect). The experimental results
demonstrated that subacid and excessive hydrogen peroxide
of TME enabled Pd-Fe bimetallic NPs to generate hydroxyl
radical by the "Fenton-like” reaction (Chand et al, 2009;
Pang et al, 2011). Simultaneously, the Ce6 would convert
oxygen into 'O, under irradiation. In addition, the results
indicated that HSA-Pd-Fe-Ce6 NAs could produce topical heat
under the irradiation of 660 nm laser and near infrared
absorption induced cell apotosis. Thus, this nanoagents could
resolve the problems of traditional photosensitizer, such as
poor solubility in aqueous solution, poor specific accumulation,
and insufficient treatment effect. Therefore, the nanoagents are
promising smart multifunctional integrated NAs for effective
combination phototherapy.

MATERIALS AND METHODS

Materials and Instruments

Ni(acac);, PdCly, oleylamine (OA, 90%), dichloromethane
(DCM, 99%), Tetraoctylamine bromide (TOAB) were obtained
from Sigma- Aldrich (United States). HSA was purchased
from biomatrik (CHN). Triphenylphosphine (PPhs) and
Tetrahydrofuran (THF) were obtained from Aladdin (CHN).
Hoechst 33258 and Dihydroethidium (DHE) were purchased
from Thermo Fisher Scientific (United States). Cell Counting
Kit-8 (CCK-8) and 2,7-Dichlorofluorescein (DCFH-DA)
were obtained from Dojindo laboratories (JPN). Penicillin-
streptomycin, fetal bovine serum, PBS, DMEM medium,
and trypsin were acquired from Gibco Life Technologies
(United States). MCF-7 were obtained from Shanghai cell bank
of Chinese Academy of Sciences.
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Preparation of Pd-Fe

The Pd-Fe nanoparticles were synthesized by the previously
reported procedure (Xiang et al, 2014; Chen et al., 2018).
In short, a mixture of PdCl, (0.01 g), Fe (acac); (0.04 g),
Triphenylphosphine (50 mg) and TOAB (0.03 g) were dissolved
in a mixed solution of tetrahydrofuran (5 mL) and oleylamine
(6 mL), placed in a 100 mL three-neck round-bottom flask and
was stirred at room temperature for 10 min. Then its temperature
was increased to 90°C for 10 min. It was subsequently heated up
to 250°C. After a 30 min reaction, the solution was cooled down
to room temperature. Obtained Pd-Fe (Supplementary Figure
S1) nanoparticles were washed and centrifuged several times with
dichloromethane and then dispersed in the dichloromethane
for further use.

Preparation and Characterization of HSA-Pd-Fe-Ce6

The as-prepared hydrophobic Pd-Fe nanoparticles were
transferred into aqueous solution by coating with HSA
amphiphilic copolymer. The Pd-Fe nanoparticles (10 mg mL™1,
500 pwL) were mixed with powder of Ce6 (5 mg) and HSA
(80 mg) in dichloromethane (2 mL) as solvent. Ultrapure
water (2 mL) was added in to mixed solution forms a biphasic
system. Then, nitrogen was bubbled in the solution and mixture

changed cloudy to be an emulsion. After bubbled for 30 min,
emulsion became clearly because of completely evaporation
of the dichloromethane. As acquired HSA-Pd-Fe-Ce6 NAs
were purified by a membrane filter (0.22 pm) to remove
clustered large nanoparticles and a centrifugal filtration device
(Millipore, M,, cutoff = 100 kDa) to get rid of excess HSA for
several times. Purified HSA-Pd-Fe-Ce6 NAs were concentrated
for further characterization and application. The UV-vis
absorbance spectra and photoluminescence (PL) spectra of
HSA-Pd-Fe-Ce6 NAs were measured using PerkinElmer Lambda
25 UV-vis absorption spectrophotometer and Edinburgh
FS920 fluorescent spectrometer, respectively. TEM images of
HSA-Pd-Fe-Ce6 NAs and Pd-Fe NPs were recorded using FEI
Tecnai G20 transmission microscope at 200 kV. Dynamic light
scattering (DLS) analysis was taken using a Zeta sizer Nano ZS
(Malvern Instruments).

Photothermal Property of HSA-Pd-Fe-Ce6
Nanoagents

HSA-Pd-Fe-Ce6 (3.0 mg) nanoparticles were mixed with
dichloromethane (2 mL) and irradiated (0.5 w/cm?, 660 nm,
2 min). Then the solution was cooled down to room temperature.
And then repeat the above steps five times while using a thermal
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infrared hand-held viewer (Ti27, Fluke, United States) to record
temperature changes every 10 s.

ROS Generation of HSA-Pd-Fe-Ce6 Nanoagents
HSA-Pd-Fe-Ce6 (3.0 mg) NAs and HSA-Ce6 NPs (3.0 mg)
were mixed with DNA (1 mg/mL) and DHE (4 mg/mL) in
PBS (2 mL, pH 5.5). The fluorescence intensity was measured
using Edinburgh FS920 fluorescent spectrometer before and after
mixing with H,O, (1 mM) for 8 min, respectively. Group of HSA-
Pd-Fe-Ce6 + H;0,: HSA-Pd-Fe-Ce6 (3.0 mg) NAs were mixed
with DCFH-DA (4 mg/mL) and H,O, (1 mM) in PBS (2 mL).
Group of HSA-Pd-Fe-Ce6: HSA-Pd-Fe-Ce6 (3.0 mg) NAs were
mixed with DCFH-DA (4 mg/mL) in PBS (2 mL). Group HSA-
Ce6 + H,0,: HSA-Ce6 (3.0 mg) NPs were mixed with DCFH-DA
(4 pg/mL) and H,0; (1 mM) in PBS (2 mL). All groups were
irradiated (660 nm, 0.5 w/cm?) for 30 s and then measured by
Edinburgh FS920 fluorescent spectrometer per 30 s.

In vitro Cellular and 3D-Spheroids Cell Uptake of
HSA-Pd-Fe-Ce6 Nanoagents

Flow cytometric assay and CLSM were employed to investigate
the cell uptake. The typical procedure was described as follows.
Tumor cell (MCE-7) were seeded in six-well plates and cultured
for 24 h. The density of various cells is consistent before
experiment. Then, the medium was replaced with fresh medium
containing HSA-Pd-Fe-Ce6 NAs (1.6 wg mL™!) or HSA-Ce6
(1.6 pg mL~1). After 2 h incubation, cells were washed thrice
with PBS and then digested by trypsin and harvested by
centrifugation. The fluorescence of histograms of Ce6 were
recorded by flow cytometer (Becton Dickinson, San Jose,
CA, United States).

For CLSM observation (Qing et al., 2019b), MCE-7 cells
(5000 cells per well) were seeded in eight-well chambered cover
glasses (Lab-Tek, Nunc, United States). The old medium at
24 h was changed by the medium with HSA-Pd-Fe-Ce6 NAs
(1.6 png mL™1). After 2 h, PBS washed the cells thrice and then
stained with Hoechst 33258 and PBS rinsed thrice. Finally, Leica
TCS SP5 confocal laser scanning microscope (GER) was used to
observe cellular uptake and subcellular distribution.

Intracellular ROS

The MCEF-7 cells were seeded in six-well plate, incubated for
24 h in 5% CO, at 37°C. Next, added to PBS, HSA-Ce6, HSA-
Pd-Fe-Ce6 NAs and H,0O, (50 wM) in medium make the final
concentrations consistent. After irradiation treatment (0.5 w/cm?
laser 20 min), cells were promptly washed with PBS and
incubated with 10 wmol L~! 2/,7’-dichloro-fluoreseindiacetate
(DCFH-DA) and dihydroethidium for 30 min, and intracellular
ROS generation was evaluated by flow cytometry.

Cytotoxicity Assay

For PTT, the MCF-7 cells were then incubated with HSA -
Ce6 or HSA-Pd-Fe -Ce6 at a Ce6 equiv concentration from
0 to 40 wg mL~! for 4 h. Then, treated with non-irradiated,
irradiated (808 nm, 0.5 w/cm?, 20 min). In order to achieve PTT
only effect, Vitamin C (2 x 1073 M) was added to scavenge
intracellular ROS.

For combined treatment (CBT), the MCF-7 cells were then
incubated with HSA -Ce6 or HSA-Pd-Fe -Ce6 at a Ce6 equiv
concentration from 0 to 40 g mL~! for 4 h. Then, treated with
or without 50 uM H,0, for 2 h.

For PDT, the MCF-7 cells were then incubated with HSA -
Ce6 or HSA-Pd-Fe -Ce6 at a Ce6 equiv concentration from 0 to
40 pg mL~! for 4 h. Then, treated with non-irradiated, irradiated
(660 nm, 0.5 w/cm?, 20 min). In order to achieve PDT only effect,
cells were cooled at 4°C during the irradiation.

For combination therapy, MCF-7 cells were incubated with
HSA-Ce6 or HSA-Pd-Fe-Ce6 at a Ce6 equiv concentration from
0 to 40 jug mL~! for 4 h. Then, treated with all above treatment.

After rinsing three times with PBS, all groups were incubated
with new culture medium. CCK-8 assay was carried out to
investigate the cell survival of different groups after 4 h. At
4 h post laser irradiation, 10 pL CCK-8 mixed with 90 wL of
DMEM were added to each well of the plate. Incubated the
plates for an hour in the incubate. Then measured the absorbance
at 450 nm using a multimode microplate reader (Synergy4,
BioTek, United States).

To obtain visible results, in vitro cell cytotoxicity of HSA-
Ce6 and HSA-Pd-Fe-Ce6 NAs were also investigated by Dead
cell staining via confocal laser scanning microscope (FV3000,
Olympus, Japan) observation. MCF-7 cells (5 x 103) were added
into each well of a chamber slide with different treatment.
Control: MCF-7 cells incubated with HSA -Ce6 or HSA-Pd-
Fe -Ce6 for an hour. PTT: The cells incubated with HSA -
Ce6 or HSA-Pd-Fe -Ce6 after irradiation (808 nm, 0.5 w/cm?)
for an hour. In order to achieve PTT only effect, Vitamin C
(2 x 1072 M) was added to scavenge intracellular ROS. CT:
The cells incubated with HSA -Ce6 or HSA-Pd-Fe-Ce6 after
incubation with 50 wM H,O; for 1 h. PDT: The cells incubated
with HSA -Ce6 orHSA-Pd-Fe-Ce6 after irradiation (660 nm,
0.5 w/cm?) for an hour. In order to achieve PDT only effect,
cells were cooled at 4°C during the irradiation. CBT: The
cells incubated with HSA -Ce6 or HSA-Pd-Fe -Ce6 after above
treatment. dividing into five groups [PBS, HSA-Ce6, HSA-Pd-
Fe-Ce6, HSA-Ce6(+), and HSA-Pd-Fe-Ce6(+)] and cultured for
24 h. After that, the PBS, HSA-Ce6, and HSA-Pd-Fe-Ce6 NAs
(20 pg mL~1!) were added into relative wells of chamber slide.
2 h later, groups HSA-Ce6(+) and HSA-Pd-Fe-Ce6(+) were
irradiated (660 nm, 0.5 W cm~2, 20 min). After incubation for
another 2 h, the PI was added into the well. After 35 min, the cells
were observed by a confocal laser scanning microscope.

Statistical Analysis

All the results are reported as mean 4 SD. The differences among
groups were determined using one-way ANOVA analysis and
student’s ¢-test; *P < 0.05, **P < 0.01, ***P < 0.001.

RESULTS AND DISCUSSION
Characteristics of HSA-Pd-Fe-Ce6 NAs

As revealed by transmission electron microscope (TEM)
(Figure 1A), the synthesized HSA-Pd-Fe-Ce6 NAs showed
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FIGURE 1 | (A) A TEM image of HSA-Pd-Fe-Ce6. (B) Hydrodynamic diameters of HSA-Pd-Fe-Ce6 NAs and optical image (insert) of the nanoparticles.
(C) Normalized UV-vis-NIR absorption spectra of Pd-Fe (dichloromethane), Ce6 (dichloromethane), HSA-Ce6 (Deionized water), and HSA-Pd-Fe-Ce6 (Deionized
water) (D) fluorescence spectra at 600 nm of (a) HSA-Pd-Fe-Ce6 (70 pg/mL) and (b) HSA-Ce6 (70 pg/mL).

average sizes at ~20 nm and it can be observed that Pd-
Fe NPs (deep black) are wrapped by HSA (light gray). As
revealed by Malvern Particle Sizer, HSA-Pd-Fe-Ce6 NAs are
stable and dispersed well in distilled deionized (DDI) water with
an average NP size of 105 nm (Figure 1B). As illustrated by
UV-vis spectra (Figure 1C), the Ce6 characteristic peaks (410
and 660 nm) and the characteristic peaks at 300 nm, which
corresponded to HSA both are seen in the spectrum of the
synthesized HSA-Pd-Fe-Ce6 NPs. It was also shown that HSA-
Pd-Fe-Ce6 NAs have higher absorption than Ce6 and HSA-Ce6
absorption in the range of 700 and 1000 nm, similar to the
way Pd-Fe NPs. The above mentioned results indicated the
successful synthesis of HSA-Pd-Fe-Ce6 NAs in which Ce6 was
conjugated onto Pd-Fe NPs coated with HSA. The absorption
in the range of 750 to 1000 nm may render HSA-Pd-Fe-Ce6
NAs the photothermal effect that individual Ce6 does not have.
At the same concentration, the fluorescence intensity stimulated
by 600 nm of HSA-Ce6 NAs at 672 nm is more than twice
that of HSA-Pd-Fe-Ce6 NAs (Figure 1D), which indicates that
may have better phototherapy effect than HSA-Ce6 NAs. In
terms of stability, the size of HSA-Pd-Fe-Ce6 NAs stabilized

at 105 nm within a week (Supplementary Figure S2), while
the size of HSA-Ce6 NAs maintained the trend of increasing
(Supplementary Figures S3, S4).

To investigate photothermal effect of HSA-Pd-Fe-Ce6 NPs,
they were tested under the irradiation of 808 nm. As shown
in Figures 2A,B, HSA-Pd-Fe-Ce6 NAs had increased in
temperature up to 27.3°C and reached 51.8°C, which was high
enough for tumor cell ablation. No obvious change was observed
during the five cycles of heating/cooling, implying the great
potential of HSA-Pd-Fe-Ce6 NAs as a durable photothermal
agent (Figure 2C).

The ROS generation in solution was studied with superoxide
anion (SOA) indicators, DHE and DCFH-DA. As shown
in Supplementary Figure S5, though the group HSA-Ce6
exhibited a stronger fluorescence intensity after mixing with
H,0, compared with group HSA-Pd-Fe-Ce6, the latter
showed more than four times relative intensity of the former
implying great generation of SOD resulting from “Fenton-
like” reaction (Figure 3A). To further investigate total ROS
generation, group HSA-Pd-Fe-Ce6 + H,0,, HSA-Pd-Fe-Ce6
and HSA-Ce6 were studied with ROS indicator, DCFH-DA.
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FIGURE 2 | (A) Infrared images of HSA-Pd-Fe-Ce6 NAs (1.5 mg/mL) within 2 min under 808 nm laser (0.5 w/cm?) irradiation per 10 s and (B) Temperature growth
curve of (A). (C) A temperature cycling test of HSA-Pd-Fe-Ce6 NAs.
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FIGURE 3 | (A) The fluorescence intensity changes of dihydroethidium (DHE) between HSA-Pd-Fe-Ce6 NAs and HSA-Ce6 NPs after mixed with HoOo (1 mM), DNA
(1 mg/mL) and DHE (4 mg/mL) in PBS (pH 5.0). Fq refers to the fluorescence intensity before mixed with H»O». (B) The fluorescence intensity changes of
2',7'-dichlorofluorescein diacetate (DCFH-DA) between group HSA-Pd-Fe-Ce6 + H,O», group HSA-Pd-Fe-Ce6 and group HSA-Ce6 + HoO» NPs under 660 nm
laser (0.5 w/cm?, 30 s) irradiation per 30 s. Fy refers to the fluorescence intensity before irradiation.

As shown in Figure 3B and Supplementary Figure S6, intensity growth of group HSA-Ce6 seemed bog down since
group HSA-Pd-Fe-Ce6 + H;O, showed nearly three times 270 s point while other two group seemed to continuous
relative fluorescence intensity of group HSA-Pd-Fe-Ce6 and increase suggesting great and enduring ROS generation
six times of HSA-Ce6 + H,O, at 510 s point. In addition, of HSA-Pd-Fe-Ce6.
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Uptake of HSA-Pd-Fe-Ce6 NAs

The human breast cancer cell line MCF-7 cells were incubated
with HSA-Pd-Fe-Ce6 NAs or HSA-Ce6 NAs (20 g mL~!) for
2 h at 37°C, and cell uptake was visualized using confocal laser
scanning microscopy. The cell nucleus was stained greenish-
blue to differentiate cellular compartments. The images show
uniform distribution of HSA-Pd-Fe-Ce6 NAs and Ce6 in the
cytoplasm and around the nucleus of the cells, while the former
intracellular fluorescence intensity corresponding to assimilated
particles amount was much higher than the latter (Figure 4A),
indicating HSA enhanced the efficiency of the internalization
of HSA-Pd-Fe-Ce6 NPs. To further certify it, flow cytometric
analysis was carried out to analyze and quantify cellular uptake.
The fluorescence intensity associated with Ce6 of HSA-Pd-Fe-
Ce6 NAs was several orders of magnitude higher than Ce6 and
blank (Figure 4B), which was consistent with the results above.
These results demonstrate that HSA-Pd-Fe-Ce6 NAs was more
easily taken up by tumor cells than free Ce6.

To understand the intratumoral transport behavior, in vitro
3D tumor spheroids were used to further investigate intratumoral
transport of HSA-Pd-Fe-Ce6 NAs and HSA-Ce6. Tumor
spheroids were formed using MCF-7 cells incubated with HSA-
Pd-Fe-Ce6 NAs or HSA-Ce6 NAs. Confocal quantitative image
cytometer CQ1 was used to image tumor spheroids every
hour. As shown in Supplementary Figure S7, the fluorescence
intensity of group HSA-Pd-Fe-Ce6 was obviously stronger than
that from HSA-Ce6 at 4 h and the former maintained strong
pink signal afterward while the latter was attenuated over time,
indicating great intratumoral permeability and retention of
HSA-Pd-Fe-Ce6 NAs.

Intracellular Generation of ROS

It has been known that the vigorous metabolism and restricted
blood supply for cancer cells resulting in significant increase of
the H,O; level in the tumor sites (Kuang et al., 2011), so a

ROS probe 2/,7’-dichlorofluorescein diacetate (DCFH-DA) was
then used to assessed the intracellular generation of ROS. MCF-7
cells were incubated with HSA-Ce6 NAs, HSA-Pd-Fe-Ce6 NAs,
and H,O; for 2 h, respectively, followed by incubation with
DCFH-DA and treatment with the 660 nm laser. As shown in
Supplementary Figure S8, The fluorescence intensity of HSA-
Pd-Fe-Ce6 NAs was several orders of magnitude higher than
HSA-Ce6 and blank, which was attributed to T the in situ
production of ROS by the reaction of Pd-Fe with the H,O, in
the tumor under the acidic condition and the ROS produced by
Ce6. Meanwhile, another superoxide indicator, dihydroethdium,
was also used to evaluate the generation of superoxide anion free
radical. It exhibits blue-fluorescence in the cytosol until oxidized
in the nucleus, where it intercalates within the cell's DNA and
emits a bright red fluorescence. As shown in Supplementary
Figure 9, MCF-7 cells, when incubated with 20 j.g mL~! HSA-
Pd-Fe-Ce6 and H,O;, produced the strongest fluorescence signal,
indicting the most efficient in the generation of intracellular
superoxide anion free radical.

Cytotoxicity Assay of HSA-Pd-Fe-Ce6

NAs

In vitro cell cytotoxicity of HSA-Pd-Fe-Ce6 NAs was investigated
using Cell Counting Kit-8 (CCK-8). The amount of water-
soluble formazan was directly proportional to the number of
living cells. To investigate the PTT effect of HSA-Pd-Fe-Ce6
NAs, MCF-7 cells were incubated with HSA -Ce6 or HSA-Pd-
Fe -Ce6 at a Ce6 equiv concentration from 0 to 40 pug mL™!
for 4 h. Then, treated with non-irradiated, irradiated (808 nm,
0.5 w/cm?, 20 min). In order to achieve PTT only effect, Vitamin
C (2 x 1073 M) was added to scavenge intracellular ROS.
Compared with other groups, group HSA-Pd-Fe-Ce6 under
irradiation had significantly lower cell viability with about 61%
cells survived when the concentration reached 40 jug mL™!, as
shown in Figure 5A. For CBT, the MCF-7 cells were incubated
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FIGURE 5 | (A) The cell cytotoxicity of HSA-Pd-Fe-Ce6 only, HSA -Ce6 and HSA-Pd-Fe -Ce6 after irradiation (808 nm, 0.5 w/cm?) for an hour (n = 6). In order to
achieve PTT only effect, Vitamin C (2 x 10~° M) was added to scavenge intracellular ROS (B) The cell cytotoxicity of HSA-Pd-Fe-Ce6 only, HSA -Ce6 and
HSA-Pd-Fe-Ce6 after incubation with 50 M HyOo for 4 h (n = 6). (C) The cell cytotoxicity of HSA-Pd-Fe-Ce6 only, HSA-Ce6 and HSA-Pd-Fe-Ce6 after irradiation
(660 nm, 0.5 w/cm?) for an hour (n = 6). In order to achieve PDT only effect, cells were cooled at 4°C during the irradiation (D) The cell cytotoxicity of MCF-7
incubated with HSA -Ce6 or HSA-Pd-Fe -Ce6 after above treatment (n = 6). (*) refers to 808 nm laser irradiation. (*) refers to 660 nm laser irradiation. (*) refers to
incubation with 50 wM Ho O, for 4 h. P-values were calculated by Tukey’s post-test (**P < 0.01 or *P < 0.05). The error bars represent the standard error of six

independent measurements.
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with HSA -Ce6 or HSA-Pd-Fe -Ce6 at a Ce6 equiv concentration
from 0 to 40 pg mL~! for 4 h. Then, treated with or without
50 pM H,0; for 2 h. Group HSA-Pd-Fe-Ce6 with H,O, showed
significantly low cell viability up to around 47% at 40 pg mL™!
concentration while the other groups kept considerable high
percent survival within investigated concentration seen in
Figure 5B. We could see the negative results of group HSA-Pd-
Fe-Ce6 without treatment and HSA-Ce6 with relative treatment
in both studies comparing with positive results of group HSA-
Pd-Fe-Ce6 with treatment, implying Pd-Fe bimetallic part with
irradition and Pd-Fe with H,O, were the sufficient condition of
PTT and CBT, respectively. To investigate PDT effect, MCF-7
cells were incubated with HSA -Ce6 or HSA-Pd-Fe -Ce6 at a Ce6
equiv concentration from 0 to 40 jLg mL~! for 4 h. Then, treated
with non-irradiated, irradiated (660 nm, 0.5 w/cm?, 20 min).
In order to achieve PDT only effect, cells were cooled at 4°C

during the irradiation. As seen in Figure 5C, group HSA-Pd-
Fe-Ce6 and HSA-Ce6 with irradiation showed identical results,
which was because of the equivalent Ce6. For the combination
therapy, MCEF-7 cells were incubated with HSA-Ce6 or HSA-Pd-
Fe-Ce6 at a Ce6 equiv concentration from 0 to 40 pg mL™!
for 4 h. Then, treated with all above treatment. As shown in
Figure 5D, both groups showed positive outcomes but group
HSA-Pd-Fe-Ce6 possessed significant lower cell survival than
group HSA-Ce6 had from 8 to 40 jLg mL~! concentration and at
the 40 g mL~! concentration the survival rate of groups were
17 and 43%, which were consistent to results above, revealing
that the HSA-Pd-Fe-Ce6 NAs had the advantage of efficient and
controllable phototherapy.

We further investigated in vitro cell cytotoxicity of HSA-
Pd-Fe-Ce6 and HSA-Ce6 by dead cell staining, in which red
fluorescent PI were used as dyes. As shown in Figure 6, groups
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FIGURE 6 | The Dead cell staining results of HSA-Ce6 NPs, HSA-Pd-Fe-Ce6 NPs with different treatment. Control: MCF-7 cells incubated with HSA -Ce6 or
HSA-Pd-Fe -Ce6 for an hour. PTT: The cells incubated with HSA -Ce6 or HSA-Pd-Fe -Ce6 after irradiation (808 nm, 0.5 w/cm?) for an hour. In order to achieve PTT
only effect, Vitamin C (2 x 1073 M) was added to scavenge intracellular ROS. CT: The cells incubated with HSA -Ce6 or HSA-Pd-Fe-Ce6 after incubation with 50 M
H,O, for 1 h. PDT: The cells incubated with HSA -Ce6 orHSA-Pd-Fe-Ce6 after irradiation (660 nm, 0.5 w/cm?) for an hour. In order to achieve PDT only effect, cells
were cooled at 4°C during the irradiation. CBT: The cells incubated with HSA -Ce6 or HSA-Pd-Fe -Ce6 after above treatment.

CT PDT CBT

HSA-Pd-Fe-Ce6 with treatment showed obvious red signal,
implying cellular death were positive. Especially CBT treatment,
a huge area was stained. However, there was barely red single
seen in the group HSA-Ce6 with PTT or CT treatment. Though
the area of group HSA-Ce6 with PDT treatment was the same
as the area of HSA-Pd-Fe-Ce6, the area of HSA-Ce6 with CBT
treatment was significantly smaller than HSA-Pd-Fe-Ce6’s, which
were in agreement with the CCK8 assay.

In order to test the potential application of HSA-Pd-Fe-
Ce6 NPs, they were injected subcutaneously into left lower
abdomen of the mouse imaging by micro-ultrasound Imaging
System. As shown in Supplementary Figure S10, HSA-Pd-
Fe-Ce6 NPs had near-infrared (NIR) absorption photoacoustic
signals from 700 to 970 nm. Moreover, it was clear that the
longer the wavelength was, the less the background signals
were, and the signal intensity didn’t weaken much at NIR
wavelength. Unlike the visible spectrum, in which most tissue
chromophores (hemoglobin, melanin, fat etc.) absorb light
strongly, wavelength of the irradiated beam in the NIR region
has a deeper tissue penetration into tissues. HSA-Pd-Fe-Ce6 is a
promising photoacoustic contrast agent, which makes it possible
to realize further applications, such as real-time imaging guidance
and therapeutic evaluation.

CONCLUSION

In conclusion, we have constructed self-assembling intelligent
bimetallic nanoagents for effective combination phototherapy
via reductive co-precipitation method. The presence of Pd-
Fe and Ce6 offers HSA-Pd-Fe-Ce6 NAs two ways to generate
ROS leading to superior ROS production, in which superoxide
anion free radicals are produced by the reaction between Pd-Fe

bimetallic NPs and H,O; in acidic TME and singlet molecular
oxygen converted from molecular oxygen though photodynamic
reaction caused by the Ce6. Additionally, the results show
that HSA-Pd-Fe-Ce6 NAs can produce topical heat under the
irradiation and near infrared absorption bringing about excellent
photothermal conversion efliciency. Overall, this nanoagents
could resolve the problems of traditional photosensitizer, such
as poor solubility in aqueous solution, poor specific enrichment,
and insufficient treatment effect. Therefore, the nanoagents are
promising smart multifunctional integrated nanophotosensitive
agent for effective combination phototherapy.
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The development of biomimetic nanoparticles with functionalities of natural biomaterial
remains a major challenge in cancer combination therapy. Herein, we developed a
tumor-cell-derived exosome-camouflaged porous silicon nanoparticles (E-MSNs) as
a drug delivery system for co-loading ICG and DOX (ID@E-MSNSs), achieving the
synergistic effects of chemotherapy and photothermal therapy against breast cancer.
Compared with ID@MSNSs, the biomimetic nanoparticles ID@QE-MSNs can be effectively
taken up by the tumor cell and enhance tumor accumulation with the help of
the exosome membrane. ID@E-MSNs also retain the photothermal effect of ICG
and cytotoxicity of DOX. Under 808 nm near infrared irradiation, ICG can produce
hyperthermia to collapse E-MSNs nanovehicles, accelerate drug release, and induce
tumor ablation, achieving effective chemo-photothermal therapy. In vivo results of 4T1
tumor-bearing BALB/c mice showed that ID@E-MSNs could accumulate tumor tissue
and inhibit the growth and metastasis of tumor. Thus, tumor exosome-biomimetic
nanoparticles indicate a proof-of-concept as a promising drug delivery system for
efficient cancer combination therapy.

Keywords: tumor exosome, biomimetic, nanovehicles, breast cancer, combination therapy

INTRODUCTION

Cancer with high mortality has become the leading cause of fatality worldwide (Bray et al., 2018),
mainly due to the limited drug delivery system (Gelband et al.,, 2016). An ideal drug delivery
achieves therapeutic efficacy in cancer with enhanced thermal target and long blood circulation
(Maeda et al., 2013). In order to improve the capacity of targeting tumor tissues, nanoparticles have
been surface-modified by peptides or chemical biomacromolecules (Cheng et al., 2015). However,
nanoparticles as allogenic substances might be rapidly recognized and cleared away by the immune
system (Salvati et al., 2013). Moreover, the targeting ligands are not valid for all types of tumors
because of the complexity of tumors and heterogeneity of human beings (Zhao et al., 2013).
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Biomimetic nanoparticles (Luk and Zhang, 2015; Tan et al,,
2015; Zhen et al., 2019) are assembled by natural biomaterials
such as cell membranes from cancer cells (Chen et al., 2016;
Zhang et al., 2020), red blood cells (Gao et al., 2013; Piao et al,,
2014), white blood cells (Parodi et al., 2013), platelets (Wei et al.,
2016), and various synthetic nanoparticles, and this might be a
promising strategy for anti-tumor drug delivery (Li et al., 2018).
The biomimetic nanoparticles have displayed target-homing
capacity, prolonged circulation, and good biocompatibility, in
accordance with properties of cell membranes (Gao et al., 20165
Deng et al, 2018; He et al, 2018). Recently, exosomes as
endogenous nanovesicles are secreted by various cells which
have been developed as a novel drug delivery system (Batrakova
and Kim, 2015; Vader et al., 2016). Moreover, numerous studies
have reported that the exosomes 30-100 nm in diameter possess
retention effects, and the membrane protein, target-homing and
escaping phagocytosis (Kamerkar et al., 2017; Teng et al., 2017).
Given all of these excellent characteristics, exosomes can be used
as a drug delivery due to biocompatibility, low immunogenicity,
and target-homing (Cheng et al., 2018). However, the exosomes
used as a drug carrier are limited to the low drug-loading
capacity (Yong et al.,, 2019), and porous silicon nanoparticles
(MSNs) have been widely used for drug delivery owing to their
excellent drug loading capacity (Wang et al., 2015). Therefore, it
is desired to construct exosome-biomimetic nanoparticles with
good biocompatibility and high drug loading for cancer therapy
in present research.

The strategy of exosome-biomimetic nanoparticles with
chemotherapy and photothermal therapy (Li J. et al., 2019; Cong
et al., 2020; Guo et al., 2020; Li and Pu, 2020) could provide
a novel approach for the combined treatment of tumors (Wan
et al., 2018; Tang et al., 2019). As one of the commonly used
photosensitizers, ICG is designed to exhibit PTT efficiency to
induce the tumor cell apoptosis under 808 nm laser irradiation
(Xin et al.,, 2017; Li X. et al.,, 2019). The utilization of ICG
in combination with doxorubicin (DOX), a broad-spectrum
chemotherapeutic drug, can improve anticancer effects (Ye et al.,
2020; Wu et al., 2020). However, the hydrophobic characteristic
of ICG and the toxicity of DOX in vivo limit its clinical
applications (Zheng et al., 2013; Yan et al., 2016). Therefore,
ICG and DOX can be co-loaded into exosome-biomimetic
nanoparticles, which can improve drug stability, utilization, and
effectivity so as to achieve the anti-tumor treatment.

In this study, we developed a tumor-cell-derived exosome-
camouflaged porous silicon nanoparticles (E-MSNs) by extrusion
method (Pan et al, 2020) as a drug delivery system for co-
loading ICG and DOX (ID@E-MSNs), to achieve targeted cancer
combined therapy. Compared with ID@MSNs, the biomimetic
nanoparticles ID@E-MSNs can be taken up by the tumor cell
effectively, which could also enhance tumor accumulation owing
to the characteristics of exosome membrane. Besides, ID@E-
MSNs also retain the photothermal effect of ICG and cytotoxicity
of DOX. Under 808 nm near infrared irradiation, ICG can
produce hyperthermia to collapse nanovehicles, accelerate drug
release, and induce tumor ablation, achieving effective chemo-
photothermal therapy. In vivo results of 4T1 tumor-bearing
BALB/c mice, it showed that ID@E-MSNs could accumulate

tumor tissue and inhibit its growth and metastasis. Thus, tumor
exosome-biomimetic nanoparticles indicate that a proof-of-
concept could be concerned as a promising drug delivery system
for efficient cancer combination therapy (shown in Figure 1).

RESULTS AND DISCUSSION

Synthesis and Characterization of
ID@E-MSN Nanoparticles

In this study, a biomimetic nanocarrier system was assembled
based on 4T1 tumor exosome-modified MSNs for the co-
loading of ICG and DOX, thus hoping to combine chemotherapy
and photothermal therapy against breast cancer efficiently. The
formulation of E-MSNs was composed of three processes: 4T1
exosomes were derived from the culture supernatants of 4T1
cells by ultracentrifugation; the mesoporous silica nanoparticles
(MSNs) were synthetized under the guidance of previous
methods; 4T1 exosomes were mixed with MSNs and then
processed through extrusion, thus preparing E-MSNs. The typical
morphological structure of these particles was observed by
transmission electron microscope (TEM). The images of TEM
(Figure 2A) revealed exosomes which had a typical morphology,
MSNSs particles displayed irregular morphology, and E-MSNs had
20 nm thick membrane appearing on the surface comparing with
MSNs, confirming the presence of the membrane sheathed on
MSNs in E-MSNs. In addition, the histogram of size distribution
is shown in Figures 2B-D. NTA analysis displayed that the
size of 4T1 exosomes was within 50-100 nm, MSNs and
E-MSNs were 125 & 15 nm and 150 £ 11 nm, in accordance
with the result attained from TEM. To further prove that
MSNs were coated with 4T1 exosomes membrane structure
in E-MSNs, 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO),
a commonly used cell membrane fluorescent probe, was
used to stain 4T1 exosomes, and 1,1’-Dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (Dil) was loaded in
MSNs. Whats more, colocalization of green DiO fluorescence
with red Dil fluorescence was observed in Dil@E-MSNs by
confocal laser scanning microscopy (CLSM) (Figure 2E).

Apart from those, Western blot experiments further showed
that similar to the whole cell lysates and the purified exosomes
obtained by differential ultracentrifugation, exosome biomarkers
CD63 and CD81 were also detected in E-MSNs (Figure 2F),
confirming the presence of 4T1 exosomes in E-MSNs. In contrast
to exosome biomarkers, calnexin, a protein located in the
endoplasmic reticulum (ER), was only detected in whole cell
lysates, but not in both E-MSNs and the purified exosomes,
revealing the high purity of the exosomes sheathed on MSNs
in E-MSNs.

E-MSNs was used as a drug carrier by co-loading ICG and
DOX for combined therapy. ICG/DOX were loaded into MSNs
and then ID@E-MSNs were also obtained by an extrusion
method in a similar fashion to E-MSNs. In order to prove
that E-MSNs successfully had loaded ICG and DOX, compared
with the single MSNs, free ICG, and free DOX, ID@E-
MSNs successfully detected two drugs with peaks of 488 and
780 nm, respectively (Supplementary Figure S1). Moreover,
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FIGURE 1 | Schematic illustration of ID@E-MSNs nanovehicles for cancer-targeted chemo-photothermal therapy.

ID@E-MSNs

the zeta potential (¢) values provided further evidence for the
successful construction of nanoparticles co-loading drugs in
each procedure, with a value of —20.5 + 1.2 mV for MSNs,
—5.8 &£ 1.5 mV for ID@MSNs and —28.9 = 3 mV for ID@E-
MSNs (Figure 2G).

Meanwhile, ICG/DOX loading did not significantly change
the size of E-MSNs. Moreover, the size of ID@E-MSNs remained
almost constant even after incubating in PBS with or without 10%
fetal bovine serum (FBS) for 7 days (Supplementary Figure S2).
These results demonstrated that ID@E-MSNs were featured with
excellent stability, which can be further applied for in vitro and
in vivo study.

Cellular Internalization of ID@E-MSNs

Cellular internalization plays a key role in therapy. To evaluate
the cellular uptake efficiency of ID@MSNs, 4T1 cells were treated
with free DOX+ICG, ID@MSNs and ID@E-MSNs. As shown
in Supplementary Figure S3, the red fluorescence of DOX and
the green fluorescence of ICG were observed in cells. After

the 6 h incubation, compared with other treatments, ID@E-
MSNs exhibited the highest fluorescence, indicating that exosome
membrane coating enhanced the cellular uptake of ID@E-MSNss.

Combination Therapy Effects of

ID@E-MSNSs in vitro

To evaluate the photothermal efficiency of ID@E-MSNSs in vitro
by detecting the temperature changes in 10 min laser irradiation,
the images of infrared thermal and curve of temperature
were shown in Figures 3A,B. According to the result, the
free ICG, ID@MSNs, ID@E-MSNs showed similar temperature
changes, with the maximum temperature about 60°C, which
was enough to kill tumor cells. These results indicated that
ID@E-MSNs had the capacity of photothermal conversion equal
to free ICG, and the exosome membrane coating exerted
little impact on the ability to transfer light to heat, then
to evaluate the release of DOX from ID@MSNs and ID@E-
MSNs in different conditions (Supplementary Figure S4). The
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FIGURE 2 | Synthesis and characterization. (A) TEM images of (a) 4T1 exosomes, (b) MSNs, and (c) E-MSNs, the membrane of E-MSNs with the average value of
20 nm. Scale bar: 100 nm. (B-D) The size distribution of 4T1 exosomes, MSNs, and E-MSNs was measured by NTA. (E) Confocal images of exosome membrane
labeled by DiO dye (hem = 488 nm), Dil loaded in MSNs (hem = 560 nm), a mixture of exosome and MSNs, fused E-MSNs nanovesicles (Scale bar = 42 pm).
(F) Western blot analysis of protein expression (CD63, CD81, calnexin) of 4T1 cells, 4T1 exosome, and E-MSNs nanovehicles. (G) Zeta potential (¢) of MSNs,
ID@MSNs, and ID@E-MSNSs.

results showed the acidic condition and laser irradiation played =~ What’s more, the 808 nm laser at power densities of 1.0, 2.0,
a key role in stimulating the release of DOX from ID@E- and 2.5 W/cm? did not influence the growth of 4T1 during
MSNs. The cytotoxicity of free DOX, free ICG, and irradiation  continuous irradiation for 10 min. Besides, the IC50 of free
were evaluated by CCK-8 assay (Supplementary Figure S5). DOX was about 0.5 pg/mL, and that of free ICG and NIR
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FIGURE 3 | Combination therapy effects of ID@E-MSNSs in vitro. (A) The IR thermal images of PBS, free DOX, free ICG, ID@MSNSs, and ID@E-MSNs during laser
irradiation for 10 min. (B) The temperature change curves of PBS, free DOX, free ICG, ID@MSNs, and ID@E-MSNs during laser irradiation. (C) The cell apoptosis
quantified by the flow cytometry at 48 h after various treatments (Q1: live cells; Q2: early apoptotic cells; Q3: late apoptotic cells; Q4: dead cells). (D) The Western
blot analysis of the protein expressions of cleaved caspase-9/-3 in 4T1 cells at 48 h after various treatments. (E) The Western blot analysis of the protein expressions

irradiation was 2 pg/mL. ID@E-MSNs exhibited combined
therapy efficiency under laser irradiation to 4T1 breast cancer
cells. To evaluate the effect of synergistic cytotoxicity, clone
formation assay of 4T1 was performed. The results showed that
808 nm laser irradiation induced cell death. Moreover, the effect
of synergistic cytotoxicity was assessed by the flow cytometry
(Figure 3C). After laser irradiation, the total rate of cell apoptosis
induced by ID@MSNs was 60.4%, while that of ID@E-MSNs
was 78.3%. The cytotoxicity of ID@MSNs was more significant

than the other treatments. Altogether, ID@E-MSNs mediated
combinatorial chemo-photothermal therapy which induced 4T1
cell apoptosis. In addition, apoptosis-associated proteins and
metastases-associated proteins were also detected. As shown in
Figures 3D,E, after laser irradiation, the caspase-9/-3 expressions
level in the 4T1 treated with ID@MSNs and ID@E-MSNs
were increasing obviously, while the MM2/MMP9 level was
declining, demonstrating that these treatments had activated the
signaling pathway.
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Evaluation of ID@E-MSNs in vivo

According to the above results, the biodistribution of ID@E-
MSNs was then taking a further investigation. The ID@MSNs
and ID@E-MSNs were injected via tail veins of the 4T1
tumor-bearing mice to compare tumor accumulation capacity
and photothermal capacity. As shown in Figures 4A,B, the
fluorescent intensity of ID@E-MSNs gradually got enhanced
at the tumor site during the first 24 h and were maintained
for more than 24 h, which was always higher than that of
the ID@MSNs group. These results showed that the tumor-
targeting ability of ID@E-MSNs was from the modification
of 4T1 exosome. Furthermore, the fluorescent intensity of
tumors tissue injected by ID@E-MSNs was 3.1-fold higher
than those injected by ID@MSNs (Figures 4C,D), proving
the strong accumulation capacity of ID@E-MSNs. Nevertheless,
the photothermal capacity of ID@E-MSNs and ID@MSNs was
evaluated in Supplementary Figure S6. Upon NIR irradiation
24 h after injection, the tumor tissue administered by ID@E-
MOSN temperature gradually increased, reaching 50°C, which was
powerful enough to kill tumor cells.

Combination Therapy Effects of
ID@E-MSNSs in vivo

To investigate the impact on the therapeutic effect and
the inhibition of the metastasis of ID@E-MSNs, chemo-
photothermal therapy schedule conducted in 4T1-tumor-bearing
BALB/c mice is shown in Figure 5A. Tumor-bearing mice
were administered with PBS, Free DOX, Free ICG+NIR
laser, ID@MSNs+NIR laser, and ID@E-MSNs+NIR laser. In
all treatment groups, ID@E-MSNs-based chemo-photothermal
therapy obviously inhibited the growth of tumor after 16 days of
treatment (Figures 5B,C), in accordance with the photograph of
tumors (Figure 5D). Also, there were no significant alterations
shown in the body weight of mice with the injected ID@E-MSNs
and exposed to NIR laser (Figure 5E). In addition, compared
with the other groups, tumor cell proliferation was also observed
in the groups by the Ki67 assay (Figure 5F), in which the
ability of proliferation was repressed by the treatment of ID@E-
MSNs+NIR laser. Therefore, ID@E-MSNs represented a very
effective chemo-photothermal nanomedicine for the preventing
growth and metastasis of breast cancer.
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To further evaluate the systematic toxicity of ID@MSNs
and ID@E-MSNs in vivo, we injected the particles into healthy
BALB/c mice by means of a tail-intravenous injection at a dosage
of 20 mg/kg and harvested the blood at 24 h for biochemistry
assay. As shown in Figure 6A, the weight of mice did not
change significantly. The levels of liver function markers such as
AST\ALT, and the kidney marker such as BUN\CRE, were all in
the normal range (Figures 6B,C). Furthermore, in Figure 6D,
compared with control, organs and tissues such as heart, liver,
spleen, lung, and kidney had no obvious pathological change in
ID@MSNs- and ID@E-MSNs-treated groups, which suggested
that there was no evidence of inflammatory response caused by

ID@E-MSNs. Altogether, ID@E-MSNs-mediated combinatorial
chemo-photothermal therapy can be deemed as a safe drug
carrier against tumors.

CONCLUSION

In summary, we have successfully developed a biocompatible
tumor exosome-sheathed MSNs-based drug delivery platform
for targeted tumor chemo-photothermal therapy, in which
ID@E-MSNs are constructed by combining 4T1 exosomes and
ID@MSNs via an extruding method to an achieve enhanced
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FIGURE 6 | Biosafety assay verification of ID@E-MSNSs. (A) Body weight curve of mice during 16 days of treatment. (B) Blood analysis of the levels of liver function
markers ALT and AST. (C) Blood analysis of the levels of kidney function markers CRE and BUN. (D) H&E staining of major organs showing no obvious histology
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combined therapy for cancer. Compared with free ICG/DOX,
the drug loaded on MSNs and cloaked by 4T1 exosomes
has shown superior performance in targeting, long-term
retention, and favorable biocompatibility. These results mainly
originate from the nature characteristics and the component
of exosomes. Our study clearly demonstrates that exosome-
biomimetic nanoparticles can be used in combined therapy, and
this approach provides a new idea for developing natural drug
carriers to improve the efficacy of anticancer therapy.

MATERIALS AND METHODS

Materials

Doxorubicin (DOX), indocyanine green (ICG), bovine
serum albumin (BSA), tetraethylorthosilicate (TEOS),
and  cetyltrimethylammonium  bromide (CTAB) were
obtained from Sigma-Aldrich (United States). 3,3'-
Dioctadecyloxacarbocyanine perchlorate (Dio) and

1,1’-dioctadecyl-3,3,3',3-tetramethylindocarbocyanine

perchlorate (Dil) were bought from Biyuntian (China).
Polyvinylidene fluoride membranes (PVDF) were acquired
from Millipore (United States). MTT and Ki67 reagents were
provided by Yeasen Corporation (China). RPMI 1640 medium,
FBS, penicillin, and streptomycin were provided by Hyclone

(United States). You Ning Wei Corporation (China) offered
the other reagents, including acrylamide, mouse anti-MMP2
(Santa Cruz, United States), mouse anti-MMP9 (Santa Cruz,
United States), rabbit anti-calnexin (Santa Cruz, United States),
rabbit anti-CD81 (ProteinTech, Chicago, IL, United States), and
rabbit anti-CD63 (Abcam, Cambridge, Britain).

Characterization

The particle size of exosomes and membrane-coated
nanoparticles were measured by Nanosight3300 (Malvern,
Britain). The morphology of the particle was observed by a
Transmission Electron Microscope (Hitachi, Japan). The content
of drugs and granules is calculated by UV-Vis absorption
spectroscopy (BioTek, United States). The cells were observed
by inverted fluorescence microscope and laser scanning confocal
microscope (Leica, Germany). The 808 nm laser irradiation
instrument was obtained from Changchun New Industries
(China). Exosome-encapsulated nanoparticles were constructed
by an Avanti mini extruder (Avanti Polar Lipids). Ultrapure water
was prepared by the Millipore Milli-Q system (Merck, Germany).

Preparation of MSNs and ID@MSNs

The MSNs were synthesized by a previous protocol (Cheng
et al, 2018). Briefly, 0.25 g of CTAB was added into
25 mL of deionized water, 7 mL of absolute ethanol, and
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70 wL of diethanolamine. The mixture was stirred at 70°C
for 30 min and then quickly added 0.8 mL of TEOS.
The action lasted for 1 h, then the template was removed
to obtain the MSNs. After being freeze-dried, 10 mg of
MSNs was weighted and mixed with 2 mg of DOX and
4 mg of ICG in 2 mL of deionized water, then stirred
overnight at room temperature to prepare ID@MSNs. The
ID@MSNs were centrifuged at 5000 rpm for 10 min to collect
precipitate and gently washed with deionized water twice to
eliminate free drug.

Preparation of Purified 4T1 Exosome

Vesicles

Firstly, 1 x 10° 4T1 cells were seeded in 10 mL of
1640 supplemented with 10% no-nanovesicle FBS at standard
condition for 48 h. The medium was then centrifuged at 5000 x
g for 30 min, 10,000 x g for 30 min, and 100,000 x g for 1 h.
The isolated exosomes were resuspended in cooling PBS. All the
experiments were completed under 4°C. The preparation of 4T1
exosome vesicles used a previous method (Xin et al., 2017). In
short, exosomes were sonicated at 5 W for 5 s, and then extruded
with polycarbonate membrane to obtain exosomes vesicles. The
protein of exosome vesicles was detected by Western blot.

Fabrication of ID@E-MSNs Nanovehicles
ID@MSNs were embedded into 4T1 exosomes vehicles to
fabricate the ID@E-MSNs nanovehicles by an extruding
process. Briefly, 500 L of exosomes (2 x 10° particles/mL)
were mixed with the equal particles of ID@MSNs in an
Avanti mini extruder. Then the mixture was sonicated
at 5 W for 5 s, and then extruded with polycarbonate
membrane to obtain ID@E-MSNs. The protein of
ID@E-MSNs was detected by Western blot, and the
stability of ID@E-MSNs in PBS was tested for 7 days at
room temperature.

Cell Culture and Animals

Tumor cell 4T1 and mononuclear macrophage RAW264.7
cells bought from the American Type Culture Collection were
cultured by a standard method (RPMI 1640 with 10% FBS and 1%
penicillin and streptomycin at 37°C, 5% CO;); 18-20 g of BALB/c
mice (female) were purchased from Beijing HFK Bioscience Co.,
Ltd. All of the animal experiments were compiled by relevant
ethical regulations and were authorized by the Institutional
Animal Care and Use Committee of Tianjin Medical University
Cancer Institute.

Cell Uptake Assay

1 x 10° 4T1 cells and RAW264.7 cells were seeded into 10 cm
dishes, respectively, supplemented with RIPM 1640 and 10% FBS
at standard condition for 48 h. The cells were incubated with
ID@MSNs and ID@E-MSNs for 4 h at the ICG concentrations
of 10 pg/mL. After incubation, the free particles were washed
three times by PBS, and the cells were stained with DAPI for
20 min for observation. Analysis was performed by a confocal

microscope. Moreover, the uptakes of ID@MSNs and ID@E-
MSNs in 4T1 cells and RAW264.7 were evaluated by the flow
cytometry. In short, 1 x 10° the cells were cultured in 6 cm
dishes and incubated with ID@MSNs and ID@E-MSNs for 4 h
at the ICG concentrations of 10 pg/mL. After incubation, the
free particles were washed three times by PBS, and the cells
were stained with DAPI for 20 min for observation. Analysis was
performed by flow cytometry.

Cell Safety Assay
5 x 10% 4T1 cells were cultured into a 96-well plate for 24 h, then
exposed to 808 nm laser irradiation at power density of 0.5, 1.5,
and 2.5 W/cm? for 10 min.

Subsequently, the cells were incubated for another 24 h.
Then, the cells were processed by CCKS8 assay to analyze the
toxicity of irradiation, and the absorbance was detected by a
microplate reader. The same method was used to evaluate the
toxicity of dosing.

Biodistribution Study of ID@E-MSNSs in

Tumor-Bearing Mice

To construct the tumor-bearing mice, 1 x 10° 4T1 cells
were implanted in female BALB/c mice. When the tumor
volumes reached 150 mm?, the biodistribution studies
of ID@E-MSNs were evaluated. The experiments were
divided into two groups (five mice for each group): 100
nwL of ID@MSNs and ID@E-MSNs (ICG concentration:
100 pg/mL) was injected via tail veins to the 4T1 tumor-
bearing mice. Fluorescent images were acquired by IVIS
Spectrum imaging systems at desired time points - 1,
4, 8, and 24 h pre-injection. Under the same condition,
the excised tumor and organs such as heart, liver,
spleen, lung, and kidney were also imaged by the IVIS
fluorescent system.

In vivo Anti-tumor Assay of ID@E-MSNs

Orthotropic 4T1 tumor-bearing mode were constructed for
assessing efficacy of combined therapy in vivo. When the
tumor volumes reached about ~150 mm?®, the mice were
randomized into two groups. The mice were intravenously
injected with: PBS, free ICG/DOX, ID@MSNs, and
ID@E-MSNs at an ICG dosage of 2 mg/kg and DOX of
0.5 mg/kg via the tail vein, respectively. The amount of
ICG was 2 mg/kg and DOX was 0.5 mg/kg; 808 nm laser
treatment was performed next day. The body weight of
mice was recorded every day after treatment, and the
dimensions of tumor were measured every 3 days. At 16
days after treatments, the mice were euthanized. Then,
the tumor tissues and organs, such as the heart, kidney,
liver, spleen, and lung were collected for histopathological
examination (H&E) or Ki67 staining. At 24 h post-
injection, the levels of liver function markers such as
AST\ALT and the kidney marker such as BUN\CRE were
detected by kit.
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Statistical Analysis

All values represented mean =+ SD. Statistical analyses between
two paired groups using the Tukey comparative test (ANOVA)
were carried out by the GraphPad Prism 5.0 software. P < 0.05
indicates statistically significant data.
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Defang Ouyangst, Xingxing Fan’, Ping Gong'* and Lintao Cai’*

" Guangdong Key Laboratory of Nanomedicine, CAS-HK Joint Lab for Biomaterials, Shenzhen Institutes of Advanced
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3 Nano Science and Technology Institute, University of Science and Technology of China, Hefei, China, * Guangzhou
Baiyunshan Pharmaceutical Co., Ltd., Baiyunshan Pharmaceutical General Factory, Guangzhou, China, ° Livzon Mabpharm
Inc., Zhuhai, China, ° State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical Sciences
(ICMS), University of Macau, Macau, China, ” State Key Laboratory of Quality Research in Chinese Medicine, Macau Institute
for Applied Research in Medicine and Health, Macau University of Science and Technology, Macau, China

A simple and facile one-step method was developed to construct a small molecular
prodrug amphiphile self-assembled organic dots CPPG with aggregation-induced
emission (AIE) characteristics. Diphenylalanine peptide (FF), which is the essential moiety
of the self-assembling peptide-drug conjugate and as its core recognition motifs for
molecular self-assembly. In addition, the D-glucose transported protein (GLUT), which
is one of the important nutrient transporters and is overexpressed in cancer cells. The
conjugation of glycosyl further endues the nanoparticle with good biocompatibility and
tumor-targeting ability. Taking advantages of both the cancer cell-targeting capability
of small molecular prodrug amphiphile CPPG and the AIE aggregates with strong
emission, the prepared CPPG AIE dots can target cancer cells specifically and inhibit the
proliferation of cancer cells with good biocompatibility and photostability. Based on the
general approach, types of universal organic fluorescent nanoprobes could be facilely
constructed for imaging applications and biological therapeutics, which possess the
properties of specific recognition and high brightness.

Keywords: prodrug, self-assembly, AIE, cancer, theranostics

INTRODUCTION

Fluorescence imaging is a low-cost and highly sensitive method for the diagnosis of early tumors,
visualization of tumor margins, and evaluation of treatment effects (Ozawa et al., 2013; Weissleder
and Nahrendorf, 2015; Antaris et al., 2016). A variety of nanomaterials have been developed as
fluorescence nanoprobes for cancer diagnosis which bring excellent optical characteristics, as the
rapid development of nanotechnology in the past few decades (Chinen et al., 2015; Wolfbeis, 2015;
Fu et al., 2017). Compared with the traditional organic molecules, nanoparticles usually possess
better photostability, higher brightness, and larger absorption coefficients, which make them able to
enhance the versatility and sensitivity of fluorescence-based imaging and diagnosis. Unfortunately,
most fluorescent nanoparticles are made by highly toxic heavy metal cations, which increase the
concerns of long-time toxicity and limits further clinical transition (Tsoi et al., 2013). Considering
the biocompatibility, organic fluorescent nanoparticles, composed of organic molecules decorated
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on a matrix of biocompatible polymers or encapsulated inside,
are usually considered more suitable than the inorganic
nanoparticles (Li and Liu, 2014; Yu et al., 2017).

To develop organic dye nanoparticles with significantly
enhanced biocompatibility and photostability have taken great
efforts (Wang et al., 2013). However, the brightness of the
organic nanoparticles, gradually decrease along with the increase
of dye concentration. This phenomenon has been known as
aggregation-caused quenching (ACQ), which presents a barrier
for fabricating organic nanoparticles (Reisch and Klymchenko,
2016). In 2001, a breakthrough in luminescent materials was
made. Tang et al. reported a kind of propeller-shaped molecule
with aggregation-induced emission (AIE) characteristics, such
as hexaphenylsilole and tetraphenylethylene, in which the AIE
luminogens generally exhibited weak or no emissions in solution
but strong emissions in the solid or aggregated states (Luo et al.,
2001). From then on, several AIEgens have been developed (Ding
etal., 2013; Mei et al., 2015; Zhang W. et al., 2015; Yu et al., 2016;
Gu et al,, 2017). Furthermore, the strong emissions of the solid-
state AlEgens offer a great opportunity for developing highly
bright organic nanoparticles, also known as AIE dots, without
blemishing their emissions (Zhang X. et al., 2015; Xu et al., 2016;
Yan et al., 2016; Li H. et al., 2017; Niu et al., 2019).

A universal way of generating AIE-nanoparticles is the
reprecipitation method, in which AIE molecules in gentle
solvents (such as DMSO and THF) were mixed with a poor
solvent (e.g., water). However, in this method, the gentle
solvent is usually poisonous, which limits the applications of
AlIE-nanoparticles in biological environments. To solve the
biocompatibility and water solubility of AIE fluorescent organic
nanoparticles, the conventional methods were facilely prepared
by mixing AIE material with different surfactants. A variety
of strategies, such as polymerization of other monomers with
AIE dyes, covalent conjugation of hydrophilic molecules
with AIE dyes, and encapsulation in silica nanoparticles
were considered (Zhang X. et al., 2015). The general surface
functional groups facilitated further functionalization to
achieve the goal of multimodal imaging, which consisted
of -NH,, -COOH, -maleimide (-Mal) and the DSPE-PEG
derivatives (distearoyl-sn-glycero-3-phosphoethanolamine poly
ethylene glycol) (Li K. et al., 2013). However, the surfactant for
AIE dye based nanoprobes reported previously are focused on
solving the biocompatibility problem. As for the theranostic
systems, use of the small molecular prodrug amphiphile, which
can be self-assembled, as the surfactant of the AIE nanoprobes
has not been reported yet.

In this research, we try to develop a simple and facile way to
fabricate small molecular prodrug amphiphilic AIE-dots based
on a self-assembly approach which is also known as CPPG
AIE dots. As illustrated in Scheme 1, the CPPG AIE dots were
prepared by a one-step self-assembly method through mixing
the AIEgens-TTF and CPPG under sonication. The aggregates
of hydrophobic AlEgens tend to embed themselves in the
hydrophobic prodrugs while the hydrophilic glucosamine chains
stretch themselves into the aqueous solution to offer the AIE
dots enhanced stability and good water dispersibility. The specific
synthesis steps are as shown in Scheme 2.

e}

CPPG AlEdots

W T @90 & CPPG

n & I
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SCHEME 1 | Schematic illustration of CPPG AIE dots preparation by one-pot
self-assembly method.

Herein, we successfully generated the CPPG AIE dots system,
the small molecular prodrug amphiphilic CPPG consists of
three parts, CPT, glucosamine, and the connecting element
diphenylalanine peptide (also termed as FF), and their structures
were characterized by High Resolution Mass Spectrometry
(HRMS), 'H NMR and '*C NMR, respectively (Supplementary
Figures S1-S11). TTE, a typical AIE luminogen were added into
the hydrophobic core of the CPPG, which came from Tang’s
lab (Geng et al., 2014; Wang et al., 2014; Li D. et al, 2017).
Camptothecin (CPT), an inhibitor of DNA topoisomerase I,
(Sen et al., 2004) has been widely used to induce apoptosis
under experimental conditions. Owing to its hydrophobicity,
the CPT molecule acted as a self-assembly inducer by adding
diphenylalanine peptide (FF), which is the essential moiety
of the self-assembling peptide-drug conjugate and as its core
recognition motifs for molecular self-assembly, have attracted
much attention due to their biocompatibility, easy chemical
modification, simple structure, and especially great capability of
assembly under different conditions (Reches and Gazit, 2003;
Li J. et al, 2013; Zhang H. et al, 2015). It has been widely
utilized as a remarkable component to self-assemble various
functional nanomaterials for biomedical applications, such as
drug delivery. However, the delivery system, combining the FF
with both prodrug and AIE, was rarely reported before. In
addition, the D-glucose transported protein (GLUT), which is
one of the important nutrient transporters and is overexpressed
in cancer cells (Zhang et al., 2019). The conjugation of glycosyl
further endues the nanoparticle with good biocompatibility and
tumor-targeting ability (Zhao et al., 2017).

EXPERIMENTAL

Materials and Instruments

Reagents were purchased from commercial sources and were
used as received unless mentioned otherwise. Reactions were
monitored by TLC. 'H NMR and 3C NMR spectra were
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SCHEME 2 | The synthesis route of small molecular drug amphiphile CPPG.
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CPT--Phe-Phe-Glucose (CPPG)

obtained by a Bruker ARX 400 MHz spectrometer in DMSO-
ds. '"H NMR chemical shifts are reported in ppm relative to
tetramethylsilane (TMS) with the solvent resonance employed
as the internal standard (DMSO-ds at 2.50 ppm). Data are
reported as follows: chemical shift, multiplicity (s = singlet,
br s = broad singlet, d = doublet, t = triplet, q = quartet,
m = multiplet), coupling constants (Hz), and integration. *C
NMR chemical shifts are reported in ppm from tetramethylsilane
(TMS) with the solvent resonance as the internal standard
(DMSO-dg at 39.51 ppm). High Resolution Mass Spectra
(HRMS) were obtained by a GCT Premier CAB 048 mass
spectrometer operating in MALDI-TOF mode. Absorption
spectra were measured on a Varian 50 Conc UV-Visible
spectrophotometer at 25°C. Fluorescence spectra were recorded
on an Edinburgh FS5 fluorescence spectrophotometer at
25°C. Cellular imaging experiments were performed with a
confocal laser scanning microscope (LSM880, ZEISS, Germany)
equipped with Argon, red HeNe, and green HeNe lasers.
A Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
Laboratories (Japan). Penicillin-streptomycin, fetal bovine
serum, PBS, DMEM medium, and trypsin were acquired from
Gibco Life Technologies (United States). MCF-7 and LO2 cell
lines were obtained from the Shanghai cell bank of the Chinese
Academy of Sciences.

Synthesis of Compound CPT-COOH

In an ordinary vial equipped with a magnetic stirring bar, 1,8-
Diazabicycloundec-7-ene (DBU, 1 mL, 0.6 mmol) was slowly
at 0°C added to a mixture of (S)-(+)-camptothecin (70 mg,
0.2 mmol) and succinic anhydride (60 mg, 0.6 mmol) in
6 mL of dichloromethane. The reaction mixture was stirred at
room temperature for few hours, until the reaction completed
(monitored by TLC). After evaporation of the solvent, the crude
product was recrystallized with methanol to obtain the pale
yellow crystalline product.

'H NMR (400 MHz, DMSO-dg)  12.29 (s, 1H), 8.70 (s, 1H),
8.22 - 8.10 (m, 2H), 7.92 — 7.83 (m, 1H), 7.77 - 7.68 (m, 1H),
7.14 (s, 1H), 5.57 - 5.42 (m, 2H), 5.37 - 5.23 (m, 2H), 2.86 -
2.66 (m, 2H), 2.50 — 2.44 (m, 2H), 2.23 - 2.09 (m, 2H), 0.92 (t,
J =7.0 Hz, 3H).

13C NMR (101 MHz, DMSO-dg) § 173.5, 171.7, 167.7, 157.0,
152.9, 148.3, 146.4, 145.7, 132.0, 130.9, 130.3, 129.5, 129.0, 128.4,
128.2,119.4, 95.6, 76.3, 66.8, 50.7, 30.8, 29.0, 28.8, 8.0.

HRMS (ESI) caled. for C24H20N2NaO7 [M + Na] ™ 471.1168,
found: 471.1161.

Synthesis of Compound CPPG
Boc-Phe-Phe-Glucose: Boc-Diphenylalanine (82.4 mg, 0.2 mmol)
and HATU (80.0 mg, 0.2 mmol) were dissolved in DCM (1.2 mL).
Diisopropylethylamine (44 pL, 0.24 mmol) was added at 0°C,
and the mixture was stirred at room temperature for 10 min.
Then the solution was added to a suspension of glucosamine
hydrochloride (64.7 mg, 0.3 mmol) in a mixture of DCM
(1.2 mL) and diisopropylethylamine (80 pL, 0.44 mmol). After
stirring at room temperature overnight, the resulting mixture
was then poured into saturated brine. The insoluble solids in
the dichloromethane phase were collected by centrifugation.
The precipitate was washed with water (2 x 1 mL) and DCM
(2 x 1 mL), and dried under vacuum to afford Boc-Phe-Phe-
Glucose as a white solid.

'H NMR (400 MHz, DMSO-de) 8 8.23 - 8.06 (m, 1H), 7.95 -
7.77 (m, 1H), 7.32 - 7.16 (m, 10H), 7.02 - 6.90 (m, 1H), 6.62 -
6.43 (m, 1H), 5.16 - 5.04 (m, 1H), 5.04 — 4.80 (m, 2H), 4.75 - 4.63
(m, 1H), 4.52 (s, 1H), 4.13 - 3.99 (m, 1H), 3.60 (s, 3H), 3.54 -
3.47 (m, 1H), 3.18 - 3.07 (m, 2H), 2.88 - 2.76 (m, 2H), 2.69 (s,
1H), 2.66 - 2.56 (m, 1H), 1.27 (s, 9H).

13C NMR (101 MHz, DMSO-dg) § 171.5, 155.5, 138.7, 138.1,
130.1, 130.0, 129.6, 128.4, 128.3, 128.3, 126.5, 91.1, 78.6, 77.3,
72.6, 71.4, 71.2, 70.8, 61.5, 56.6, 55.0, 53.8, 49.0, 38.9, 38.7,
38.0, 28.5, 28.2.
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HRMS (ESI) calcd. for C29H39N3NaO9 [M + Na] ™ 596.2584,
found: 596.2568.

Procedure for the Boc Deprotection: Boc-Phe-Phe-Glucose
(28.7 mg, 0.05 mmol) was dissolved in DCM (1 mL) and
cooled to 0°C. TFA (trifluoroacetic acid) (2 mL, 26 mol) was
added dropwise, and the stirring was continued for 1 h at
room temperature. After the reaction was completed, the solvent
and TFA were removed by evaporation. To the residue, cold
diethyl ether was added whereupon the product precipitated.
The product was filtered off via a sinter funnel and dried
in a vacuum leaving the Phe-Phe-Glucose trifluoroacetate
as a white powder.

To compound CPT-COOH (224 mg, 0.05 mmol) in
1 mL anhydrous DMSO the following was added: NHS
(N-Hydroxysuccinimide) (6.9 mg, 0.06 mmol), DIC (N,N’-
Diisopropylcarbodiimide) (7.6 mg, 0.06 mmol), and DMAP
(4-Dimethylaminopyridine) (7.3 mg, 0.06 mmol), at room
temperature. After the reaction was stirred for 12 h at
room temperature, Phe-Phe-Glucose trifluoroacetate (29.3 mg,
0.05 mmol) was added, and then stirred for 2 h. The resulting
mixture was then poured into DCM and deionized H,O. The
insoluble solids in the dichloromethane phase were collected by

centrifugation. The precipitate was washed with water and DCM,
and dried under a vacuum to create CPPG as a pale yellow solid.

'H NMR (400 MHz, DMSO-dg) 8 8.74 - 8.67 (m, 1H), 8.22 -
8.13 (m, 3H), 7.92 — 7.80 (m, 2H), 7.76 — 7.70 (m, 1H), 7.28 - 7.21
(m, 2H), 7.22 - 7.09 (m, 10H), 7.09 - 7.04 (m, 1H), 6.71 - 6.65
(m, 1H), 5.56 - 5.43 (m, 3H), 5.33 - 5.23 (m, 2H), 4.95 (s, 1H),
4.73 - 4.37 (m, 4H), 3.66 - 3.55 (m, 3H), 3.52 - 3.46 (m, 1H), 3.00
(s, 3H), 2.72 (s, 2H), 2.37 (s, 2H), 2.35 - 2.30 (m, 2H), 2.10 - 2.04
(m, 2H), 0.89 (t, ] = 7.0 Hz, 3H).

13C NMR (101 MHz, DMSO-ds) § 173.3, 171.7, 171.4, 170.7,
167.7,157.0, 152.8, 148.4, 147.4, 146.4, 145.8, 138.4, 138.2, 132.0,
130.9, 130.2, 129.9, 129.6, 129.5, 129.0, 128.4, 128.4, 128.3, 126.6,
119.2,107.2, 95.6,91.2,76.5, 76.2, 72.6, 71.6, 71.0, 66.8, 61.6, 54.8,
54.4, 54.0, 50.7, 47.8, 38.4, 37.7, 30.8, 30.0, 29.4, 25.7, 23.8, 8.0.

HRMS (ESI) calculated for C43H49N5;NaO;3 [M + Na]™
926.3225, found: 926.3196.

Preparation and Characterization of

CPPG AIE Dots

The as-prepared hydrophobic AlIEgens (2,3-bis(4-(phenyl(4-
(1,2,2-triphenylvinyl) phenyl) amino) phenyl) fumaronitrile),

>
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FIGURE 1 | Characterizations of CPPG AIE dots. (A) Absorption spectra recorded for CPPG AIE dots. (B) Fluorescence emission spectra for CPPG AIE dots.

(C) Hydrodynamic diameter distribution obtained for CPPG AIE dots. (D) TEM ima
amphiphile CPPG.
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also known as TTE, were transferred into an aqueous solution
by coating with a CPPG amphiphilic molecular. A combination
of 1 mg CPPG and 1 mg TTF were then dissolved in
tetrahydrofuran (THF), then CPPG was added dropwise to water
under an ultrasonic environment, and repeatedly pipetted with
a pipette to remove THE, so that the amphiphilic molecules
self-assembled to form a water-soluble nano skeleton. Then,
under the same conditions, according to the volume of 1:1,
an equal volume of the TTF solution was drawn, added
drop by drop, and repeatedly pipetted to remove THF to
make amphiphilic molecules through self-assembly to form
a water-soluble nano skeleton. The liquid in the beaker
was then transferred to a dialysis bag with a molecular
weight of 1 KD, and dialyzed against distilled water for
48 h, during which the water was changed every 8 h to

remove free single molecules that did not form particles.
Then the purified CPPG AIE dots were concentrated for
further characterization and application. The UV-vis absorbance
spectra and photoluminescence (PL) spectra of CPPG AIE
dots were measured using PerkinElmer Lambda 25 UV-vis
absorption spectrophotometer and Edinburgh FS920 fluorescent
spectrometer, respectively. TEM images of CPPG AIE dots were
recorded using the FEI Tecnai G20 transmission microscope at
200 kV. Dynamic light scattering (DLS) analysis was taken using
a Zetasizer Nano ZS (Malvern Instruments).

Cell Treatment and Cell Imaging

For the imaging of AIE, the MCF7 and LO?2 cells were incubated
with CPPG AIE dots at 37°C. For glucosamine pre-block cell
imaging, a solution of glucosamine (10 mg/mL) was prepared

MCEF7

CPPG AlEdots
blocked

CPPG AlIEdots

Fluorescence

30 pm

Bright field

Overlay

RINTH

FIGURE 2 | Cancer cell targeting property of CPPG AIE dots. CLSM (Confocal Laser Scanning Microscopy) images of MCF7 cells (GLUT high-concentration) and
LO2 cells (GLUT low-concentration) after incubating with CPPG AIE dots under different treatments for 3 h at 37°C. For the pre-blocking experiment, cells were
pretreated with 10 mg/mL free glucosamine hydrochloride (dissolved in DMEM) for 30 min before incubation with CPPG AlE dots.

LO2

CPPG AlIEdots

CPPG AlEdots
blocked)
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(dissolved in DMEM) and added to each pore, then incubated RESULTS AND DISCUSSION

at 37°C for 30 min. The imaging was acquired using a confocal
laser scanning microscope (LSM 880, ZEISS, Germany). For cell Characteristics of CPPG AIE Dots

imaging, the cells were Washed with PBS thr.ee. times. A 480 nm  jth the CPPG AIE dots in hand, we first investigated the
laser was used as the light source and emission was collected spectral characteristics, all the test samples are from 4 mg/mL

from 600 to 700 nm. CPPG AIE dots, the UV/Vis absorption spectrum of CPPG
AIE dots dispersion displayed typical signals of TTF at
Cell Viability ~480 nm and the peak of CPPG at ~370 nm (Figure 1A

and Supplementary Figure S12), as for the fluorescence
emission spectra, CPPG AIE dots show a emission peak at
~650 nm (Figure 1B), which further confirmed the successfully
synthesized of CPPG AIE dots. Furthermore, DLS analysis
revealed that the average diameter of CPPG AIE dots was
~57 nm (Figure 1C), the uniform spherical morphology was
confirmed by transmission electron microscopy (TEM) analysis
(Figure 1D). In terms of stability, the size of CPPG AIE
dots stabilized within a week (Supplementary Figure S13) and
the fluorescence intensity remains unchanged under excitation
light which indicated good photostability (Supplementary
Figure S14). To study the fluorescence performance of
AIE dots in the poor solvent, we changed the fraction of
water and THF (Supplementary Figure S15) which showed
poor solubility when the percentage of water increased. In
addition, to study the loading capacity and versatility of
Statistical Analysis the nanodots formed by CPPG, we tested the different
All the results are reported as mean + SD. The differences among ~ volume mixing ratio of CPPG with TTF (Supplementary
groups were determined using one-way ANOVA analysis and ~Figures S16A,B) and two other AlEgens in the CPPG dots,
student’s ¢-test. they are DCPP-TPA (Supplementary Figures S16C,D) and

Cell viability was determined by a CCK-8 assay. Firstly, 150 pL
cell suspension was prepared in a 96-well plate and incubated
in the incubator for 24 h (37°C, 5% CO;). Then 2 pL of
different concentrations of (0-10 mg/mL) CPT and CPPG-AIE
were, respectively added to the plate and incubated for 48 h.
After removing the solution, 100 pL 10% CCK-8 (dissolved
in DMEM) was added to each pore (attention was paid to
not generate bubbles) and incubated for 40 min. Finally, the
absorbance at 450 nm was measured by a microplate reader. Cell
Survival Rate = [(As-Ab)/(Ac-Ab)] x 100% [As: Laboratory pore
(medium containing cells, CCK-8, CPT, and CPT or CPPG-AIE);
Ac: Control pore (medium containing cells, CCK-8, without CPT
or CPPG-AIE); Ab: Blank pore (medium without cells and CPT
or CPPG-AIE, CCK-8)].

CPPG AlEdots LysoTracker Bright field

..
["\'

20 pm

CPPG AlEdots MitoTracker Bright field

FIGURE 3 | Colocalization studies of CPPG AIE dots with LysoTracker Green DND-99 or MitoTracker Green FM in MCF7 cells, respectively.
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MEH-PPV (Supplementary Figures S16E,F), respectively. The
results indicated that the optimal loading capacity when the
mixing ratio is 1:1.

Cell Imaging of CPPG AIE Dots

Since GLUT presents high concentration in cancer cells, the
property of CPPG AIE dots as cancer cell specific fluorescence
light-up probes was studied for live cell imaging. Herein, the
human breast cancer cell line MCF7 and human hepatocytes
normal cell line LO2 were selected as the model for fluorescence
imaging research. As displayed in Figure 2, under a fluorescence
microscope, a strong red fluorescence was detected after MCF7
cells were incubated with 4 mg/mL CPPG AIE dots. However,
compared to the MCF7 cells, a weak red fluorescence was
observed in LO2 cells. Furthermore, when both MCF7 and LO2
cells were pre-treated with excess free glucosamine hydrochloride
for 30 min before the addition of CPPG AIE dots, only a very
weak red fluorescence was detected (Figure 2). These results
suggested that the intracellular fluorescence light-up of CPPG
AIE dots almost came from the endocytosis mediated by the
GLUT pathway. Moreover, the localization of CPPG AIE dots was
tracked by Lysotracker and Mitotracker (Figure 3), as it matched
very well with the Lysotracker, which also suggested that the entry
of CPPG AIE dots into cells was at least partially GLUT receptor-
mediated endocytosis. Herein, CPPG AIE dots can aggregated
much more in the cancer cells, which revealed a potential way
to distinguish cancer cell from normal cells.

Cell Viability

In order to assess the possibility of using the AG-targeted prodrug
CPPG AIE dots to inhibit cancer cells, the cell viabilities of MCF7
and LO2 were studied using CCK8 (Cell Count Kits-8). As is
shown in Figure 4, when treated with the same concentration

110

Cell viability (%)

2 4 6
Concentration (ug/mL)

FIGURE 4 | Cell viability determined by CCK-8 assay against MCF7 cells and
LO2 cells upon 48 h treatment with CPPG-AIE dots.

of the CPPG AIE dots, the cell viability of MCF7 was much
lower than LO2, which suggests that our design of nanoprobe
CPPG AIE dots works well in targeting the cancer cell and also
significantly inhibiting the cell growth.

CONCLUSION

In summary, taking advantage of the characteristics of
the AlEgens, we have successfully synthesized AIE-based
intracellular light-up nanoprobe CPPG AIE dots with self-
assemble and cancer cell targeted prodrug properties. The CPPG
AIE dots nanoprobe was selected for cancer cell targeted imaging
and selective suppression of the growth of cancer cells. As far as
we know, the strategies to combine the AIEgens with prodrug by
the FF element have not been widely used yet. Herein, such an
AIE-based nanoprobe offers a new choice for the development of
fluorescence light-up imaging and anticancer therapeutics.
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Nanotechnology is widely used in the fields of biology and medicine. Some special
nanoparticles with good biocompatibility, hydrophilicity, and photostability can be used as
ideal systems for biomedical imaging in early diagnosis and treatment of diseases. Among
them, aggregation-induced emission materials are new antiaggregation-caused
quenching nano-imaging materials, which have advantages in biocompatibility, imaging
contrast, and light stability. Meanwhile, heterogeneity of nanoparticles may cause various
adverse immune reactions. In response to the above problems, many researchers have
modified nano-materials to be multifunctional nano-composites, aiming at combining
diagnosis and treatment with simultaneous imaging and targeted therapy and additionally
avoiding immune reactions, which is of great potential in imaging-guided therapy. This
review discusses the application of aggregation-induced emission materials, and other
nano-imaging materials are also mentioned. We hope to provide new ideas and methods
for the imaging of nano-materials in diagnosis and treatment.

Keywords: aggregation-induced emission, immunity, inflammation, biomedical imaging, application of
aggregation-induced emission

INTRODUCTION

Nanotechnology is widely used in the fields of biology and medicine. Among them, nanoparticles
(NPs) play a key role in biomedical imaging and the therapeutic fields of modern medicine due to
their special physical and chemical properties, such as electrical conductivity, stability, and optical
properties. Some NPs, called nano-imaging materials, can be used as imaging agents (with
diagnostic capability) in ideal imaging systems. The nano-imaging materials commonly used
include carbon nanotubes (CNTs), nano-materials with metal ions, rare earth elements, and a new
kind of imaging material named aggregation-induced emission (AIE) materials (1). With the
improvement of biomedical imaging technology, nano-imaging materials enable the achievement of
early diagnosis and visualization during the treatment process based on their unique optical
properties. For example, in order to achieve the efficiency and visualization of the diagnosis and
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treatment, the multifunctional nano-probes with good
photothermal property, high imaging contrast, biological
safety, and accurate drug delivery are mainly developed. The
multifunctional nano-probes not only realize the various ways of
imaging, but also achieve an efficient treatment of neoplastic and
non-neoplastic disease by combination therapy (2); nano-
imaging material with metal ions can convert absorbed light
energy into heat energy, leading to the apoptosis or necrosis of
specific lesions, which is often used in the photothermal therapy
of tumors at present (3).

In recent years, people have been devoted to the research of a
new type of nano-imaging material, namely AIE materials. AIE
materials are essential materials about antiaggregation-caused
quenching (anti-ACQ), which were first reported in the study by
Tang et al. (4) in 2001. It is mentioned in the report that AIE
materials can be emitted more efficiently in an aggregated (rather
than dispersed) state. In accordance with the advantages of AIE
luminogens (AIEgens) in biocompatibility, imaging contrast
with biological background, and photostability (5, 6), their
potential applications in the fields of fluorescence bioimaging
and chemical sensors have attracted widespread attention for
research (7) by implementing multimodal imaging, synergistic
therapy, and tumor immunotherapy for monitoring as well as

effectively generating reactive oxygen species (ROS) as aggregates
in order to achieve high-performance fluorescence (FL) imaging-
guided photodynamic therapy (PDT) (8). As a result, AIE
materials may play an important role in the diagnosis and
treatment of neoplastic disease. In addition, AIEgens can be
used in the treatment of non-neoplastic diseases. In recent years,
antibiotics have been used frequently to cure bacterial infection
(9). It is critical to prepare a multifunctional system that has both
rapid bacterial differentiation and effective antibacterial
properties and to quickly identify gram-positive bacteria in
order to achieve an accurate and efficient antibacterial effect
(10, 11) (Scheme 1).

With the wide application of nano-imaging materials, there
are some problems in the safety of these special materials. Some
nano-imaging materials can communicate with biological
components (like cells, receptors, and proteins) and trigger cell
signaling cascades, which can cause an unpredictable immune
reaction (activation or suppression) or other negative results
(17), such as nondegradability, normal tissue damage, potential
immunogenicity, and even cell and systematic immunoreaction
and inflammatory reaction (both innate immunity and
immunological adaptive reactions) (18). After NPs get into the
body, the complement system can be activated by nano-imaging

SCHEME 1 | The application of AIE materials in neoplastic and non-neoplastic diseases. cited from Ref (12), Ref (13), Ref (14), Ref (15) and Ref (16).
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materials, and then they interact with the innate immune system
and cause an immunomodulation reaction based on their
physical and chemical properties (19). Furthermore, when
exposed to the X-ray, an amount of electrons and free radicals
damage cell DNA due to the toxic potentially of nano-imaging
materials with heavy metal ions. The aqueous solution or
physiological solution of the nano-imaging materials used in
MRI is less stable and easy to accumulate and precipitate (20),
react with plasma proteins, and be phagocytosed by monocytes
and macrophages. The damage of some nano-imaging materials,
like Ag NPs and Au NPs, to the human body derives from
ROS, which break mitochondria function, lysosomes, and
cytomembranes and causes apoptosis (21, 22). These imaging
materials interact with the cells of the liver, lung, spleen, and skin
directly, which will lead to oxidative damage and inflammation
(23). Therefore, the key to nanotechnology is to solve
heterogeneity when designing nano-materials in order to
extend circulation time in the body and achieve long-term
immune escape (3). This review emphatically sums up the
immunobiological applications related to AIE materials and
the solution of potential risks as well as summarizes the recent
developments, biological effects, and biomedical applications of
other nano-imaging materials.

THE LATEST DEVELOPMENTS AND
BIOMEDICAL APPLICATIONS OF AIE
MATERIALS

NPs with integrated multiple imaging and therapeutic modalities
have great potential in accurate diagnosis and improvement of
curative effect for tumors. Compared with traditional organic
fluorescent materials, AIEgens have higher luminous intensity,
photobleaching resistance, and biocompatibility so that they have
become a superior tool for biosensing and bioimaging (24, 25).

AlEgens Can Realize Multimodal Imaging
and Synergistic Therapy
Hypoxia in the tumor microenvironment often leads to reduced
effectiveness of radiation therapy (RT) for some malignant
tumors. However, photothermal therapy (PTT) under near
infrared irradiation (NIR) can increase the blood flow and
promote the oxygen supply of tumor tissue (26). Resulting
from the uneven distribution of heat in tumor tissue, the
tumor cannot be eradicated effectively by PTT alone (26).
Therefore, combining the uniform irradiation of RT with the
oxygen pump effect of PTT is an ideal choice to achieve
synergetic treatment of tumors and improve the therapeutic
effect. For tumor therapeutics, integrating multiple imaging
and treatment modes into a single structural unit in order to
attain an accurate diagnosis and improve the therapeutic effect is
a promising research interest with profound clinical value (27).
The simple Ag @ AIE core-shell nanoparticles (AACSN) were
prepared by Xue et al. (28) using the simple silver core/AIE shell
NPs, which realize a new strategy of multimodal imaging and
cooperative therapy. The adjustability of shell thickness could

help to overcome the incompatibility between FL and plasma
noble-metal NP while the excellent performance of FL and CT
imaging can also be maintained. More importantly, an additional
function is generated on the core-shell interface to achieve
outstanding properties of PT and PA. The experimental results
show that five types of imaging and therapy modes based on FL,
PA, CT, PTT, and RT are successfully constructed in core @ shell
nanostructure. This simplifies the complex preparation process
and avoids the potential incompatibility between different
components. This strategy provides an effective way to design
multifunctional nanomaterials for disease diagnosis and
synergetic treatment.

AlEgens Can Improve the Therapeutic
Efficiency of PTT and PDT
For optical materials, photophysical properties play key roles in
determining the biomedical function and efficacy of optical
agents. When an optical material is in an excited state, it
dissipates the energy through three pathways (29): fluorescence
emission (FE), intersystem crossing (ISC), and thermal
deactivation (TD), which are utilized as FL, luminescence, and
PA imaging or PTT, respectively. Regulating the optical agents
through a nano-engineering approach or molecular design can
enhance one of the three pathways of these agents and improve
one of their imaging effects. For the nano-engineering approach,
an optical agent can be delivered and aggregated in the tumor
and then reacts with the tumor microenvironment and opens up
the radiative pathway. For molecular design, one can improve
the molecular structure to narrow the energy gap, decrease
energy loss, or control the agent’s release, thus enhancing
cancer phototheranostics. As is mentioned in previous research
(30), one can control the imaging effect of AIEgens by regulating
FE, ISC, or TD. Dan Ding et al. use calix arene and AIEgens to
form supramolecular AIE dots, which are encapsulated by PEG-
12C. These kinds of NPs could restrict ISC and TD, so the light
excitation energy will only release by FE (see Figure 1), causing
highly emissive, photosensitive supramolecular AIE nano-dots.
PDT is an emerging means for tumor treatment. Under the
function of a photosensitizer (PS), the cytotoxic ROS are generated,
leading to the death of tumor cells (31). This method has the distinct
advantages of minimal invasion and high spatiotemporal precision
(32, 33). Although preliminary results have been achieved by PDT
in the treatment of tumors, there are still the following deficiencies.
First, traditional PSs such as rose bengal and methylene blue have
the problem of low generation efficiency of ROS, which limits the
antitumor activity of PDT (34). Second, the PSs mentioned above
exhibit intrinsically weak FL (35) while the lack of FE is not
conducive to manipulate FL imaging-guided PDT. Consequently,
multifunctional materials need to be designed to improve the
therapeutic efficiency of PDT. In recent years, the emergence of
PSs with AIE features has promoted the new development of PDT.
It is proved that AIEgens can effectively generate ROS as aggregates
and then realize high-performance FL imaging-guided PDT (36).
Inspired by the advantages of stimuli-responsive nano-micelles and
AIE PSs in tumor treatment, the team of You ML and Ben ZT
designed two kinds of stimuli-responsive nano-micelles carrying a
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far red-emissive AIE PS (MeTTMN) to improve the generation
efficiency of ROS and the PDT effect (37). Two kinds of stimuli-
responsive polymer, mPEG-Hyd-PCL-CIN (P-Hyd) and mPEG-
SS-PCL-CIN (P-SS), were successfully synthesized (8). The results
show that the synthesized polymer has good biocompatibility,
spontaneous assembly into nano-micelles in aqueous solution,
and good drug-loading ability (AIE-PS-MeTTMN with high drug
loading). In addition, compared to the control group, the generation
efficiency of ROS can be significantly improved by using stimulus-
responsive nano-micelle carriers at a simulative cancer
environment. These MeTTMN-loaded stimuli-responsive nano-
micelles have an efficient inducing effect on the apoptosis of
tumor cells. Jun D and Ben ZT et al. (38) efficiently made
fluorogen TTB with AIE properties encapsulated within a
polymeric matrix and modified with RGD-4R peptide to prepare
RGD-4R-MPD/TTB NPs with NIR emission, high photostability,
and low dark cell toxicity. The results show that the PDT based on
RGD-4R-MPD/TTB NPs T can effectively inhibit the growth of
cervical, prostatic, and ovarian cancer. By observing changes of
tumor histology and protein levels, it was found that it could

effectively promote the apoptosis and necrosis of tumor cells,
inhibit the proliferation of tumor cells, and thereby promote the
death of cells. These results suggest that the efficiency of FL
imaging-guided PDT could be improved in different ways, and
the NIR PS with AIE character might be used as a substitute for
nano-probes and nano-medicines in the clinical treatment of
various tumors.

The Monitoring of AlEgens in Tumor
Immunotherapy

As a new type of luminescent material, AIEgens has become a
powerful tool for biological sensing and monitoring, including
long-term tracking (39). The tumor immunotherapy provides
new options for the treatment of various types of malignant
tumors. It aims to train the immune cells in the host so as to
destroy the tumor cells, but the response in patients is generally
limited (40). Hence, the immune reaction needs to be monitored
in vivo in volunteers to optimize the immunotherapeutic effect.
At present, the existing methods include the determination of
whole blood lymphocytes and immunocytokine and biopsy of
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tumor tissue. However, these measures are invasive and cannot
effectively reflect the data of dynamic therapy (41). ROS plays a
key role in regulating biological functions from intracellular
homeostasis to cell death. What is more, it is essential for
ROS to activate immune reactions (42). In innate immunity,
the phagocytes (such as neutrophils and macrophages)
can spontaneously promote the generation of ROS and
fight against infection through an oxidation mechanism
(17). In an adaptive immune reaction, the activation of T
cell receptors triggers the generation of ROS in T cells, leading
to the activation of T cells and cytokine secretion (19). In
conclusion, the ROS can be used as a biomarker to monitor
immune activation. Dan Ding et al. (12) carried out a novel PS,
which reduced intermolecular interaction with a twisted donor-
m-acceptor (D-m-A) molecular structure, which could also
restrict the excited-state intramolecular motion due to the
steric hindrance (see Figure 2). With consumption of absorbed
excitation energy decreasing, more ROS were induced, and
immunogenic cell death was massively evoked. In recent years,
molecular imaging technology has wide prospective application

in real-time evaluation of immunoactivation in vivo in
volunteers. Although fluorescent probes can be used to detect
ROS (13), they are rarely used to detect ROS in immune cells
because of their inadequate biodistribution and poor sensitivity,
let alone for in vivo imaging of immune activation. D. Cui and K.
Pu et al. (14) synthesized a kind of semiconducting polymer
nano-reporters (SPNRs) with superoxide anion (O,e~), which
can activate chemiluminescence signals for in vivo imaging of
immunoactivation during tumor immunotherapy. Among them,
SPNR3 represents the first O,e -activatable near-infrared
chemiluminescent reporter. Owing to its high selectivity and
sensitivity, the SPNR3 can distinguish the higher O,¢™ levels
in immune cells from that in other cells (including tumor
and normal cells). After systemic administration, SPNR3
preferentially accumulates in the tumor cells of living mice
and activates the chemiluminescence signal in the tumor
microenvironment. In addition, the improvement of in vivo
chemiluminescence signals after tumor immunotherapy is
related to the increase of T cells in tumors, which indicate the
feasibility of SPNR3 tracking T cell activation. Therefore, this
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kind of AIEgens can be used for real-time imaging of tumor
immunotherapy in vivo, and it has great prospective application
for high-throughput screening of immunotherapeutics of
immunotherapy drugs.

In recent years, much research has been done on the
biomedical applications of AIEgens involved immunological
effects. For example, Wang et al. (43) discovered an FL self-
reporting approach based on AIE properties to monitor
polymeric fluorescent particles (PFPs). PFPs with uniform and
tunable sizes harboring the abilities of biolabeling and
photosensitizing, can be employed as superior optical nano-
agents for photo-controllable immunotherapy. NK cells keep
their original immunocompetence after coating with low-
concentration PFPs, and such immunocompetence could be
promoted by PFPs under light irradiation in PFP-coated NK
cells. In addition, PFP-coated NK cells promote immunotherapy
efficiency to cancer cells. Thus, excellent optical nano-agents
greatly boost the extensive applications of precipitation
polymerization in various science and technology areas.

The Role of AlEgens in the Treatment of
Non-Neoplastic Diseases

AlEgens for the Diagnosis and Treatment of

Bacterial Infectious Diseases

Human health is seriously threatened by bacterial infectious
diseases, especially those caused by gram-positive bacteria (44).
Millions of people are infected with gram-positive bacteria every
year (45); furthermore, such bacteria causes 25% of surgical-site
infections in nosocomial infections (46). In addition, in some kinds
of tumors, the gram-positive bacteria can significantly enhance the
resistance of chemotherapy drugs, reduce the curative effect of
chemotherapy drugs (2), and promote tumor growth and
metastasis (47). The traditional methods of bacterial identification
include a gram-staining test, plate-culture, polymerase chain
reaction, and immunological methods (48), but the
implementation of them requires complex instruments, much
time, large amounts of labor, and expensive fees (49). In recent
years, antibiotics have been used frequently to cure bacterial
infection (9). Although they are capable of killing bacteria and are
easily accessible, excessive use and abuse of antibiotics inhibit their
effectiveness and develop drug resistance (50). Therefore, in the case
of no drug resistance, it is critical to prepare a multifunctional
system that has both rapid bacterial differentiation and effective
antibacterial properties and to quickly identify gram-positive
bacteria in order to achieve an accurate and efficient antibacterial
effect (10, 11). FL imaging-guided photodynamic antibacterial
technology serves as an effective method to solve this problem in
recent years (15). Michelle M.S. Lee et al. (15, 51) use AIE-active
molecules called TTVP with good water solubility, NIR emission,
and extremely high generation efficiency of ROS for the first time to
carry out bacterial identification and photodynamic antibacterial
research. The research indicates that TTVP can selectively target
gram-positive bacteria through a washing-free and ultrafast staining
procedure after the incubation period of 3 s, which shows ultrafast
bacterial identification. The results of in vitro and in vivo
experiments show that TTVP can completely inactivate gram-

positive bacteria under white light irradiation in vitro, so it is a
kind of super strong light-mediated antibacterial. More significantly,
it also has a significant effect on photodynamic antibacterial
treatment in a rat model of skin wound infection. This was the
first time it has been reported that NIR-emissive AlEgen as a
multifunctional agent can effectively kill gram-positive bacteria in
vivo and in vitro with both specific identification and
photodynamics, which provide guidance for the rational design of
easy-to-operate and time-saving bacterial identification reagents
and the promotion of the development of high-performance
antibacterial materials.

The Diagnosis and Treatment of Parkinson’s Disease
(PD) With AlEgens

PD is one of the most common progressive neurodegenerative
diseases, which often occurs in people aged 60 years and over with
symptoms of shaking palsy and involuntary tremble (52). However,
the exact cause of the disease is unknown (53). Recently, studies
have shown that lipid droplets (LDs) serve as containers of
triglycerides and cholesteryl esters as well as the dynamic
organelles for lipid metabolism, protein storage, signal regulation,
and cell apoptosis (54). It was found by Liu et al. (55) that
mitochondrial disorder and oxidative stress lead to accumulation
of LDs, and the oxidized lipid metabolites further promote
mitochondrial disorder and cause neuronal death and PD, which
indicates LDs may play an important role in PD’s progress. Thus,
the real-time monitoring of LDs from PD patients is of great value.
Li HL et al. (16) synthesized ultra-stable AIEgen probe 2-DPAN to
monitor the dynamic process of LDs in PD model cells. The results
show that LDs are closely related to the change of mitochondrial
activity; that is, lipase can accelerate the process of cell death,
prestimulate LDs through unsaturated fat acid oleic acid (OA),
and reduce the process of cell death by inhibiting the production of
excess ROS and fat acid so as to protect the mitochondria.
Therefore, real-time behavior monitoring of LDs is important and
necessary in the early stage of PD prevention. The application of 2-
DPAN proves the importance of LDs in neuronal homeostasis, and
the effective regulation of LDs may prevent or inhibit the progress of
PD. Benefiting from its good specificity, photostability, and
biocompatibility, the probe may become a useful tool for studying
LD-related diseases.

THE DISADVANTAGE AND
IMPROVEMENT OF AIE MATERIALS
AND NANO-IMAGING MATERIALS

Deficiencies and Modification of AlEgens

Based on the research on AlEgens in the past 20 years, it can be seen
that the introduction of AIE can solve the problem of fluorescent
quenching. However, there are still some limitations, such as high
hydrophobicity, poor cell compatibility, short emission wavelength,
low penetration, long latency (> 5 min), and being time-consuming
(56, 57), which severely limit the biological applications of AIE
materials in vivo. To develop and promote the biomedical
applications of fluorescent organic NPs based on AIE materials,
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their biocompatibility and the application of cell imaging are further
studied. The hydrophobic surface of NPs can be modified to be
hydrophilic so that they can have good water dispersibility and
novel AIE properties. Xi QZ et al. (58) have designed a new system
of FL bioprobes based on nano-aggregates combining AIE-based
organic fluorogens Anl8 (derived from 9,10-distyrylanthracene
with an alkoxyl end group) and surfactant Pluronic F127. It was
also the first time to propose a simple method for preparing AIE-
based fluorescent organic nanoparticles (FONs) by mixing AIE
units (Anl8) and surfactant F127. Originating from the
hydrophobic interaction between Anl8 and F127, water-soluble
An18-F127 NPs are widely used in cell imaging. The research shows
that the modified AIE-based NPs are biocompatible with cells and
easy to observe. It means that the surfactant-modified AIE-based
FONs have good water solubility, biocompatibility, and a
convenient preparation method, which can be used as a new kind
of bioimaging dye.

Deficiencies and Modification of
Nano-Imaging Materials

As an important part of innate immunity, the complement system is
the first defense to deal with invaders and protect the body, and it
can be activated by three pathways, i.e., the classical, alternative, and
mannan-binding lectin (MBL) pathways. After NPs get into the
body, they interact with the innate immune system and generate the
immunomodulation reaction based on their physical and chemical
properties (19). With the participation of the complement members
(see Figure 3), the acute anaphylactoid reaction or anaphylactic
reaction would be triggered. In order to reduce the adverse reactions
and toxicity, it is feasible to use surface modification technology and
restrain the formation of complement C3 and C5 invertase so as to
improve innate immune compatibility and safety in vivo.

Because of high X-ray absorbance, metal nano-imaging
materials can be used as radio sensitizers. Nevertheless, this is
potentially toxic because of the heavy metal ions. The aqueous or
physiological solution of the magnetic NPs (MNPs) used in MRI
is less stable and easy to accumulate and precipitate (20),
resulting in the decrease of effective concentration in the tissue.

Thus, ligand choosing is the premise and basis for optimizing
and stabilizing the optical properties of a nanocluster and
reducing its toxicity. In addition, according to the physical and
chemical properties of NPs, the multifunctional NPs of
biocompatibility would be manufactured after the modification
(59) for the immune escape and in vivo longevity.

The damage of some nano-imaging materials, like Ag NPs
and Au NPs, to the human body derives from ROS, which
could interact with the cells of the liver, lung, spleen, and skin
directly, leading to oxidative damage and inflammation (23).
Cytoskeleton damage, mitochondrial activity, and the changes of
protein and nucleus metabolism are the main effects of NPs on
the cells. Studies of cytotoxicity and genotoxicity show that
toxicity of some nano-imaging materials to tumor cells led to
cytoskeleton damage and impact cell division, which explain the
potential applications and mechanism of nano-imaging
materials on malignant tumor therapy.

CONCLUSION

With the rapid development of the emerging field of nanomedicine,
nano-imaging materials are applied to daily life and medicine.
Functional/smart AlEgen probes have made great progress in
specific bacterial imaging and killing, targeted cell/intracellular
organelle imaging and ablation, and targeted tumor therapy. At
present, biomedical imaging is mainly used for the diagnosis and
therapy for image capture. Previous studies demonstrate that most
of AlEgens harbor low in vitro cytotoxicity, and one of the
limitations of AIEgens is that they are not good at building FL
“turn-on” nanoprobes. Therefore, complex molecular design and
modification must be carried out to obtain multi-functional nano-
imaging materials (60). Great efforts have been made to modify new
AlEgens and traditional nano-imaging materials for the decrease of
the immune reaction and to synthesize multifunctional nano-
composite particles through the design of nanostructures, which
provides a new method for realizing image-guided tumor therapy
and multimode imaging and collaborative therapy. Researchers
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FIGURE 3 | The complement system can be activated by three pathways, that is, classical, alternative, and MBL pathways.
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have designed various multifunctional nano-composite particles
based on photothermal conversion and the improvement of
mediating tumor oxygen levels, which are beneficial for the
therapy of combination photothermal and radiation. Additionally,
nano-imaging materials can enhance the targeting of drug delivery
as the chemotherapy drug carrier and make tumor targeting
imaging and combined therapy (chemotherapy and radiotherapy)
possible by combining PTT and MRI diagnosis. Similarly, the
synthesis and modification of AlEgens through different ways
could improve the efficiency of FL imaging-guided PDT, NIR PS
with AIE character could be the substitutes of nano-probes and
nanomedicines for multiple tumor clinical therapies and real-time
supervision and imaging during tumor immune therapy, optimizing
the effect of the immune therapy. Nano-imaging materials can not
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The long-term pandemic of coronavirus disease 2019 (COVID-19) requires sensitive and
accurate diagnostic assays to detect severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) virus and SARS-CoV-2 antibodies in infected individuals. Currently,
RNA of SARS-CoV-2 virus is mainly detected by reverse transcription-polymerase
chain reaction (RT-PCR)-based nucleic acid assays, while SARS-CoV-2 antigen and
antibody are identified by immunological assays. Both nucleic acid assays and
immunological assays rely on the luminescence signals of specific luminescence probes
for qualitative and quantitative detection. The exploration of novel luminescence probes
will play a crucial role in improving the detection sensitivity of the assays. As innate
probes, aggregation-induced emission (AIE) luminogens (AlEgens) exhibit negligible
luminescence in the free state but enhanced luminescence in the aggregated or restricted
states. Moreover, AlEgen-based nanoparticles (AIE dots) offer efficient luminescence,
good biocompatibility and water solubility, and superior photostability. Both AlEgens
and AIE dots have been widely used for high-performance detection of biomolecules
and small molecules, chemical/biological imaging, and medical therapeutics. In this
review, the availability of AlEgens and AlE dots in nucleic acid assays and immunological
assays are enumerated and discussed. By building a bridge between AIE materials and
COVID-19, we hope to inspire researchers to use AIE materials as a powerful weapon
against COVID-19.

Keywords: COVID-19, diagnosis, aggregation-induced emission, immunoassay, nucleic acid

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) virus, has spread over 216 countries/regions and resulted in more than 84
million infected cases and nearly 1.8 million deaths (1). SARS-CoV-2 is an RNA virus and has
five open reading frames (ORFs) to encode the hemagglutinin esterase dimer protein (HE), the
spike protein (S), the envelope protein (E), the glycosylated membrane protein (M), and the
nucleocapsid protein (N), respectively (2, 3). The pathogenesis of SARS-CoV-2 infection contains
two courses: virus entry cell and virus replicates. During the cellular entry of the virus, the S
protein plays a key role through host recognition and is closely associated with the human receptor
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angiotensin-converting enzyme 2 (ACE2), which is highly
expressed in the lung, stomach, small intestine, colon, kidney,
and lymph nodes (4-6). The human immune system responds
to viral infection via the innate and adaptive immune systems,
gradually producing antibodies against SARS-CoV-2 (7). Despite
the use of multiple therapies over nearly a year, there are still
no effective treatments for SARS-CoV-2 infection. Thus, the
most effective and economical strategy is to identify infected
individuals and prevent healthy individuals from coming into
contact with infected individuals.

Current detection methods can be divided into two categories:
nucleic acid assays and immunological assays (8-12). Nucleic
acid assays directly detect the presence of SARS-CoV-2 virus
in the upper respiratory tract during the first days of infection.
Among nucleic acid assays, reverse transcription-polymerase
chain reaction (RT-PCR)-based assays are currently considered
the gold standard and are generally composed of six steps: (1)
collection of respiratory samples using swabs, (2) inactivation
of SARS-CoV-2 using lysis buffer, (3) purification of the
SARS-CoV-2 RNA, (4) conversion of the purified RNA to
complementary DNA (cDNA) using reverse transcriptase, (5)
amplification of the specific regions of cDNA using primers,
and (6) detection of the amplified cDNA using luminescence
probes (11). The design of primers and probes targeting
different regions of the SARS-CoV-2 genome can significantly
affect the detection sensitivity, as low-performance nucleic
acid amplifications and probes may generate false negatives.
Moreover, nucleic acid assays require specialized instruments
and complicated operations and are of little help in identifying
past infections and monitoring infection status and immune
progress (13). On the other hand, immunological assays with
simpler design enable convenient and rapid detection of SARS-
CoV-2 antigen, immunoglobulin M (IgM) and immunoglobulin
G (IgG) antibodies in the serum of infected individuals (8).
IgM and IgG are generally produced after 5-10 d upon SARS-
CoV-2 infection and last for several weeks (8). Immunological
assays rely on the formation of immune complexes between
the antibody and antigen. In the presence of appropriate
substrates, luminescence probes labeled on the antibody or
antigen can be activated to produce a given luminescence that
is capable of both qualitative observation under a UV lamp
and qualitative analysis on a spectrophotometer. Obviously, the
detection sensitivity of nucleic acid assays and immunological
assays is closely related to the performance of the luminescence
probes. However, conventional luminescence probes inevitably
encounter the aggregation-caused quenching (ACQ) problem at
high target concentrations, greatly limiting their performance.

Aggregation-induced emission (AIE), first proposed by Tang
in 2001, is a diametrically opposite phenomenon to ACQ (14).
The luminogen with AIE characteristics is named AIEgen, which
has no/low luminescence in the molecularly dispersed state but
enhanced luminescence in the aggregated state (14-18). Further
mechanistic studies indicate that strong luminescence can be also
achieved by restricting the intramolecular motions (RIM) of the
AlEgens in the molecularly dispersed state (16-18). After 20 years
of outstanding development, a great family of AIEgens has been
established, ranging from twisted conjugated AIEgens to planar

conjugated AIEgens and irregular non-conjugated AIEgens (14—
21). Moreover, AlEgen-based nanoparticles (AIE dots) have been
well-developed to obtain highly efficient luminescence (22-25).
Both AlEgens and AIE dots are widely used for the high-
performance detection of small molecules and biomolecules,
chemical/biological imaging, and medical therapeutics (15, 22—
33). Undoubtedly, some of them can be used for nucleic acid
assays and immunological assays. Therefore, this review aims to
bridge the gap between AIE materials and COVID-19 detection
and proposes AIE materials as potential diagnostic weapons
against COVID-19. Possible candidates for nucleic acid assays
and immunological assays are summarized. This knowledge may
contribute to the development of advanced diagnostic kits that
are effective for more sensitive assays.

AlEgens EXHIBIT GREAT POTENTIAL FOR
NUCLEIC ACID ASSAYS

Since the number of viruses reach the maximum in the first
few days of infection, nucleic acid assays can provide the
earliest information to determine the presence or absence
of the SARS-CoV-2 virus (9). Although the protocols and
advances of nucleic acid assays have been reviewed (8-12),
little attention is paid to the design of luminescence probes
for highly sensitive detection of the amplified cDNA. Typically,
commercial double-stranded DNA (dsDNA) binding dyes (e.g.,
SYBR Green) show low luminescence in the free state but
enhanced luminescence upon insertion into the dsDNA sequence
(9). Their luminescence intensity increases quantitatively with
the exponential amplification of ¢cDNA. However, the short
Stokes shift (<30nm) allows a large overlap between the
absorption and emission spectra, which leads to self-absorption
or inner-filter effects, thus reducing the signal-to-noise ratio and
the detection sensitivity (30). There is no doubt that further
innovations in producing more efficient luminescence signals
and outputs could significantly improve the detection sensitivity.
Therefore, this section focuses on the great potential of using
AlEgen-based DNA probes to improve the sensitivity of current
nucleic acid assays.

Similar to SYBR Green, AlEgen-based DNA probes show
low luminescence in the free state but enhanced luminescence
upon binding to dsDNA, which is caused by RIM (32-51).
AlEgen-based DNA probes (Figure1) consist of two parts:
AlE-active groups for producing light-up signals and targeting
groups for binding to DNA (34-53). The AIE-active groups
have a larger Stokes shift (>100nm) compared to SYBR Green,
which prevents the reabsorption or inner-filter effects as well
as aggregation-caused quenching, thereby improving sensitivity.
The effect of AlEgen structures on DNA detection has been
systematically revealed by studying the number of binding
groups, the length of hydrophobic linking groups and the
molecular conformation. Taking the AlIEgens 1, 3, and 5 as
examples (39, 42), their cationic amino-groups can endow
them with good water solubility to avoid the aggregation and
fluorescence of the AIE-active tetraphenylethene (TPE) groups.
Meanwhile, these amino-modified AIEgens can firmly bind
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FIGURE 1 | Chemical structures of AlEgens for the detection of nucleic acids. Adapted and modified with permission from Xu et al. (39) (Copyright 2014 American
Chemical Society), Wang et al. (44) (Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim), Wang et al. (47) (Copyright 2018 Royal Society of Chemistry),
Gao et al. (48) (Copyright 2019 American Chemical Society), and Yuan et al. (52) (Copyright 2020 American Chemical Society).
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negatively charged dsDNA through electrostatic interactions and
hydrogen bonds, resulting in TPE aggregation to display strong
fluorescence. The detection limit of AIEgen 1 and AlEgen 3
with two amino-groups were much lower than that of AIEgen
5 with four amino-groups, indicating that the extra two amino-
groups cannot make AIEgens bind dsDNA more firmly but
reduce the aggregation of TPE groups. On the other hand,
AlEgen 3 with longer hydrophobic linking groups showed higher
sensitivity than AIEgen 1 with shorter hydrophobic linking
groups. This result demonstrated that stronger hydrophobic
interactions between AlEgens can facilitate the aggregation of
TPE groups, leading to the enhanced fluorescence and higher
sensitivity. Based on the revealed relationship between the
AlEgen structures and detection sensitivity, AIEgens 11-14 with
restriction of double-bond rotation were developed to further
improve the sensitivity of sensing DNA (52). In addition, the
conformational change of AIEgen 10 results in a two-color
fluorescent signal from red to green, enabling selective and
sensitive determination of dsDNA (48). When bound to anionic
macromolecules, AIEgen 10 emits a bright red fluorescence at
about 640 nm. Interestingly, dSDNA can wrap around AIEgen 10
and change its molecular conformation, resulting in a change in
conjugation and bright green fluorescence of about 537 nm. From
these published studies, it is understood that AIEgens with two
binding sites, proper hydrophobicity and variable conformation
enable sensitive detection of dsDNA. To facilitate the utilization
of AIEgen-based DNA probes, their detection limits for dsDNA

are summarized in Table 1. It is clear that AIEgen-based DNA
probes are like a vast treasure trove, and some of them can serve
as reliable and sensitive fluorescence probes that can be quickly
adapted to SARS-CoV-2 PCR assays after proper calibration. At
the same time, more efforts are needed to develop new AIEgens
for other nucleic acid-based SARS-CoV-2 assays.

AlEgens EXHIBIT GREAT POTENTIAL FOR
IMMUNOLOGICAL ASSAYS

Theoretically, if the luminescence signals can increase with
the concentrations of luminescent labels without the ACQ
problem, the detection sensitivity for immunological assays will
be continuously improved. This is exactly the strength of AIE,
therefore, this section focuses on the great potential of using
AlEgens and AIE dots to improve the sensitivity of current
immunoassays, such as enzyme-linked immunosorbent assays
(ELISA) and lateral flow immunoassays.

ELISA is typically performed on the plate wells coated with
the SARS-CoV-2 viral protein. The SARS-CoV-2 antibody (if
present) can specifically bind the SARS-CoV-2 viral protein to
form antibody-protein complex, which can be detected by an
additional tracer antibody. This assay is very fast and results
can be obtained within 1-5h. Various AIEgens with switchable
luminescence have been successfully used in ELISA (54-58),
and can be good candidates for constructing ELISA to detect
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TABLE 1 | Summary of detection limits for dsDNA.

AlEgens Target analyte LOD References
1 75-300 bp 4 ng/band (39)
50 bp 10.5 ng/band
35 bp 15 ng/band
50 bp >42 ng/band
3 75-300 bp 1 ng/band
50 bp <3.5 ng/band
35 bp 5 ng/band
25 bp 7.5 ng/band
20 bp 8 ng/band
15 bp 19 ng/band
10 bp <24 ng/band
1 75-300 bp 1 ng/band (42)
50 bp <3.5 ng/band
35 bp 2.5 ng/band
25 bp 5 ng/band
20 bp 5.3 ng/band
15 bp 9.5 ng/band
10 bp 12 ng/band
6 + GO1 T1 0.17 x 107° M (44)
6 + GO2 11.8 x 107°M
6 + GO3 155 x 1079 M
7 + GO1 2.7 x 1079 M
7 4+ GO2 229 x 1079 M
7 + GO3 26.1 x 1079 M
8 + GO1 21 x107°M
8 + GO2 241 x 1079 M
8 + GO3 22.4 x 1079 M
9 DNA (cas: 9007-49-2) 0.02 pg/mL (47)
10 ct DNA 1.75ng/mL (48)
WT HIV DNA 72 x 107" M
11 FS-DNA 123 pM (52)
13 74 pM
12 496 pM
14 235 pM
11 ct DNA 7.3ng/mL
13 1.6ng/mL
12 22ng/mL
14 2.1ng/mL

SARS-CoV-2 infection. For example, a dual-modality readout
immunoassay platform was developed using AIEgen-based signal
unit consisting of streptavidin-alkaline phosphatase (SA-ALP),
TPE-APP with enzyme cleavage sites, and gold nanoparticles
(56). When the immunocapture unit composed of magnetic
beads, anti-VP1 monoclonal antibodies (mAb-VP1), rabbit
polyclonal antibodies (P-Ab) and biotinylated antibodies (Biotin-
Ab) captures the target EV71 virus, SA-ALP will promote the
hydrolysis of the water-soluble TPE-APP to produce the water-
insoluble TPE-DMA, resulting in the aggregation of TPE-DMA
in water and the emission of bright fluorescence (Figures 2A,B).
The fluorescence turn-on mode gives the immunoassay platform

a lower detection limit, as low as 1.4 copies/nL (56). At
the same time, the hydrolysis of TPE-APP can mediate the
reduction of silver ions, thereby generating silver nanoshells
on the surface of gold nanoparticles. The resulting nanoshells
cause a significant plasmon color change, which can be clearly
recognized by the naked eye in a wide range from 1.3 x 10°
to 2.5 x 10° copies/iL (56). Additionally, the immunocapture
unit can capture different wanted targets (e.g., H7N9 virus and
Zika virus) through conjugating suitable antibodies to achieve
accurate and ultrasensitive detection. It can be anticipated
that the proposed protocol could inspire and stimulate new
developments in clinical diagnosis of SARS-CoV-2 viral protein
with high accuracy and sensitivity by varying AlEgens with
switchable luminescence. Compared to most turn-off fluorescent
probes, the fluorescence turn-on property gives AIEgens a unique
advantage in terms of signal reliability and sensitivity.

Lateral flow immunoassay is typically performed in a paper-
like membrane strip with two lines (8). The test line is coated with
colorimetric or fluorescent material-antibody conjugates, and the
control line is coated with capture antibodies. After depositing
the test person’s blood on the membrane strip, the SARS-CoV-2
antibody (if present) can specifically bind to the colorimetric or
fluorescent material-antibody conjugate while flowing through
the test line. The resulting complex continues to move until it
is immobilized by the capture antibodies on the control line,
causing a visible line under daylight or ultraviolet (UV) light. It
is worth noting that the sensitivity of the fluorescent signal is
much higher than that of the colorimetric signal. By virtue of
the AIE feature, AIEgens can be integrated into nanoparticles
at high concentrations, resulting in one AIE dot for labeling in
response to one binding unit (59-61). For example, AIEgen-
based fluorescent microsphere (AIEFM) was obtained by self-
assembly of poly(methyl methacrylate) (PMMA), poly (maleic
anhydride-alt-1-octadecene) (PMAO), sodium dodecyl sulfate
(SDS), and AIE-active TCBPE (Figures 2C,D). The hydrophilic
part of PMAO acts outward as a functional group to conjugate
with anti-E. coli O157:H7 monoclonal antibody, forming the
fluorescent immunoprobe (AIEFM-mAb) (59). Anti-E. coli
0157:H7 polyclonal antibody (pAb) was immobilized on the
test line (T) of the nitrocellulose membrane while goat anti-
mouse antibody (sAb) was immobilized on the control line
(C). The target E. coli O157:H7 (if present) can be specifically
captured by mixing with AIEFM-mAb to generate bright
fluorescence on both the test line and control line. Otherwise,
AIEFM-mAb can only be captured by sAb on the control
line to emit bright fluorescence. The advantage of using AIE-
active TCBPE is that the higher the loading of TCBPE, the
stronger the fluorescence signal and the higher the detection
sensitivity. As a result, the AIEFM endows the lateral flow
immunosensor with a very low detection limit, down to 3.98 x
10> CFU/mL, which is about 10 times lower than that of the
two commercial FMs (59). Undoubtedly, the above strategy is
also applicable to the construction of lateral flow immunoassay
kits for detecting SARS-CoV-2 antigen and antibody. Higher
performance detection can be achieved not only by using
different AIEgens for AIEFM, but also by using other AIE dots.
In addition, some news reported that lateral flow immunoassay
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FIGURE 2 | (A) ALP-catalyzed hydrolysis of TPE-APP to TPE-DMA. (B) Schematic illustration of fluorescent and plasmonic colorimetric dual-modality for virus
detection based on the ALP-catalyzed hydrolysis of TPE-APP. Reprinted with permission from Xiong et al. (56). Copyright 2018 American Chemical Society. (C)
One-pot synthesis strategy and (D) the principle of the immunochromatographic assay based on AIEFM. Reprinted with permission from Zhang et al. (59). Copyright
2019 Elsevier B.V.

kits for SARS-CoV-2 antigen or antibody detection have been  include, but are not limited to: poly(ethylene glycol) derivatives
developed through the use of highly luminescent AIE dots (62,  (e.g. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
63). Therefore, it is reasonable to conclude that AIEgens-/AIE ~ N-[methoxy(polyethylene  glycol)-2000]  (DSPE-PEG200),
dots-based SARS-CoV-2 immunoassay kits can be designed and  poly(ethylene glycol)-b-polystyrene (PEG-b-PS), 1,2-distearoyl-
produced with higher sensitivity and lower detection limit. sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene

To facilitate the understanding and utilization of AIE dots,  glycol)-5000] (DSPE-PEGsgg-folate), etc.), bovine serum
current AIE dots are divide into two categories: pure AIE  albumin (BSA), and biocompatible surfactants (e.g., pluronic
dots and composite AIE dots (22-25). The commonly used  F127 and lecithin). It is worth noting that the internal dispersion
preparation method is anti-solvent precipitation, which is  of AIEgens throughout the amphiphilic matrix may be stochastic
achieved by adding an anti-solvent in which AIEgens are poorly = and vary from molecular to aggregate distributions when
soluble or by reducing the volume of a solvent in which AIEgens  preparing and using the composite AIE dots. Compared
are well soluble. This method is convenient and principally  to the pure AIE dots, the composite AIE dots preserve the
applicable to any AlEgen to form the pure AIE dots. However,  properties of both materials to offer a number of unique
the formed pure AIE dots usually have difficult to control particle ~ advantages: (1) synthetic efforts are minimized by reducing
morphology (e.g., spheres, ellipsoids, and bulk amorphous), the hydrophilic groups; (2) luminescence performance
particle size, and surface modification, making them difficult to  are well-tuned by mixing various AlEgens in different
perform desired and specific applications. To overcome these  concentrations; and (3) high specificity and responsiveness
difficulties, more sophisticated molecular designs and synthetic ~ are achieved by using the amphiphilic matrices to conjugate with
efforts are required to obtain functional AIEgens. On the other  diverse linkers.
hand, the composite AIE dots are formed from encapsulating
various AlEgens into the different amphiphile matrices. Thee  CONCLUSION
amphiphile matrices provide not only stability for the AIE
dots and water solubility for the organic AlEgens, but also  Global health is facing the most dangerous situation regarding
enhance the control of morphology and size of AIE dots. By ~ the COVID-19 pandemic. Owing to the large number of
simultaneously precipitating ATEgens and amphiphilic matrices,  infected cases worldwide, the rapid long-term spread, and lack
spherical AIE dots of uniform particle sizes are usually produced,  of effective treatments, there is a continuing need for more
which can be easily further modified. The commercial matrices  sensitive, low-cost, rapid, and point-of-care diagnostic kits to
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identify cases of SARS-CoV-2 infection in communities and
individuals without advanced facilities. To date, while RT-
PCR assays have become the primary technique for detection
of SARS-CoV-2 RNA, other nucleic acid assays including
isothermal amplification assays, hybridization microarray assays,
amplicon-based metagenomics sequencing, and the cutting-edge
CRISPR-related technologies have also been developed (64).
Challenges related to current nucleic acid assays mainly include
improving detection sensitivity to eliminate false negatives and
performing rapid and point-of-care tests outside of sophisticated
laboratories. On the other hand, immunological assays are
capable of detecting both SARS-CoV-2 antigens and antibodies.
Immunoassays for antigens enable direct, rapid, low-cost, and
point-of-care detection of SARS-CoV-2 infection at an early
stage. Since antigen proteins are unable to be amplified like viral
genes, it is crucial to develop new fluorescent probes to improve
sensitivity. Immunoassays for antibodies can provide valuable
knowledge about the course and extent of the immune response,
which are useful in further identifying infected individuals and
their close contacts. In particular, the immune persistence of

healthy participants can be well-tracked during the vaccination
phase. Based on the challenges present in these assays, this review
highlights the inherent advantages of AIEgens and AIE dots that
can help improve sensitivity (Scheme 1). AIEgens used in nucleic
acid assays show negligible fluorescence in the free state but turn-
on fluorescence upon binding to dsDNA, and the fluorescence
signals increase with the binding numbers without the ACQ
problem. Similarly, the AIE dots used in the immunoassays can
continuously increase the fluorescence intensity by increasing the
loading concentration of AIEgens.

In addition, there are some issues that need further
improvement when AIE materials are used to COVID-19
detection: (1) development of the sequence-specific DNA
probes labeled with AIE dots and quenchers; (2) promotion of
AIE dots-based lateral flow immunoassay kits for COVID-19
clinical testing; (3) diversification of AlEgens and AIE dots
that can be directly labeled with highly targeted molecules
(e.g., antibodies); and (4) further attempts to use AIE materials
for studying immune mechanisms and pharmacological
treatment of COVID-19 infection (65). With these solid
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foundations and promising possibilities, there is no doubt
that AIE materials should be regarded as a promising
anti-SARS-CoV-2 weapon.
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Perovskite nanomaterials (NMs) possess excellent physicochemical properties and have
promising applications in light-emitting diodes (LEDs), lasers, photodetectors, and artificial
synapse electronics. Potential exposure to these NMs happens in the manufacture and
application of the perovskite-based products, however, the biological safety of these NMs is
still unknown. Here, we used the LaNiOz NM (LNO), a typical kind of perovskite nanostructures
to study the interaction with macrophages (J774A.1) and to explore its biological effects at the
cellular level. Firstly, we characterized the properties of LNO including the size, shape, and
crystal structure using Transmission electronic microscope (TEM), Dynamic lighting scattering
(DLS), and X-ray diffraction (XRD). Secondly, to gain a better understanding of the biological
effect, we evaluated the effect of LNO on cell viability and found that LNO induced cell
autophagy at a concentration of 5 pg/ml and influenced the inflammatory response based on
RT-PCR result. Finally, we demonstrated the mechanism that LNO causes cell autophagy and
immune response is probably due to the metal ions released from LNO in acidic lysosomes,
which triggered ROS and increased lysosomal membrane permeation. This study indicates
the safety aspect of perovskite NMs and may guide the rational design of perovskite NMs with
more biocompatibility during their manufacture and application.

Keywords: perovskite nanomaterials, LaNiO3, autophagy, dissolution, inflammation response

INTRODUCTION

The crystal structure of perovskite nanomaterials (NMs) can be described as ABX; octahedron (1).
The cation of A is composed of lanthanide including La, Sc, Y, Ce, Pr, Nd, Pm, Sm, etc., while the B
cation origins from transition element including Ni, Cr, Co, Fe, etc. X is constituted as anion,
halogen and chalcogen are the dominating elements (2, 3). Perovskite oxide NMs exhibit more
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stable and higher electron conduction efficiency compared to
conventional NMs with low cost (4, 5), which endows promising
application in the fields of energy storage and electronic devices
including light-emitting diodes (LEDs), lasers, photodetectors,
artificial synapse electronics, wearable electronics, and intelligent
vehicles (6-8). During the manufacture and consumption, the
latent exposure of such perovskite NMs to human being
increases; however, the biological safety of perovskite NMs is
still uncertain. Until now, few reports have reported biological
effects of the perovskite LNO.

As we know, mononuclear-macrophage system (MPS) is a
class of cells including macrophages, dendritic cells (derived
from monocytes) and granulocytes (9) that are widely separated
in the human body with the property of phagocytosis, in which
the cells engulf and destroy bacteria, viruses, and other foreign
substances such as nanomaterials (10, 11). As one of the most
important barriers, macrophages are responsible for engulfing
nanomaterials and removing them in vivo. NMs will thus end up
in the macrophages of the tissues and organs during their
exposure and long-term residence (12, 13). In addition, MPS
cells participate in the innate immune responses, through which
cells are activated by the NMs and pathogens and then secrete
pro-inflammatory cytokines and promote their clearance (14).
Thus, it is crucial to evaluate how LNO interact with MPS and
the potential effects of LNO on the functions and viability of
macrophages after the exposure.

Herein, we investegated the interaction of LNO perovskite
oxide NMs with macrophages and potential effects on cytotoxicity
and immunological responses. First, we characterized the
morphology, size distribution, surface charge, and the
component of LNO NMs. Second, we evaluated the effects of
LNO on the viability of the macrophage cell line J774A.1 and
confirmed that LNO NMs induced cell autophagy. Thirdly, to
explore cell autophagy mechanism, we utilized TEM to capture the
engulfment, accumulation, and the location of LNO NMs within
J774A.1 cells. We also employed inductively coupled plasma mass
spectrometry (ICP-MS) to evaluate the release of metallic ions
from LNO in an artificial lysosomal fluid (ALF). After the
exposure to LNO, we further introduced AO assays by means of
Laser scanning confocal microscopic (CLSM) imaging to assess
lysosomal membrane integrity (LMP). Finally, we demonstrated
that due to the metal ions released from LNO NMs, intracellular
Reactive Oxygen Species (ROS) elevated that caused the
impairment of LMP. Furthermore, LNO NMs mediated the
secretion of cytokines including interleukin, tumor necrosis
factor, etc. according to ELISA kit and RT-PCR which suggested
immunological effects of LNO NMs. We concluded that LNO-
based perovskite materials are chemically active that caused the
autophagy of macrophages and mediated immune responses.

MATERIALS AND METHODS

Materials and Chemicals
LaNiO; nanomaterials were prepared according to previous
publication (15) and donated by Prof. Hui Wei in Nanjing

University. DMEM medium (Hyclone, USA), streptomycin/
penicillin(Sigma, USA), Fetal bovine serum (FBS) (BI, Israel),
Trypsin-EDTA (TE) (Hyclone, USA), phosphate-buffered saline
(PBS) (Hyclone, USA), phenol red-free medium (Hyclone, USA),
TBST(Sigma, USA), SDS-PAGE (Hyclone, USA), SDS-
polyacrylamide (Hyclone, USA), HNO; (BV-III, Beijing Institute
of Chemical Reagents, China), H,O, (MOS level, Beijing Institute
of Chemical Reagents, China), OsO, (Sigma, USA), and DCFH-
DA (Invitrogen, USA). All chemicals were analytical grades and
artificial lysosomal fluid was prepared by Milli-Q water.

Characterization of LaNiO3

The morphology of LNO materials were characterized by (TEM,
a Tecnai G2 20 S-TWIN) at an accelerating voltage of 200 kV.
Zeta potential and hydrodynamic diameter of the materials were
measured by a Zeta Sizer Nano series Nano-ZS (Malvern
Instruments Ltd., UK); TZY-XRD(D/MAX-TTRIII(CBO) was
utilized to acquire the crystal configuration. LNO differences in
water and the artificial lysosomal fluids(ALF), which was
prepared according to previous publication.

Cell Culture

Mouse monocytic cell lines or mouse macrophages (J774A.1)
were obtained from ATCC, USA. Cells were cultured in a
complete medium containing 90% DMEM medium, 10% FBS,
and streptomycin (100 pg/ml)/penicillin (100 U/ml) at 37°C in a
humidified 5% CO, incubator.

Cytotoxicity Assay

Cytotoxicity of LNO was determined by a Cell Counting-Kit 8
(CCK-8) assay (Dojindo, Japan). In brief, J774A.1 cells were
seeded in 96-well plates at a density of 2.5x10°/well overnight.
And then, the cell medium was replaced by the fresh DMEM
medium containing a series of concentrations (1.25, 2.5, 5, 10, 20,
40, and 80 pg/ml) of LNO. After 24 h treatment, the cells were
rinsed twice with PBS at pH 7.4 and further incubated with a 100
pL of mixture including 10% CCK-8 and 90% complete medium
(v/v) at 37°C for 1 h in a humidified 5% CO, incubator. The
absorbance of the mixture at 450 nm was obtained by a
microplate reader (Enspire, USA), while the absorbance of the
same sample at 600 nm was used for the reference. Each sample
contains five repeated wells for CCK-8 assay.

Autophagy Fluorescent Probe Analysis
J774A.1 cells were seeded on a petri dish at a density of 5x10” cells/
well overnight. After twice rinsing with PBS, the probe for
autophagy, DAL Green (Costar, Corning, NY) (16), was incubated
with cells for 30 minutes under a 37°C incubator. After twice rinsing
with phenol red-free medium, cells were treated with Ino(2.5, 5 ug/
ml) for 12 h, respectively. Then, a confocal microscope was used to
detect the fluorescence signal of DAL Green. The cells were observed
under confocal microscope and samples were excited at 488 nm
(Perkin Elmer Ultra View Vox system, USA).

Subcellular Structures Observation by TEM
The cells were seeded in six-well plates and exposed to LNO
(5 pg/ml) for 12 h. Then, cells were digested by TE, washed three
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times with PBS, and collected as cell pellets. About 200 ul of 2.5%
(w/w) glutaraldehyde in PBS solution was added to the cell
pellets and stored at 4°C overnight. Afterward, the cells were
sequentially fixed with 1% (w/w) OsO4 in PBS for 1 h,
dehydrated with ethanol, embedded in resin, cut into ultrathin
sections, placed on the copper grids, and stained with osmic acid
before the observation. Finally, the images of the subcellular
localization of LNO and the subcellular structures were observed
using a bio-transmission electron microscope (HT7700).

Western Blotting

J774A.1 cells were treated with LNO at 2.5 and 5 pg/ml for 12 h
and then lysed in a RIPA lysis buffer (containing protein
inhibitor). To obtain the total protein concentration, BCA Kit
(Pierce) was employed. For each sample, 20 pg protein was
loaded on SDS-PAGE and electrophoresed. The proteins were
separated on a 12% or 5% SDS-polyacrylamide gel at 120 V and
transferred to a nitrocellulose membrane at 250 mA. At room
temperature, the membranes were blocked for 2 h by the solution
containing 0.05% Tween-20 (TBST) and 5% non-fat milk that
was diluted by TBS buffer. After rinsing with TBST three times,
the membranes were incubated with various primary antibodies
against B-actin, LC3 I, LC3 II, and p62 (Cell Signaling
Technologies, USA) that were diluted by 1:1000, overnight at
4°C. After washing three times with TBST, the secondary
antibodies in a blocking solution with a dilution of 1:3000 were
added. After 2 h incubation, the membranes were rinsed three
times with TBST, followed by chemiluminescence, and finally
detected using a gel-imaging analysis system (Bio-Rad, UK).

Cellular Uptake and Efflux of LNO

To comprehend the process of uptake, the cells were seeded in
6-well plates at a density of 5x10°/well and exposed to 5 pg/ml
LNO for 3, 6, 12 and 24 h. For the exocytosis, cells were first
exposed to 5 pg/ml LNO for 12 h and then rinsed twice with
PBS. After that, cells were further cultured for 12,24 and 36 h in
a DMEM medium containing 1% FBS. Each sample had five
replicate wells. After rinsing with PBS three time, cells were
collected, counted, and centrifuged. Then, the samples were
incubated with 4 ml HNO; overnight within conical flasks.
Next, the samples were heated for 2 h with a temperature
maintaining at 150°C During the heating, the 30% H,O, was
gradually added to the flasks drop by drop until the solution
became colorless. Afterwards, the solution was cooled to room
temperature and diluted by a 2% HNO; solution to a final
volume of 3 ml. A series of concentrations containing 0.1, 0.5, 1,
5, 10, 50, 100, 500, and 1000 ng/ml lanthanum and nickel were
prepared as standard solutions. In addition, a final
concentration of 40 ng/ml indium was added as the internal
standard. All the solutions were measured three times by ICP-
MS (Thermo, USA) and the data were shown as mean value and
standard error (17-19).

Detection of Metal lon Release in ALF
LNO at 200 pg/ml (10 ml) were incubated with the ALF with a
pH value of 4.5 for 3, 6, 12 and 24 h, respectively. After different

incubation time, the sample were collected by a centrifugation at
9000 rpm for 15 min. The supernatant was digested according to
the procedure mentioned above and diluted by a 2% HNO;
solution to a final volume of 3 ml before the measurement by
ICP-MS. The ratio of La and Ni was used to evaluate the
ion release.

Analysis of Lysosomal Membrane Integrity
Acridine orange (AO, Sigma, USA) assay (20) was used to assess
the lysosomal membrane integrity (21). Cells were first seeded in
a 6-well plate at a density of 5x10” cells/well, stained with 1 pg/
ml AO for 15 min, rinsed with PBS, and then exposed to 5 pug/ml
LNO for 12 h in a complete medium. Then rinsed with PBS,
dispersed in a serum-free and phenol red-free medium. Finally,
the cells were observed under confocal microscope (Perkin Elmer
Ultra View Vox system, USA) and samples were excited at 488
nm, and emission was detected at 537 nm (green) and 615
nm (red).

Reactive Oxygen Species (ROS) Assay

Cells were seeded on a petri dish with a density of 5x10° cells/
well. After 24 h culture, cells were exposed to 2.5 and 5 pug/ml
LNO for 12 h. After twice rinsing with PBS, the cells were
incubated with PBS containing 10 uM DCFH-DA for 25 min at
37°C. After twice rinsing with PBS, cells were cultured with
serum-free and phenol red-free medium and then observed by a
microscope with the excitation wavelength at 488 and the
emission at 525 nm.

Real-Time Reverse Transcription
Quantitative PCR (Real-Time RT-qPCR)
and Inflammation Effects
Cells were differentiated onto 6-well plates at a density of 1x10°
cell/well for 48 h. To prime the macrophages, the cells were
treated with 5 pug/ml Ino for 12 h. RT-PCR experiments were
done to determine the level of mRNA expression. The TRIZOL
reagent method (Life Technology, CA, USA) was utilized to
isolate RNA from cells. About 10 p mol oligonucleotide (Oligo
dT)(Sigma, USA) primer and Moloney murine leukemia virus
reverse transcriptase (M-MLV, Promega, Madison, USA) added
2 pug of RNA was used to generate cDNA. Each sample was
prepared for real-time quantitative PCR in a final reaction
volume of 20 pl by adding Master Mix (Promega, Madison,
USA) and SYBR Green (Invitrogen, Paisley, UK). The
amplification cycle was performed by Realplex4 (Eppendof,
Germany). The primers synthesized by Sangon Biotech
(China) were shown as below:

TNFo:

F-CATCTTCTCAAAATTCGAGTGACAA
R-TGGGAGTAGACAAGGTACAACCC

IL10:

F-CTTACTGACTGGCATGAGGATCA
R-GCAG CTCTAGGAGCATGTGG
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IL-1B:
F-TGAAATGCCACCTTTTGACAGTG
R-ATGTGCTGCTGCGAGATTTG

NEF-kB:

F-GGGCTATAATCCTGGACTTCTGG
R-AGTTTCCAGGTCTGATTTCCTCC

IL-8:

F-CACCTCAAGAACATCCAGAGT
R-CAAGCAGAACTGAACTACCATCG

IL-6:

F-GAGGATACCACTCCCAACAGACC
R-CAAGCAGAACTGAACTACCATCG

GAPDH:

F-GACCCCTTCATTGACCTCAAC
R-CTTCTCCATGGTGGTGAAGA

Statistical Analysis

All the data were statistically analyzed using Origin 9 software
by one-way ANOVA or Student ¢ test. Significant difference
based on that p value is less than 0.05. Data were shown as
mean value + standard error of three replicated experiments
at least.

RESULTS

Characterization of LaNiO3

TEM was employed to characterize the morphology of LNO in
water and artificial lysosomal fluids (ALF) at pH 4.5 as shown in
Figure 1A. The result indicated that there was structural
variation in LNO NMs from the water to the ALF after 24 h
exposure LNO displayed long tentacle-like shape in ALF rather
than in the water, which meant physical or chemical changes in
LNO within the acidic ALF environment. This result was further
confirmed by XRD results. Compared with XRD pattern of LNO
NM:s dispersed in water, the characteristic peaks for 101, 021, 122
and 220 crystal facets disappeared in the ALF (Figure 1B), which
suggested the impaired structure of LNO in the acidic lysosome.
Based on DLS measurement, we found that the average of
hydrodynamic size of LNO NMs in water was 350 + 20 nm
(Figure 1C).

Cytotoxicity and Cellular Location

of LaNiO3

We then investigated the effect of LNO on the viability of j774a.1
cells after 24 ;, exposure (Figures 2A, B). CCK-8 results indicated
that LNO NMs decreased cell viability in a dose-dependent
manner with an IC50 concentration of 5.08 + 0.14 pg/ml
(Figure 2B). For the following experiments, the concentrations
of 2.5 and 5 pg/ml were chosen to evaluate the cellular effects of
LNO NMs. Compared with the control, multiple and large
intracellular vesicles with a size of several micrometers (labeled
by yellow arrows) formed after LNO NMs treatment, which were
observed by optical microscope (Figure 2A). TEM images show
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FIGURE 1 | Characterization of LNO. (A) TEM images of LNO NMs as dispersed in water and ALF. (B) Powder X-ray diffraction patterns of LNO NMs as dispersed
in water (red line) and ALF (black line). (C) Size distribution of LNO NMs in water as determined by DLS.
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FIGURE 2 | Cytotoxicity and localization of Ino nms. (A) Images of j774a.1 cells before and after treatment with 2.5 and 5 pg/ml LNO as observed by an optical
microscope. (B) Dosage-dependent effects of LNO on J774A.1 viability after 24 h exposure as determined by cck-8 assay (n=6). (C) TEM images of subcellular

.5 pg/mL
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Lysosome

the formation of large vesicles and the accumulation of LNO
NMs in the lysosomes or the phagolysosomes. Within the
organelles, the most of LNO aggregated. At a higher dosage of
5 pg/ml, the exposure of LNO NMs resulted in much more and
larger intracellular vesicles compared to the control and that at
2.5 pg/ml. In addition, the mitochondrial structure turned to be
swelling (Figures 2C, 3A). Thus, TEM results suggest that LNO
NMs might influence the structure of organelles such as
lysosomes, phagolysosomes, and mitochondria.

Autophagy Induced by LaNiO;
We further checked death pathways of LNO-treated for J774A.1
cells at the morphological and molecular levels. Autophagy plays
a crucial role in the processes of removal, degradation, and
recycling of misfolding proteins or damaged organelles. When
cells sense the signals for misfolding proteins and damaged
organelles, the autophagy is triggered and the autophagosomes
will form that is a type of vesicles composed of double-layer
membrane with engulfed matters (22). In an acidic environment,
autophagosomes fuse with lysosomes to form
autophagolysosomes, and the contents of autophagolysosomes
will be degraded by digestive enzymes in the lysosomes (23).
After the exposure to LNO at the sub-lethal doses such as 2.5 and
5 ug ml™" for 12 h, both the autophagosomes and autolysosomes
were visible based on TEM images (Figure 3A).

In addition, DAL Green is a small-molecule probe that is
specific for autophagy, which is capable of emitting fluorescence
in hydrophobic and acidic environments and can be thus used to

identify autophagolysosomes (24). After the exposure to 2.5 and
5 ug ml™' LNO for 12 h, obvious fluorescence signal appeared
compared to the control that suggested the induced autophagic
lysosomes by LNO (Figure 3B).

Moreover, we verified the autophagy at the protein level by
analyzing the conversion of the autophagy-related protein,
microtubule-associated protein 1 light chain 3 (LC3). LC3 has
two isoforms: LC3-1 is cytosolic, while LC3-1I is associated with
autophagosome membranes. Autophagy is featured as an
increase ratio of LC3-II protein (25). WB results show that
both the level of LC3-II and the ratio of LC3-II to LC3-I
expression enhanced with the increasing dosage of
LNO (Figures 3C, E). As we know, p62, or SQSTM1/
sequestosomel, is a substrate that is preferentially degraded
during the autophagy (26). The expression of p62 was
downregulated with the increasing LNO concentration
(Figures 3C, D). Taken together, LNO induced the autophagy
of J774A.1 cells.

Impairment in Lysosomal Membrane
Integrity Induced by LNO

Acridine orange (AO) is a pH-sensitive probe for that is proper
for the assessment of lysosomal membrane integrity. AO can
penetrate cell membrane and distributes in the different
organelles where it exhibits distinct fluorescence signals. With
an excitation at 488 nm, at the acidic environment such as
lysosomes/endosomes, AO emits bright red color while it shows
green color at the neutral or basic environment such as the
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FIGURE 3 | Cell autophagy induced by LNO. (A) TEM images for the subcellular structures indicating the induced autophagolysosome in J774A.1 cells after 12 h
exposure to 5 pg/ml LNO. (B) Images of the autophagy-specific fluorescent probe when J774A.1 cells were exposed to LNO for 12 h and labeled with the probes
as observed by CLSM. (C) The expression of autophagy-related proteins including IC3-i, IC3-ii, and p62 in J774A.1 cells after LNO exposure for 12 has detected by
western blotting. (D) The ratio of intensity of the IC3-i, IC3-ii, and p62 protein expression compared to B-actin as calculated by the gray value according to Image J
software. (E) The ratio of the IC3-ii VS IC3-i expression calculated by the gray value according to Image J software.

cytoplasm and the nucleus. When the lysosomal membrane
integrity decreased, the pH will increase and then there was
significant color change in the lysosome from red to green or
yellow (27). Confocal images for AO staining show that LNO
increases lysosomal membrane permeation at 5 pg/ml, in which
the fluorescence of lysosomes changed from red to green
(Figure 4).

Release of La and Ni lons in the Acidic
ALF Environment

The degradation and dissolution of perovskite materials in the
organisms and the release of metal ions is a crucial way to induce
toxicity (28, 29). To understand why LNO influence the
lysosome membrane, it is necessary to explore chemical
behaviors of LNO in the lysosomes. We then used ICP-MS to
determine the release of La and Ni ions within the artificial
lysosomal fluid. After the exposure to LNO for 24 h at 5 pg/ml,
the amount of intracellular lanthanum and nickel ions increased
in a time-dependent manner within 12 h while it decreased at
24 h, suggesting the uptake reached an equilibrium at 12 h and

cells removed LNO or metal ions after the uptake (Figure 5A).
The accumulation of La was much higher than that of Ni in the
cells, which may be due to much more removal of Ni than La
during the internalization of LNO. After 12 h uptake, time-
dependent removal by cells was evaluated after the withdraw of
LNO in the cell culture media. ICP-MS results indicated that
both La and Ni were released in the media with the increasing
time (Figure 5B). We calculated the percentage of the metal ions
released from the accumulated LNO at 12 h uptake and found
that the efflux ratio of Ni was much higher than La during 36 h
exocytosis, which suggested faster removal of Ni than La during
the cell-LNO interaction (Figure 5C). The reason may be that a
part of La ions may form LaPO, in the cytoplasm that decreased
the exclusion process, while Ni can be excluded by cells by means
of metal ion transporters and pump (30, 31).

Furthermore, we evaluated the dissolution of LNO and the
release of ions in ALF fluid with a pH of 4.5. When LNO NMs
were centrifuged and the supernatant was collected to quantify
the dissolved metal ions from LNO. After continuous incubation
of LNO with ALF for 36 h, the released La and Ni from 200 pg/ml
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FIGURE 4 | Influence of LNO on the lysosomal membrane permeation. The lysosomal membrane integrity of J774A.1 before (A) and after the exposure (B) to 5 pg/ml
LNO 12 h using AO staining. The scale bar represents 20 um.
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FIGURE 5 | Cellular uptake of LNO and the release of La and Ni from LNO. (A) The uptake of LNO in J774A.1 cells after exposure to 5 pg/ml LNO as determined by ICP-
MS (n=5). The signs (** and ***) indicates significant different for the level of La and Ni between the group and that at 3h uptake with p < 0.01 an p < 0.001, respectively.

(B) The exocytosis of La and Ni elements in the supematant as detected by ICP-MS. Cells were exposed to 5 pug/ml LNO for 12 h and then further cultured in fresh medium
for 36 h (n=5). The signs (** and ***) indicates significant different for the level of La and Ni between the group and that at exo 12h with p < 0.01 an p < 0.001, respectively.
(C) The percentage of the released La ions and Ni ions in J774A.1 cells that was calculated by the formula of the amount of element released/the uptaken element amount.
(D) The persistent release of metal ions from LNO when LNO was incubated with ALF solution as detect by ICP-MS (n=5). The sign ** indicates the very significant difference
between samples and control (p < 0.001).
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LNO suspension was shown in Figure 5D. At such an acidic
buffer, LNO gradually released metal ions with the time and the
dissolution rate for La and Ni kept the same.

Triggering High Level of Oxidative Stress
by LNO

To verify the effects of metal ions derived of LNO, we evaluated
the production of ROS in J774A.1 cells after the exposure to
LNO. After the incubation with 2.5 and 5 pug/ml LNO, DCEF, a
ROS-specific fluorescent probe was used to determine the level of
ROS in J774A.1 cells at 12 h. Optical microscopic images show
that LNO significantly promotes the production of ROS in a
dose-dependent manner (Figure 6). After the exposure to 2.5
and 5 pg/ml LNO, intracellular ROS levels separately elevated
to ~2.2 and ~3.2 folds compared to control, which may be
explained by the uptake of LNO and the release of metal ions.
As we know, transition metal ion may cause oxidative stress by
interacting with antioxidant systems in the cells and taking part
in catalytic reactions (32). Oxidative stress refers to the

Control

imbalance between oxidation and antioxidation in the body,
which can be caused by the massive production of reactive
oxygen species (ROS) that tends to oxidize biological
molecules, leads to inflammatory infiltration of neutrophils
and increases secretion of proteases. ROS directly participates
in the regulation of cell survival and death (33-35). The
overloaded free radicals can oxidize proteins, lipids, and
nucleic acids within cells and impair their structures and
functions. In the case of high level of oxidative stress, the
damage in the organelle membrane structure such as proteins/
enzymes and phospholipids may increase LMP and trigger the
release of cathepsin B and D from lysosomes. As a result, the
damage in lysosomes/endosome membrane promotes the release
of lysosomal contents that activates cell autophagy (24).

Promoting the Immune Responses by LNO
Cytokines include blood cell growth factors and interleukins,
abbreviated as IL that refers to the lymphokine, which are
involved in the cell-cell interaction for white blood cells and
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FIGURE 6 | Intracellular ROS level after the exposure to LNO. (A-C) Optical images for intracellular ROS stained by DCFHDA when cells are treated by 2.5 and
5 pg/ml LNO for 12 h. (D) Quantitative analysis of relative intensity of intracellular DCF fluorescence based on optical images. Data are expressed by mean value and

standard errors (n=3).
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immune cells in order to regulate immune responses (36, 37).
Cytokines play crucial roles in the activation and regulation of
immunological system, which mediate the activation,
proliferation and differentiation of T and B cells, and also
affect inflammatory responses (38, 39). The activation of
nuclear factor kappa beta (NF-kB) pathway is an upstream
event that mediates inflammatory responses, which may be
involved in the occurrence and development of multiple
diseases (40). Both the increased lysosomal membrane
permeation and the autophagy are related to immunological
effects of macrophages (41, 42). We thus tested the expression of
inflammatory response-related factors including tumor necrosis
factor-ot (TNF-ar), Interleukin-6(IL-6)/Interleukin-13 (IL-1PB),
and NF-xB by RT-PCR when the cells were treated with 2.5
and 5 pug/ml LNO for 12 h.

RT-PCR results show that LNO at 5 pg/ml suppressed the
expression of NF-xB after 12 h treatment (Figure 7A).
Moreover, the expression of proinflammatory cytokines
including TNF-o (Figure 7B), IL-6 (Figure 7C), and IL-1f
(Figure 7D) at mRNA level was decreased after the LNO
treatment. The gene expression of these factors at mRNA
level thus indicated that LNO exhibited immunosuppressive
effect by inhibiting NF-kB pathway and the expression of
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several inflammatory factors (Figure 7). For classical NF-xB
pathway, NF-xB molecule enters the nucleus through p65 and
p50 to regulate inflammatory activation which can be induced
by cytokines, ROS, and metal ions etc. However, selective
autophagy can modulate p100/p52 stability that inhibits the
activation of non-canonical NF-xB pathway (43), by which we
can understand the reason why LNO induced autophagy
efficiently suppressed the inflammatory responses. Moreover,
TNEF-0 is mainly secreted by macrophages and plays an
important role in the onset of inflammation (44), which and
involved in the regulation of tumor microenvironment and the
development in diseases (45). IL-6 can be produced by
macrophages and has pleiotropic functions in immune
system, which activates immune cells to remove pathogens,
to repair damaged tissues, to regulate acute immune response
(46) and is also involved in autoimmune diseases and chronic
inflammation (47). As an inflammatory cytokine, IL-1f is
widely involved in a variety of pathological damage processes
such as human tissue destruction and edema formation as well
as inflammation response (48, 49). In summary, the
decreased expression of proinflammatory cytokines suggests
that LNO may serve as a potential inhibitor for the
inflammation therapy.
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FIGURE 7 | Regulation of immune response in the macrophages by LNO. The expression of NF-kxB (A), TNF-a. (B), IL-6 (C), and IL-1B (D) in J774A.1 cells after the
exposure to 2.5 and 5 pg/ml LNO for 12 h as measured by RT-PCR (n=3). The sign ** indicates the significant difference between the LNO-treated group and the control.
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DISCUSSIONS

The study about the dissolution and release of heavy metal ions
from LaNiO; is crucial to understand the safety of LNO
perovskite nanomaterial. The toxic effects of metal ions on
tissue and cells are well-known in many studies (28, 29). The
quantitative results for intracellular La and Ni by ICP-MS show
that both of La and Ni can be internalized by macrophages
quickly and then a half of them can be released at least within
24 h. These metal ions contribute to the lysosomal membrane
impairment. One of the major reasons is that the released La
ions from LNO can react with the phosphate groups of
phospholipid heads on the lysosomal membrane (50), which
probably destroys the structure of the lysosomal membrane
and triggers autophagy. In addition, the released Ni ions may
also contribute to ROS production through Fenton-like
catalytic reaction.

Under the exposure to stressors such as pathogens and
inflammatory signals, autophagy plays crucial roles in innate
and adaptive immunity as an effector and mediator, during
which autophagy-related proteins act to achieve a balance
between activation and inactivation of innate immune signaling
(51, 52). For example, the formation of NLRP3 inflammasomes
can be suppressed due to the degradation of NOD-like receptor
(NLR), a key component of NLRP3 inflammasomes during the
autophagy As a result, the maturation and secretion of IL-1f and
IL-18 decreased and the inflammation is suppressed (52, 53). In
addition, under the stimulation by the stressors, pathogen-
recognition receptors (PRR) such as toll-like receptor (TLRs)
can form a complex with MyD88 and TRIF but are recognized
by autophagy-related receptors, such as SQSTM1, HDAC-6,

NDP52, which triggers the degradation of the TLR-containing
complex in the autolysosomes (54). The other autophagy-related
receptors, such as OPTN and UBQLNI, can promote the
degradation of TRIF and TRAF in the autolysosomes. As a
result, TLRs signaling is negatively regulated in the autophagy
(52, 53). Thus, LNO can not only induce macrophage autophagy
but also is capable of suppressing inflammation.

Macrophage autophagy regulates the physiological and
pathological process. For example, autophagy can targeted
degrade IL-1, inhibits the activation of inflammasome NLRP3
and reduces the release of inflammatory cytokines. Induced
autophagy may weaken sepsis inflammation according to
immunosuppression in the late stage of sepsis to a certain
extent (36). In addition, macrophage autophagy plays a vital
role in the physiological functions of the pulmonary system and
its inflammatory response during the infection, pathogenesis,
and chronic lung diseases. In a mouse model of acute lung injury
induced by hemorrhagic shock, the autophagy of macrophages
can inhibit inflammation and reduce acute lung injury (37). By
starvation or rapamycin treatment, the autophagy of
macrophages promotes the elimination of Mycobacterium
tuberculosis (55). Furthermore, macrophage autophagy has
been shown to be highly related to the regulation of intestinal
natural immune response. AMPK activator GL-V9 can trigger
macrophage autophagy, degrade NLRP3 inflammasomes, and
have a protective effect on colitis and tumor formation in mouse
colitis-related colorectal cancer (56, 57). Therefore, based on the
capability of inducing autophagy of macrophages, LNO may
serve as a nanomedicine to inhibit inflammation for the therapy
purpose in immune regulation diseases, such as tumors, lung
injury, and intestinal immune diseases.
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FIGURE 8 | The mechanism of LNO induces protective autophagy of monocytes by inhibiting the expression of inflammatory factors to promote immune response.
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CONCLUSION

In summary, we studied the interaction of a typical perovskite LaNiO;
(LNO) with the macrophages and biological effects. We found that
LNO nanomaterials reduced the viability of macrophages via the
autophagy and show the autophagy evidences from cellular
morphology, intracellular structures, and the expression of
autophagy-related proteins after the exposure of LNO. We further
explored the biological and chemical mechanism about the autophagy.
We found that cellular uptake of LNO was time-dependent and then
LNO was dissolved in the lysosomes or artificial lysosome fluid due to
the acidic environment where metal La and Ni ions were released.
Next, the release of metal ions induced ROS production and resulted
in oxidative stress that increased lysosomal membrane permeation to
induce the autophagy. The possible mechanism about how LaNiO;
causes autophagy in the macrophages is shown in Figure 8. Moreover,
we also evaluated the immune response after the LNO exposure and
observed that LNO inhibit the expression of NF-kB, TNF-q, IL-6, and
IL-1B at mRNA level, which suggested suppressive effect of LNO on
inflammation responses with potential application for the pathogen
infection intervene, disease therapy, and tissue repairment. This study
revealed the safety and biological effects of perovskite nanomaterials,
such as LaNiO; on the macrophages, which will guide the
manufacture and design of safe nanomaterials during the
production and consumption.
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Traumatic brain injury (TBI) is one of the top three specific neurological disorders, requiring
reliable, rapid, and sensitive imaging of brain vessels, tissues, and cells for effective
diagnosis and treatment. Although the use of medical imaging such as computed
tomography (CT) and magnetic resonance imaging (MRI) for the TBI detection is well
established, the exploration of novel TBI imaging techniques is of great interest. In this
review, recent advances in fluorescence imaging for the diagnosis and evaluation of TBl are
summarized and discussed in three sections: imaging of cerebral vessels, imaging of brain
tissues and cells, and imaging of TBI-related biomarkers. Design strategies for probes and
labels used in TBI fluorescence imaging are also described in detail to inspire broader
applications. Moreover, the multimodal TBI imaging platforms combining MRI and
fluorescence imaging are also briefly introduced. It is hoped that this review will
promote more studies on TBI fluorescence imaging, and enable its use for clinical
diagnosis as early as possible, helping TBI patients get better treatment and rehabilitation.

Keywords: traumatic brain injury, inflammation, molecular diagnostics, biomarkers, nanomaterial, imaging

INTRODUCTION

Traumatic brain injury (TBI) refers to a brain damage caused by trauma, usually occurring in traffic
accidents, falls, violent blows, sports, and combat (Leeds et al., 2014; Treble-Barna et al., 2017; Li
et al,, 2018). As one of the top three specific neurological disorders worldwide, TBI has become a
huge public problem that threatens human health and life. Currently, more than 50 million people
suffer from TBI every year, which puts a heavy burden on their families and the whole society (Maas
et al,, 2017). During the TBI process, the initial impact causes both primary and secondary injuries.
Primary injuries include cerebral concussion, cerebral contusion, laceration, and penetrating wounds
that occur immediately as a result of direct mechanical damage (Katzenberger et al., 2013; Kwon
et al., 2016; Barbacci et al., 2017). On the other hand, some pathophysiological processes, such as
post-traumatic neurotransmitter release, free radical generation, mitochondrial dysfunction,
inflammatory response, abnormal coagulation function, and blood-brain barrier damage,
subsequently cause secondary brain injuries and lead to cerebrovascular and neurological
disorders (Brown et al., 2019; Glotfelty et al., 2019; Ghosh et al., 2020). Therefore, rapid and
sensitive imaging of brain tissues, cerebrovascular vessels, and cells is particularly important for the
diagnosis and treatment of TBL
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SCHEME 1 | Fluorescence imaging for visualizing cerebral vessels, brain tissues and cells, and TBI-related biomarkers. Partially cited from ref (Li et al., 2018), ref
(Wang et al., 2019), ref (Xie et al., 2013), ref (Maas et al., 2017).

Medical imaging including computed tomography (CT) and  promising technique for the diagnosis and evaluation of TBIL To be
magnetic resonance imaging (MRI) is the most used imaging  specific, this review summarizes the current utilization and
modality for TBI (Brody et al., 2015; Shin et al., 2018; Lindberg ~ performance of fluorescence imaging for visualizing cerebral
etal, 2019). CT is capable of objectively reflecting the size, shape, ~ vessels, brain tissues and cells, and TBI-related biomarkers
and distribution of brain tissues, while MRI can provide a higher =~ (Scheme 1). The design strategies for TBI imaging since 2008 are
level of anatomical detail of brain tissues for noninvasive and  described and discussed in detail. Additionally, multimodal imaging
longitudinal assessment of vessel occlusion, tissue injury, and  platforms based on the combination of MRI and fluorescence
hemodynamics (Kim and Gean, 2011; Bouts et al, 2017).  imaging for the detection of TBI are also briefly presented. Our
However, the radiation and carcinogenic risks to the CT  goal is to help researchers stay abreast of current advances of TBI
examiners cannot be ignored, especially for special populations  fluorescence imaging and understand the potential opportunities and
such as pediatric patients (Brix and Nekolla, 2012). Moreover,  challenges.
challenges remain in the MRI technology concerning the
scanning protocols (e.g., spatial vs. temporal resolution),
analytical approaches, contrast agents, and sensitivity (Lelyveld IMAGING OF CEREBRAL VESSELS
et al,, 2010; Li et al, 2018). Therefore, the development and
application of new imaging techniques for TBI is of great interest. ~ In patients with craniocerebral injury, cerebral ischemia is the

Fluorescence imaging has attracted increasing attention in  most common pathological change in secondary brain injuries,
biological imaging because of its high spatial and temporal  and is caused by the immediate decrease in cerebral blood flow
resolution, remarkable contrast, sensitivity, simplicity, and  (CBF). Peri-contusion ischemia is suggested to be induced by
noninvasiveness (Ozawa et al, 2013; Liu et al, 2018; Li et al, vasoconstriction, microvascular compression, and cerebral
2020; Shah et al., 2020). With the rapid development of optical =~ microvascular obstruction. To achieve sufficient spatial and
technology in the past two decades, the resolution of fluorescence  temporal resolution, earlier studies raised the utility of in vivo
imaging has experienced a dramatical improvement and reached up  fluorescence microscopy (IVM) for the investigation of vascular
to the single nanometer scale (Woll and Flors, 2017; Wilson et al,, activities and vessel diameters in the microcirculation after TBI
2020; Zhang et al, 2020). The probes and labels employed for  (Schwarzmaier et al., 2010; Obenaus et al., 2017). For example,
fluorescence imaging have also flourished, offering excitation  visualization of the microvessels was performed by intravenously
ranges from single photon to two and even three photons, while  injecting fluorescein isothiocyanate-dextrane (FITC-dextrane) as
the emission window has been extended to the near-infrared II (NIR- the fluorescent plasma marker (Schwarzmaier et al, 2010).
II, 1000-1700 nm) region (Wolfbeis, 2015; Li et al., 2019; Deng et al, ~ Meanwhile, white blood cells and platelets were stained with
20205 Ji et al., 2020 Liu et al., 2020; Liu et al,, 2021; Yang et al., 2021).  the fluorescent rhodamine 6G. With the help of fluorescent dyes
Herein, we review recent advances in fluorescence imaging as a  with different emitting colors, multiple parameters of the
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microcirculation (e.g., vessel diameter, leukocyte-endothelial
interactions, and microthrombus formation) can be analyzed
in the same vessel segment.

The challenges of in vivo fluorescence imaging include light
absorption and scattering, autofluorescence, and low depth
penetration. To overcome these obstacles, near-infrared (NIR,
650-1700 nm) fluorescence imaging techniques, especially NIR-II
(1000-1700 nm) fluorescence imaging, have been developed
successively. The development of NIR fluorophores is closely
related to the application of NIR fluorescence imaging in
biological and medical fields. An effective strategy for constructing
NIR fluorophores is to incorporate donor-acceptor—donor structures
to reduce the band gap of fluorophores. For instance, a NIR-II
fluorophore (IR-E1) was designed with benzo[1,2-c:4,5-c'bis([1,2,5]
thiadiazole) (BBTD) as the acceptor and thiophene-based moiety as
the donor (Zhang et al, 2016). Under 808 nm excitation, IR-E1
showed NIR-II emission at 1071 nm, which was applied to in vivo
cerebral imaging of hypoperfusion in a TBI mouse model. Compared
to conventional fluorescence imaging, NIR-II fluorescence imaging
allows dynamic in vivo imaging of the brain without craniotomy.

Besides the NIR emission, NIR excitation can also be used for
deep tissue imaging. Two-photon fluorescence (2PF) imaging is
usually performed by two-photon NIR excitation, which is a
nonlinear process with a square dependence on the intensity of
excitation light, allowing for three-dimensional (3D) tissue
imaging with high spatial and temporal resolution. Meanwhile,
the low-energy two-photon NIR excitation light has less damages
to the tissues and deeper penetration depth. Schwarzmaier et al.
(Schwarzmaier et al., 2015) applied in vivo two-photon
microscopy to investigate vascular leakage in a clinically
relevant model of TBI via green fluorescent protein (GFP)
expression in vascular endothelial cells and intravenous
injection of fluorescent plasma marker tetramethylrhodamine-
dextran (TMRM). Arterioles and venules can be distinguished
based on the levels of GFP expression. A penetration depth of
300 um was achieved through the cranial window.

In addition, organic fluorophores with large multiphoton
absorption cross section and high fluorescence quantum
efficiency are capable of achieving both NIR excitation and
emission. For example, Liu group developed an ultrasmall
single-chain conjugated polymer dots (CPdots) with NIR-II
excitation and bright NIR-I (700-950 nm) emission for deep
in vivo two-photon fluorescence imaging of intact mouse brain
(Wang et al., 2019). The vasculature was labeled by retro-orbital
injection of CPdots, followed by 2PF imaging of brain blood
vessels under 1200 nm fs laser excitation. With a cranial window,
the maximal imaging depth reaches 1010 um. Moreover, Tang
group developed three-photon fluorescence (3PF) microscopy
imaging technique for the in vivo brain vascular imaging by using
a far-red/near-infrared (FR/NIR) luminogen (BTF) with
remarkable aggregation-induced emission (AIE) characteristics
(Qin et al., 2020). Through the further construction of BTF-based
nanodots with a large three-photon absorption cross section, In
vivo 3PF images and 3D high-resolution images of the mouse
brain vessels with intact skull was obtained before/after brain
thrombosis. Undoubtedly, these pioneering studies have a great
potential for clinical applications.

Fluorescence Imaging of TBI

IMAGING OF BRAIN CELLS AND TISSUES

TBI could induce the blood-brain barrier (BBB) disruption and
neuroinflammations via regulating the lipid peroxidation and
induction of oxidative stress to induce cell death and further
disability of patient as the results of the secondary injury of TBI
(Li et al., 2020). Observation or tracking of brain cells and tissues
promote deeper understanding of injury mechanism, providing
guidance for the prognosis and treatment of TBI. Various kinds of
fluorescent labels including fluorescent proteins, small molecules,
and nanoparticles have been developed for the fluorescence
imaging of brain cells and tissues.

Neuroinflammatory responses (e.g., microglia/macrophage
activation) could be induce by TBI, which is regarded as a key
factor in the secondary injury cascade following TBI.
Immunofluorescence staining is a classic method to investigate
the mechanism of TBI-induced neuroinflammatory responses
(Readnower et al., 2010; Villapol et al., 2017; Takahata et al., 2019;
Mao et al., 2021). By double-labeling immunofluorescence, the
levels of the lipid peroxidation marker 4-hydroxynonenal (4-
HNE) and the protein nitration marker 3-nitrotyrosine (3-NT) in
brain sections after exposure to blast have been determined
(Readnower et al, 2010). The temporal course of brain
oxidative stress following exposure to blast was obtained,
which was rapidly increased at 3h postexposure and were
resolved by 24 h postexposure. The activation of microglial/
macrophages could also be observed using double-labeling
technique with two primary antibodies (polyclonal anti-rabbit
P2Y12 for microglial cells and polyclonal anti-rat F4/80 for
macrophages), and then corresponding fluorescent-dye
conjugated secondary antibodies (anti-rabbit Alexa Fluor 568-
conjugated IgG and anti-rat Alexa Fluor 488-conjugated IgG)
(Villapol et al., 2017).

Another efficient methodology for the visual analysis of TBI is
fluorescence protein expression. Yellow fluorescent protein (YFP)
has been expressed under the promoter for the classically
activated (M1) and alternatively activated (M2) macrophages
for the identification of macrophage subset, demonstrating the
heterogeneous polarization of the macrophage response to TBI
(Hsieh et al., 2013). If YFP is expressed cortical neurons, the
fluorescent protein can be used for the assessment of axonal
injury over time within a well-defined axonal population,
enabling an evaluation of the axonal injury pathobiology
induced by TBI (Hanell et al, 2015). Moreover, fluorescent
protein-expressing mesenchymal stem cells (MSCs) can be
used for the location tracking of the MSCs during the TBI
recovery progress (Hung et al., 2010; Lam et al., 2013).

Cerebral cell death is the major neuropathological basis in TBI,
and apoptosis and autophagic cell death account for a
considerable proportion. Molecular imaging for selective
detection of apoptosis in experimental TBI was reported as
early as 2008 (Reshef et al, 2008). Following intravenous
administration in vivo, the animals with TBI were sacrificed,
and brain tissues labelled with the apoptosis-sensitive N,N-
didansyl-L-cystine (DDC) can be imaged via fluorescent
microcopy. In addition, whole-body fluorescence imaging of
cell death could be achieved using NIR fluorescent probes in a
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mouse model of TBI (Smith et al., 2012; Xie et al., 2013). A NIR
fluorescent conjugate of a synthetic heat shock protein-90 (Hsp-
90) alkylator, (4-N-S-glutathionylacetyl amino) phenylarsonous
acid (GSAO), was utilized for labeling of apoptotic and necrotic
cells (Xie et al., 2013). The GSAO can covalently bind with the
Cys597 and Cys598 residues of Hsp-90 in mammalian cells
through the cross-links of As(III) atom of GSAO and sulphur
atoms of Hsp-90, Cys597, and Cys598. For healthy individuals,
GSAO exists in the extracellular environment and is largely
unreactive because there are few appropriately spaced cysteines
thiols. When the plasma membrane is damaged (mid-to late-
stage apoptotic cells), GSAO could enter the cell freely and
display high reactivity. The selectivity of the fluorescent probe
for dying and dead cells provides high signal-to-noise ratio and
reliability for in vivo imaging of brain lesion cell death. Moreover,
multiple biochemical changes in the early stage of TBI can be
reported by using multiple probes in a single animal (Smith et al.,
2012). A binary mixture of a NIR fluorescent probe (PSS-794) for
detecting cell death and a deep-red dye (Tracer-653) for
monitoring BBB disruption was described for multicolor
imaging of cell death and blood-brain-barrier permeability in a
single animal.

IMAGING OF BIOMARKERS

Medical imaging techniques hardly provide an accurate
prediction of the effects of brain injury (secondary injury) due
to long-term impacts and heterogeneous nature of TBI (Mondello
et al., 2011; Maas et al., 2017; Mondello et al., 2018). Biomarkers
of brain injury refer to substances that can be detected and
released into the cerebrospinal fluid and blood during brain
injury. The level of biomarkers changes in the early stage of
brain injury, which plays a crucial role in predicting early brain
injury, identifying brain injury areas, and evaluating prognosis
(Wang et al., 2018). Generally, brain injury is usually associated
with neuroinflammation or nerve damage, which produces a
number of associated biomarkers, such as acidity (pH) change,
hypochlorous acid (HOCI), peroxynitrite (ONOO™), and
calproteinase-1 (Zhai et al., 2019; Kudryashev et al., 2020; Li
et al., 2020; Song et al., 2020). The sensitivity and specificity of
biomarker detection are often more advantageous than imaging
examination.

Neuroinflammation as one of the earliest hallmark features of
TBI can cause an increased oxygen consumption and a hypoxic
state in BV-2 cells. A dramatic decrease in mitochondrial pH
appears as a result of cellular anaerobic respiration. To monitor
pH changes, a ratiometric fluorescence probe (FRET-pH) was
developed by covalently linking 6-hydroxy-quinoline-2-
benzothiazole (ADN) as a fluorescent donor to a derivative of
Rh6G (SRhB) as a fluorescent acceptor and a response group
(Zhai et al., 2019). The fluorescence of ADN (A, = 454 nm)
could be excited by absorption of one photon (A, = 350 nm) or
simultaneous absorption of two photons (A,,s = 700 nm). SRhB
exhibited intense orange-red fluorescence (Ao, = 562 nm)
through energy transfer from AND and was highly sensitive in
the pH range of 4.6-7.4. FRET-pH was able to clearly detect pH
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changes in both BV-2 cells and rat brain tissues using 2PF
microscopy.

TBI-associated neuroinflammation can also cause sustained
oxidative stress (OT) to produce reactive oxygen species (ROS),
including HOCI, ONOO", etc. The general strategy for detecting
mitochondrial ROS is similar to that for detecting mitochondrial
pH. For example, Liu et al. synthesized a ratiometric two-photon
fluorescence probe (Mito-P-OCI) consisting of three moieties: a
rhodanol moiety (Rhod-c), a dihydrazide moiety, and a
quaternized pyridine moiety (Song et al., 2020). They acted as
the two-photon fluorophore, the HOCI response group, and the
mitochondrial-targeting group, respectively. The as-prepared
Mito-P-OClI itself had blue fluorescence due to the occurrence
of excited-state intramolecular proton transfer (ESIPT) in the
molecule. In the presence of HOCI, the rhodol ring on Mito-P-
OCl could be opened to form Rhod-c, in which the ESIPT process
was inhibited, thus showing a strong red fluorescence. Taking
advantages of the rhodol ring-opening/ring-closing switch, Mito-
P-OCl successfully achieved the monitoring of endogenous HOCI
in living cells and brain tissue. To further expand the above
strategy to in vivo imaging, a novel targeted activatable NIR-II
nanoprobe (V&A@AgZ,S) with emission at the range of
1000-1800 nm was designed and synthesized (Li et al., 2020).
The V&A®@Ag,S includes three components: VCAMI binding
peptide (VHPKQHR) for targeting the inflamed endothelium
expressing VCAMI in TBI regions, a NIR absorber A1094 for
responding ONOO™ changes, and Ag,S QD for emitting NIR-II
fluorescence. Due to the large overlap between the absorption
spectrum of A1094 and the emission spectrum of Ag,S QD, the
fluorescence of V&A®@Ag,S is quenched through the energy
transfer from Ag,S QD to A1094. On the contrary, the
presence of ONOO™ oxidized A1094 to decrease the
absorbance at 1094 nm, turning on fluorescence signal of the
Ag,S QD at 1050 nm. The unique optical properties of NIR-II
imaging enabled real-time dynamic measurement of ONOO™ in
live mice with brain vascular injury.

MULTIMODAL IMAGING

Medical imaging including CT, MRI, X-ray is the most used
imaging modality for TBI without any surgery (James and
Dasarathy, 2014; Du et al.,, 2016; Kaur and Singh, 2020). Due
to different imaging principles, a single imaging modality often
has limitations in terms of sensitivity, specificity, targeting ability,
and spatial resolution. Multimodal imaging probes can provide
diagnostic information combining different imaging modalities,
which overcomes the deficiency of traditional single-modal
imaging, and widens the application range of imaging
technology. Multimodal imaging enables rapid and accurate
imaging at specific target sites to provide a comprehensive
assessment of functional, structural, and metabolic changes in
vivo (Feng et al, 2019). Therefore, the development of
multimodal probes for TBI has become the focus of research
(Guo et al,, 2019; Bony et al, 2020; Schomann et al., 2020).
Among them, fluorescence/MRI bimodal probes have attracted
much attention with the superior advantages of high tissue
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Adapted and modified with permission from ref (Bony et al., 2020) (Copyright
2020 American Chemical Society).

Overlay

Fluorescence

resolution and imaging sensitivity. A feasible attempt is to use the
mixed lanthanide oxide magnetic nanoparticles (MNPs)
containing europium (Eu) for fluorescence imaging and
gadolinium (Gd) for MRI in TBI (Bony et al, 2020).
Moreover, these Eu-Gd NPs can be modified with different
functional poly(ethylene glycol) (PEG) to not only tune their
hydrodynamic dimensions and surface charge, but also to
improve targeting ability and biocompatibility. In a controlled
cortical impact (CCI) mouse model of TBI, MRI data showed that
Eu-Gd NPs were rapidly accumulated and retained in the mouse
brain after intravenous injection, while fluorescence imaging
revealed their spatial distribution on cells and tissues
(Figure 1). It is worthwhile to expect that more NIR and
multiphoton fluorophores suitable for tri-modal or even quad-
modal imaging can be designed and synthesized TBI.

CONCLUSION AND OUTLOOK

Over the past decade, various fluorescence imaging techniques for
TBI diagnosis have made considerable progress due to their
abilities to directly detect and visualize brain microstructures
(e.g., blood vessels, tissues, and cells) and to track dynamic
changes during TBI injury, treatment, and rehabilitation. It
overcomes the deficiency of strong radiation, low resolution
and low sensitivity of conventional brain MRI and CT,
showing great clinic potentials in the diagnosis and treatment
of TBI. Superior to conventional fluorescence imaging in the
visible and NIR-I spectral range (400-900 nm), NIR II
fluorescence imaging greatly reduces tissue scattering, light
absorption, and autofluorescence, allowing deeper tissue
penetration, higher spatial resolution, and dynamic in vivo
imaging of the brain without craniotomy. In addition, the
appearance of organic fluorophores with large photon
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absorption cross sections and high fluorescence quantum
efficiency has also greatly promoted the development of two-
photon or even three-photon imaging for TBI diagnosis. With the
continuous development of fluorescence imaging technology,
researchers have begun to explore novel multimodal probes
(e.g., fluorescence/MRI dual-modal probe) to achieve
complementary parameters, so as to make more accurate
diagnosis and effective treatment of TBL

Notably, challenges remain in translating the TBI
fluorescence imaging platform from the research setting to
more practical devices and clinical applications. Hence, more
investigations and innovations are necessary to develop
universal fluorescent dyes, improve the operability of the
method, and reduce professional and technical requirements.
NIR II or multi-photon fluorescence imaging can be regarded an
ideal candidate for in vivo and in situ imaging of brain. In order
to achieve full-scale and high-quality imaging of the brain
through the scalp and skull, fluorophores with higher
quantum yield should be designed and developed. Another
promising strategy is the combining of fluorescence imaging
with other imaging techniques (e.g., MRI, CT, and X-ray). The
multimodal imaging system can provide a more accurate and
comprehensive reference for the diagnosis and treatment of TBI,
especially for the secondary brain injury after TBI. In addition,
the neurotoxicity of fluorescent probes must be considered
when performing brain imaging. The effects of the developed
fluorescent probes on human health and brain function are
unclear, which also limits the pace of clinical applications of
fluorescent imaging.

Compared with brain structure (blood vessel, tissue, etc.)
imaging, the identification and detection of TBI-associated
biomarkers can provide a more accurate molecular level
diagnosis of TBI, which is the key to the early diagnosis of
craniocerebral injury. The identified biomarkers allow us to
measure the extent of damage and monitor the recovery
process from brain injury. It is worth noting that the
biomarkers released at different time periods of the occurrence
and development of TBI are different, thus further explore about
the optimum detection moment for different types of biomarkers
is of great significance in assessing the injury and prognosis of
patients with TBIL.
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Two-dimensional (2D) materials have emerged as an important class of nanomaterials for
technological innovation due to their remarkable physicochemical properties, including
sheet-like morphology and minimal thickness, high surface area, tuneable chemical
composition, and surface functionalization. These materials are being proposed for new
applications in energy, health, and the environment; these are all strategic society sectors
toward sustainable development. Specifically, 2D materials for nano-imaging have shown
exciting opportunities in in vitro and in vivo models, providing novel molecular imaging
techniques such as computed tomography, magnetic resonance imaging, fluorescence
and luminescence optical imaging and others. Therefore, given the growing interest in 2D
materials, it is mandatory to evaluate their impact on the immune system in a broader
sense, because it is responsible for detecting and eliminating foreign agents in living
organisms. This mini-review presents an overview on the frontier of research involving 2D
materials applications, nano-imaging and their immunosafety aspects. Finally, we highlight
the importance of nanoinformatics approaches and computational modeling for a deeper
understanding of the links between nanomaterial physicochemical properties and
biological responses (immunotoxicity/biocompatibility) towards enabling immunosafety-
by-design 2D materials.

Keywords: nanomaterials, bioimaging, immunotoxicity, nanobiotechnology, nanosafety

INTRODUCTION

Two-dimensional (2D) materials constitutes an emerging class of nanomaterials, characterized
mainly by their high surface-area-to-mass ratio due to a sheet-like morphology; responsible for their
outstanding physicochemical properties (e.g., electronic, optical, mechanical, and magnetic) with a
currently leading position in materials science and technology (1, 2). Since the pioneering work of
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Novoselov et al. (3) in 2004, several 2D materials have been
produced for many applications in energy, catalysis, composites,
sensors, biomedicine, agriculture, and environmental
remmediation (4-7).

Beyond graphene-based materials (GBMs), other 2D
materials have also emerged, by replacing carbon elements for
other heteroatoms (P, B, O, and N) (8). Black phosphorus (BP),
transition metal dichalcogenides (TMDs), transition metal
carbides, nitrides, and carbonitrides (MXenes), layered double
hydroxides (LDHs), antimonenes (AM), boron nitride
nanosheets (BNNs) are the most common graphene analogs
under investigation (9-17).

Among several applications, 2D materials have attracted
special interest to be applied in the bioimaging field because of
their high electrical and thermal conductivity, high degree of
anisotropy, exceptional mechanical strength, and unique
optical properties (18). Due to such properties, 2D materials
have been developed to be applied in molecular imaging
techniques, such as computed tomography (CT), magnetic
resonance imaging (MRI), optical imaging (fluorescence and
luminescence), and nuclear imaging including positron
emission tomography (PET) and single photon emission
computed tomography (SPECT) (19). Besides, 2D materials
allow multimodal imaging by providing a variety of properties
useful for more than one imaging technique and/or because of
their facility to combine them to form nanocomposites and
hybrid materials (20). Given the applicability and growing
interests in 2D materials, unveiling their impact on the
immune system is a key step towards safe use and responsible
innovation (21, 22). These materials’ intrinsic characteristics,
such as chemical composition, surface chemistry,
functionalization, morphology, lateral size, purity, and
crystallinity are directed related to their degradability,
dispersion stability, and protein corona profile; hence, their
adverse effects in a biological system (23-26). Such parameters
modulate the biotransformation and biodistribution of 2D
materials under in vitro and in vivo models, influencing their
interaction with the immune system, fate, and toxicological
profile (27-30).

Biocompatibility, biodegradability, and eliciting an adequate
biological effect in the organisms are crucial to the applicability
of 2D materials (22, 24, 31). Indeed, the complexity of
toxicokinetic and toxicodynamic events of 2D materials under
physiological conditions associated with a lack of harmonized
protocols for experimental research represents majors challenges
for clinical translation and safety regulation involving these
emerging materials (32-35). Therefore, combining systems
toxicology and nanoinformatics is a foremost strategy in the
integration of 2D material design on a safe and sustainable basis
(36-38).

In this mini-review, we present the recent advances involving
2D materials, nano-imaging, and immunosafety. Briefly, the
main findings associated with the adverse immunological
effects were shown in in vitro and in vivo models. Finally, we
highlight the great potential of nanoinformatics approaches
towards immunosafety-by-design 2D materials (Figure 1).

TECHNOLOGICAL APPLICATIONS AND
INNOVATION OF 2D MATERIALS

A literature review on the Web of Science'" database was
performed, considering articles published from 2000 to 2021
(25/03/2021), and over these last 20 years, many 2D materials
have been synthesized as exemplified in Figure 2A. The number
of publications of 2D materials and their applications is growing,
in which nano-imaging and drug release systems stand out and
are present mostly in the health sector (Figures 2B, D). For
energy application, the structural and electronic properties of 2D
materials have been shown to improve the energy accumulation
in devices such as lithium-ion, metal-air batteries (LIBs) (9, 39,
49, 50) and electrochemical devices (51, 52). Moreover, these 2D
materials are of particular interest as catalysts and nanoscale
substrates, replacing transition, or noble metals normally used to
catalyze an acid-basic reaction, producing metal free-catalysts
(53, 54). In environment, the 2D materials have been used as
adsorbents for removing pollutants to treat contaminated water
(55-57). Their atomic thickness and antibacterial activity
contribute to superior water permeability and anti-fouling
capacity in the development of membranes for desalination
(58-62) and cleaning purposes (63-65). Sensing has covered
both environmental and health sectors, contributing to the
detection and monitoring of traces of pollutants (66, 67) and
blood biomarkers (68-71). The thin structure, large surface area,
chemical modifications and quenching ability of 2D materials
provide high sensitivity, durability, stability, selectivity, and
conductivity for sensors and biosensors (72-82).

Considering biomedical applications, 2D materials have been
applied in bone tissue engineering, conferring improved
mechanical characteristics and great osteoconductivity for
scaffold design (83-87). However, due to the higher surface
area of 2D materials and distinguish light-material interactions,
research has mostly given attention to their usefulness in nano-
imaging and therapeutics (theranostics) (88) (Figures 2B, C),
including early detection, monitoring, and treatment of diseases,
which are the main examples described in this mini-review (89).
For example, in cancer, malign tumors are sensitive to heating
when compared to healthy tissues. Graphene oxide decorated
with gold nanoparticles (GO-AuNPs), TMDs (MoS,, WS,), and
MXenes (MoC,, Ti;C,) have shown effective agents in
photothermal and photodynamic therapy for inducing tumor
necrosis (40, 41, 90-92). 2D materials have been successfully
modified with numerous polymers to enhance their
cytocompatibility and dispersibility (90) and used as
nanoplatforms carrying active molecules or imaging agents to
improve their biological function (93) and clinical visualization
for imaging-drug delivery guiding (12, 94). MoS, and BNNs have
been employed as effective fluorescence quenchers and
associated with aptamers, substituting antibody-based therapy
(69, 95-97). Compared to the other 2D inorganic materials, and
in addition to the previous features, the ultrathin structure of the
BP nanosheets results in an exceptional biodegradability in
physiological media it shows promising in theranostics (98,
99). Magnetic nanoparticles have been used as contrast agents
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FIGURE 1 | Two-dimensional materials applications, nano-imaging and their links with immunosafety and nanoinformatics approaches.

and incorporated into 2D materials in MRI, in place of
conventional ones (100, 101). In this respect, 2D magnetic
materials production can be very useful for accurate
bioimaging and therapy of diseases in vivo using MRI and CT
techniques (10, 102).

2D MATERIALS AND THE IMMUNE
SYSTEM: ADVERSE EFFECTS IN
IN VITRO AND IN VIVO MODELS

As far as it is known, 2D materials have proven their significance
and innovation perspective in almost all industrial areas and
sectors, making it imperative to assess their environmental
health risks and safety aspects (24, 103-105). However,
toxicological studies, including immunotoxicity, are still in
their infancy for GBMs and 2D inorganic materials (31).
Table 1 is an extensive literature revision reporting major
findings of 2D materials and their adverse effects in the

immunological system considering in vitro and in vivo models.
The terms used for the literature research is detailed in the
supplementary material.

Studies have demonstrated that 2D materials can induce
immunological system activation with a consequent induction
of an inflammatory response (145). This immunological system
activation showed itself to be dependent of the 2D materials’
physicochemical properties, such as size (106-109, 144), surface
chemistry (114, 115, 123), number of layers, shape (118, 119), and
functionalization (109, 112, 114, 128, 135, 139). For example, Yue
etal. (106) demonstrated that larger graphene oxide (GO) (2 um)
has induced a higher immunological activation than smaller GO
(350 nm) both in vitro (peritoneal macrophages) and in vivo
(C57BL/6 mice). Similarly, Ma et al. (107) showed a lateral-size-
dependent pro-inflammatory effect of GO under in vitro and in
vivo conditions, wherein the largest GO (L-GO; 750-1300 nm)
elicit higher inflammatory response than smallest GO (S-GO; 50-
350 nm). Moreover, the mechanism of inflammation has also
differed according to the lateral size, with L-GO being more prone
to plasma membrane adsorption and the toll-like receptors
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(TLRs) and nuclear factor-kB (NF-xB) pathways activation,
whereas S-GO was mostly taken up by macrophages. In
another study that investigated the effects of small GO (S-GO <
1 pm) and large GO (L-GO, 1-10 um) on human peripheral
immune cells, it was found that the S-GO has a more significant
impact on the upregulation of critical genes implicated in
immune responses and the release of cytokines IL13 and TNFo.
compared to L-GO (108). However, it is important to clarify here
that the S-GO in this study presented similar lateral size of the L-
GO in the previous studies cited, which means that all these
studies are in agreement, and we may erroneously interpret them
because attention to the lateral size was not devoted. Indeed, a
nomenclature harmonization of GBMs is urgently needed to
allow a clear understanding on the impacts of GBM
physicochemical properties on their biocompatibility.

Besides to assess the effect of lateral size, Duarte and
coworkers (109) investigated the impacts of two different
surfaces functionalization: pegylated graphene oxide (GO-PEG,

200-500 nm) and flavin mononucleotide-stabilized pristine
graphene with two different sizes (200-400 nm and 100-200
nm). Their results showed that the cellular uptake of GBMs was
mainly influenced by their lateral size, with smaller particles
showing greater internalization, while the inflammatory
response depended also on the type of functionalization, with
GO-PEG showing the lower pro-inflammatory potential. This
study corroborates in number previous ones that also showed an
increased biocompatibility of GO due to the pegylation (GO-
PEG) (110, 111). Similarly, Xie et al. (139) studied PEG coated
2D titanium nanosheets (TiNS-PEG) and reported no indication
of inflammation and other negative impacts. Moreover, the
material was promising for photothermal tumor therapy and
presented a high contrast for in vivo imaging. However, Gu et al.
(129) found that MoS, and PEGylated MoS, induced a robust
macrophage immune response, with PEG-MoS, eliciting
stronger cytokine secretion than the pristine MoS,. By
performing molecular dynamics simulations, they
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TABLE 1 | Relevant studies addressing the adverse immunological effects of 2D materials in in vitro and in vivo models from 2000 to 2021.

Nanomaterial Dose Exposure in vivol/in vitro Method or endpoints Adverse immunological effects Ref.
time models
Graphene oxide 2,4,and 6 ug 24,48, peritoneal Secretion of pro-inflammatory Dose-dependent release of cytokines induced in a (106)
(GO) (ateral size of  ml™" and 96 h  macrophage cytokines (IL-6, IL-10, IL-12, higher extent by 2 um GO than 350 nm GO.
350 nm and 2 pm) TNF-o,, MCP-1, and IFN-¥)
- 21 days C57BL/6 male  Histological micrographics Mononuclear cells (i.e. macrophages and lymphocytes)
mice infiltration and inflammation response induced by 2 pm
GO, but not by 350 nm GO.
GO (smallest S-GO  Viability: 1-300 12,24 h J774.A1 and Live/dead assay, TNF-q, IL-6 All GO materials have induced a decrease in cell (107)
50-350 nm; pg mi~'; THP-1 and IL1p release; and viability, and a production of cytokines. The L-GO
intermediate 1-GO Others: 20 pg macrophages  macrophage polarization, NF-xB  significantly elicited higher response than S-GO. Higher
350-750 nm; largest ml™" signaling activation. macrophage polarization to the M1 phenotype by L-GO
L-GO 750-1300 nm) than S-GO.
In": 5000 pg Ip: 72 h; BALB/c male  Local and systemic Both S-GO and L-GO have induced an inflammatory
kg™ bw; Lung: mice inflammation: TNF-a., IL6 response by cytokines production and leukocytes
Lung?: 2500 72 h; It: 24 release, recruitment of immune  recruitment, been the L-GO response higher than the
ug kg™ bw; h cell. S-GO response in all endpoints.
It%: 5000 pg
kg™ bw
GO S-GO (<1 ym) 25,50,and 75 24 h PBMCs, Annexin-V FITC (apoptosis), Only S-GO presented a decrease in cell viability at (108)
L-GO (1-10 pM) pg mi~’ Jurkat and LIVE/DEAD FITC (late apoptosis  highest dose (75 pg/ml). None of GO tested have
THP-1 cells and necrosis), and propidium induced the cell activation (expression of CD69 and
iodide (necrosis), cell activation ~ CD25 markers). However, both GO induced cytokines
(expression of CDE9 and CD25  release and upregulation of genes related to immune
markers), cytokine release, response, being that the S-GO response was
expression of 84 genes related significantly higher compared to L-GO response.
to innate and adaptive immune
responses
GO-PEG (200-500 10 ug mi™’ 24 h RAW-264.7 Cellular uptake, nitric oxide PG-FMN (S) was internalized in a greater extent (109)
nm) and PG-FMN macrophages  production, NMR metabolic compared to GO-PEG and PG-FMN (L), which
(L) (200-400 nm) profiing, expression of cell presented a similar uptake. GO-PEG did not induce NO
and PG-FMN (S) surface markers CD80 and production, whereas PG-FMN (S) and PG-FMN (L)
(100-200 nm) CD206. caused significant NO increases of 21% and 12%,
respectively. Only PG-FMN (S) caused increases in
intracellular succinate and itaconate, similarly to LPS,
while PG-FMN (L) did not alter the levels of TCA cycle
intermediates and GO-PEG caused a decrease of
succinate. Besides, GO-PEG decreased the TNF-ou
secretion compared to control cell, and do not affected
the cell surface markers.
GO-PEG (200-500  40and 80 ug 24 and 48 Murine Cell surface markers of M1 PEG-GO did not induce the macrophage polarization (110)
nm) mi~! h peritoneal (CD80 and iNOS) and M2 towards the M1 pro-inflammatory phenotype, with a
macrophages  (CD206 and CD163) slight shift towards M2 reparative phenotype.
phenotypes.
GO-1PEG (~100 2.3-75ugmi~t 24 h RAW-264.7 Proinflammatory cytokine Only GO-6PEG increased the secretion of TNF-o. by (111)
nm) GO-6PEG macrophages  secretion (IL-1B, TNF-oc and IL-  RAW-264.7 macrophages without alteration of IL-6 and
(~300 nm) and primary 6) and proliferation of immune IL-1B levels. The treatment of primary splenocytes with
splenocytes cells. GO-1PEG and GO-6PEG in the presence of
(B-cells and T- concanavalin A, anti-CD3 antibody, and LPS, produced
cells) significant dose-dependent decrease of cell proliferation
and IL-6 levels.
GO and PVP 25, 50, and 48 h Human DC, Differentiation and maturation of GO induced the differentiation and maturation of DC (112)
coated-GO 100 pg mi~’ macrophages  DC cells, cytokine release, cells; a dose-dependent release of pro-inflammatory
and T cells apoptosis of T cells, and cytokines by DC cells; a dose-dependent apoptosis of
phagocytosis T cells; and a susceptibility of phagocytosis by
macrophages. The coating with PVP has reduced the
cytokines secretion and the differentiation and
maturation of DC cells; delayed the apoptotic process
of T cells; and avoid the phagocytosis by macrophages.
(Continued)
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TABLE 1 | Continued

Nanomaterial Dose
GO GO-NH,, GO- 1,2, 4,10, 20,
PAM, GO-PAA GO- 50, 100, or
PEG 200 pg mi™"

It: 1 mg kg™

GO and reduced 20, 40, 60, 80,

GO (rGO) (100 nm)  and 100 pg
mi™

GO nanoplatelets GONP (5 ug

(GONPs) and mi~") or

reduced GONPs rGONP (50 ug

(rGONPs) mi~’

Pristine graphene 20 pg mi™

with 1% pluronic

F108

Pristine graphene 20 pg mi~’

with 1% pluronic
F108 (500-1000

nm)

Graphene 1,5and 10 ug
nanoplatelets (1-10  cm?

layers)

pharyngeal
aspiration: 50
Hg per mouse.

Exposure
time

1,6, and
24 h

24 h

24 h

24 h

24 h

12, 24,
and 48 h

24 h

24 h

in vivolin vitro
models

J774A1 cell
line

Male BALB/c
mice

THP-1 cells

THP-1 cells

Primary and
immortalize
(RAW264.7)
macrophages

Murine RAW
264.7
macrophages

THP-1
macrophages

C57BL/6 strain
mice

Method or endpoints

Viability, cellular adhesion,
uptake, membrane permeability
and fluidity, Ca®* flux and
transcriptome analysis.

Survival, body weight increase,
complete blood count (numbers
of RBC, WBC, PLT, neutrophils,

lymphocyte), blood

biochemistry, GO distribution,
histological analysis of lung, liver

and spleen.

Cellular viability, proliferation,
oxidative stress, mitochondrial
membrane potential, ATP
synthesis, antioxidants,
apoptosis, DNA damage, and
the inflammation response

Cell viability, ROS production,
expression of genes related to
the oxidative and inflammatory
response, cellular uptake,
endocytosis and phagocytosis,
Rho/ROCK pathway,
cytoskeleton analysis,
differentiation of THP-1 cells into
macrophage-like cells (THP-1a)

Quantification of cytokines and
chemokines (IFNy, IL-1a, IL-2,
IL-4, IL-5, IL-6, IL-10, IL-17,
TNFa, and GM-CSF, MCP-1,
MCP-3, RANTES, MIP-1a. and
MIP-1B). RT-PCR analysis of the
mRNA levels of TNF-a, IL-18,
IL-6, INOS and COX-2.
Adhesion, phagocytosis and
cytoskeleton assay.

Cell viability, ROS production,
MMP, apoptosis, expression of
proteins (Phospho-p38
MAPKinase (P-p38), p38
MAPKinase (p38), Phospho-JNK
(P-JINK), JNK, Phospho-ERK (P-
ERK), ERK, Phospho- Smad2,
Smad2, Bim, Bax, caspase 3,
Bcl-2, PARP and B-actin) and
genes (TNF-a, TGF- TGF-B
receptor I, TGF-B receptor Il
Smad2, Smad3, Smad4,

Smad7, B-Actin)

Phagocytosis, cytokine release
and the involvement of the
NALPS inflammasome.

BAL cells analysis, Histological
sections of lungs. Pleural space
lavage: total and differential cell

Adverse immunological effects Ref.

GO caused the impairment of cell membrane integrity (113)
and functions including regulation of membrane- and
cytoskeleton- associated genes, membrane
permeability, fluidity, and ion channels. The -NH, and
-PAA showed similar toxicity to GO, but -PEG and
-PAA significantly decreased the GO cytotoxicity.

GO induced platelet depletion, pro-inflammatory
response and pathological changes of lung and liver in
mice. The -NHj, -PAA and -PEG modifications greatly
reduced the toxicity of GO in mice. The -PAM
modification was more toxic than pristine GO.

Both GO and rGO caused dose-dependent loss of cell  (114)
viability and proliferation, increased level of LDH, MMP,
decreased level of ATP content, redox imbalance,
mitochondria-mediated apoptosis, cell death due to

oxidative stress, increased secretion of various

cytokines and chemokines. Overall, the toxic response

of rGO was more severe than GO for all endpoints.

Both GO induced a dose-dependent loss in cell viability, (115)
an increase in ROS production, and a disruption of the

F-actin cytoskeletons leading to the loss of the

adherence ability of THP-1a and a reduction in the
phagocytosis capability of THP-1a cells. GONP

presented higher upregulation of HO-1 and SOD-2
expressions, and higher levels of IL-18, TNF-q, IL-8,

and MCP-1, compared to rGONP. rGONP exhibited a

greater expression of NF-kB (p65), higher uptake and a

higher decrease of Rho/ROCK expression than GONP.

Increased transcription and secretion of cytokines and ~ (116)
chemokines, which is triggered by activation of the NF-

kB signaling pathway; The cytokines and chemokines

secreted by graphene-exposed macrophages further

impaired the morphology of naive macrophages by

affect the actin structures and podosomes expansion,
decreasing the adhesion and phagocytosis.

Loss of cell viability at highest concentration (100 pg/ (117)
mL); induction of intracellular ROS generation, depletion

of MMP and apoptosis, all in a time- and dose-

dependent way; activation of the mitochondrial

pathways: MAPKs (JNK, ERK and p38) as well as the

TGF- B-related signaling pathways.

Frustrated phagocytosis, loss of membrane integrity at ~ (118)
higher concentration, increase in cytokines expression,

and activation of the NALPS inflammasome.

BAL and pleural lavage showed an increased number of
polymorphonuclear leucocytes (neutrophils and

eosinophils); and an increase in the levels of cytokines.

(Continued)
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TABLE 1 | Continued

Nanomaterial Dose Exposure in vivo/in vitro Method or endpoints Adverse immunological effects Ref.
time models
intrapleural count, histological examination Histological analysis: presence of granulomatous lesions in
injection: 5 pg of the parietal pleura. the bronchiole lumen and near the alveolar region;
per mouse presence of histiocytic aggregates along the mesothelium.
Graphene Intratracheal 90 days ICR mice Blood and BAL analysis: BAL: increased number of lymphocytes, GNP-engulfed  (119)
nanoplatelets (~10 instillation: concentrations of pro- macrophages and apoptotic cells; general increase in
layers; particle size 1.25,2.5and inflammatory cytokines (IL-1B, cytokine and chemokine secretion; blood: increased
~ 2 pum; thickness 5mg kg™’ TNF-o, IL-6, IL-2, Th1-type number of macrophages and neutrophils, and elevated
~3-4 nm) cytokines, Th2-type cytokines) and  production of IgG, IgM and IgA. Gene expression:
chemokines (MIP)-1c., MCP-1, elevated expression of gens related to actin family
and GM-CSF in BAL fluids and cytoskeletal proteins and calcium-binding proteins; and
immunoglobulins (g, IgE, IgG, and  alteration of natriuretic-related genes expression.
IgM) in serum. Expression of Histopathological analysis: presence of GNP-engulfed
genes encoding actin family macrophages without pathological lesion
cytoskeletal proteins, calcium-
binding proteins, and natriuretic-
related genes. Histopathological
analysis of lung.
Single- and muilti- 10,20,40,80 6h THP-1 cells Cell viability, membrane integrity, SLGO induced ROS and IL-1B production, necrosis, (120)
layered GO (SLGO  and 100 ug cell morphology levels of and apoptosis to a lesser extent than MLGO. However,
and MLGO) in the mi™! cytokine and ROS production, SLGO induced higher membrane damage and
presence or phagocytosis, and cytometric decrease in cell viability.
absence of Pluronic apoptosis.
F-127 v:10mg kg 24h Mice Histological analysis of lung and  Both SLGO and MLGO induced acute and chronic
(acute kidney: immunohistochemistry damage to the lung and kidney in the presence or
toxicity) or (IHC) for MCP-1 and TGF-p. absence of Pluronic F-127.
10 days
(chronic
toxicity)
GO-PEG with mean  It: 25 mg/kg 28 days Balb/c mice: Blood circulation test; Blood exposure to GO under the maximum safe (121)
thickness of 1.1 nm Age: 6 -8 Hematologic and Biochemical starting dose caused accidental death in 1/5 Macaca
and lateral weeks; marker analysis; fascicularis and 7/221 mice, while remains general
dimension ranged Weight: 18— Histopathological evaluation: amenable in others. Elevated levels of immunoglobulin E
from 20 to 80 nm 229 trace element biodistribution and severe lung injury were found in dead animals,
4 mg/kg 90 days Macaca observation in heart, liver spleen, suggesting the GO-induced acute anaphylactic
fascicularis: lung, kidney and lymph. reactions.
Age; 4-5
years; weight:
4-5 kg
Graphene oxide — 5,10,and 25 24h J774 and Cell viability, apoptosis/necrosis, GOAg induced a dose-dependent mitochondrial (122)
silver nanoparticles ~ mg mL™" primary murine - mitochondrial depolarization, depolarization, apoptosis, and lipid peroxidation to J774
hybrid material macrophages  lipid peroxidation, cytokines macrophages. However, no effects were observed on
(GOAQ) release (IL-1B, TNF-a and IL- cytokines release, macrophages polarization toward M1
10), ratio between CD80 and and NO production.
CD206 macrophage populations
and NO production.
Bimetallic oxide 0-200 ug mi~' 24 h 4T1 and CT26  Cell viability, internalization, ROS  No significant toxicity was observed, however FeWOx-  (123)
FeWOx -PEG cells generation. PEG could internalize via cell endocytosis and efficiently
nanosheet (FeWOXx- active OH generation and GSH depletion.
PEG) Toxicity: 10 mg BALB/c mice  Body weight, histological No significant differences in blood chemistry were
kg™ analysis, blood chemistry, observed for FeWOx-PEG treated mice. Also, H&E
Biodistribution: cytokines secretion (IL-6, IL-12 staining and histology analysis showed no obvious
120 mg kg™' and TNFa) and biodistribution. tissue damages and adverse effects and no significative
body weight changes. However, FeWOx-PEG induce
strong immune responses, showed by the increase
levels of IL-6, IL-12 and TNFo. Biodistribution analyses
showed that the material could accumulate in liver and
spleen, however, it was observed a decrease
concentration after 7 and 14 days indicating the
biodegradable and clearable behavior of FeWOy -PEG
nanosheets.
(Continued)

Frontiers in Immunology | www.frontiersin.org

81

June 2021 | Volume 12 | Article 689519


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Da Silva et al.

Immunosafety Aspects of 2D Materials in Nano-Imaging

TABLE 1 | Continued

Nanomaterial Dose Exposure in vivo/in vitro Method or endpoints Adverse immunological effects Ref.
time models
FePSe;@APP@CCM 0-160 ug mi~'  Viability: 6 PBMC, CT26  Viability and cytokines secretion  No obvious cytotoxicity was caused by the (124)
h Cytokine and RAW- (IL-10, IL-12 and IFN- ) nanomaterial However, taken together, upon NIR laser
secretion:  264.7 cells irradiation, FePSe;@APP@CCM matured and activated
48 h immature DCs, enhanced the secretion of IFN-y and IL-
12, and decreased the expression and the consequent
inhibitory effect of IL-10 on T cells, resulting in the
enhanced immunity of T cells for kiling CT26 cancer
cells in the coculture system.
10 mg kg™’ 25 days C57BL/6J Body weight, blood biochemical  No obvious abnormality, inflammation and exudation or
mice parameters (ALT, AST, BUN, other pathological lesions were observed. Also, it was
CRE, LDH and PLT), histological observed the increased expression of DC-secreted
analysis and cytokines secretion.  cytokines, including IFN-y and IL-12, while the level of
IL-10 was found to be decreased.
Ferrimagnetic 50 or 75 ug 8and 24 h 4T1 breast Cell viability, uptake, apoptosis/  Increased ROS generation and macrophage polarization (125)
vortex-domain iron mi~" Fe cancer cell and necrosis, ROS generation, to pro-inflammatory M1 phenotypes.
oxide nanoring and RAW264.7 macrophages polarization.
graphene oxide Iv: 3mg kg™’ 24 days Balb/c mice Measurement of tumor width Control group exhibited a rapid increase in the tumor
(FVIOs-GO) hybrid Subcutaneous  and length for 24 days. volume, while FVIOs-GO group had tumor growth
nanoparticle 4T1 Breast inhibition by 97.1%.
Tumor Model
Borophene Viability: 60, Viability: dTHP-1 and Cell viability, membrane Corona coated 2D monoelemental nanosheets (126)
nanosheets (B NSs), 80, and 100 24 h SC cells damage, cell uptake, intracellular decreases cytotoxicity and cell membrane damage. For
graphene [ite] mi~ Uptake: 6 localization, inflammatory B NSs it was observed an increase in cellular uptake
nanosheets (GR Membrane h cytokines secretion (IL-1B, IL-6,  when the material was coronated, therefore corona may
NSs) and damage: 100 IL-8, IFN- y and TNFo). promote phagocytosis. Protein corona also stimulates
phosphorene ug mi~’ the secretion of inflammatory cytokines. GR NSs and B
nanosheets (BP Uptake: 200 NSs had immunoregulation behaviors only in the
NSs) ug mi~’ presence of plasma corona, while BP NSs had stronger
immunoregulation behavior regardless of the absence
and presence of corona.
Aggregated MoS, 6.25-50 pg 24 h THP-1 and Measurement of IL-8, TNF-c, Aggregated MoS, induced significant increases in IL-8,  (127)
and 2D MoS, ml~’ BEAS-2B cells  and IL-1B levels TNF-a, and IL-1B production, while there were
exfoliated by significantly less effects of 2D MoS, on cytokine and
lithiation or chemokine production.
dispersed by 2 mg kg™ 40hand  C57BI/6 mice  BALF and lung tissue were Aggregated MoS, induced robust increasing in LIX, MCP-1
Pluronic F87) 21 days collected for measurement of and IL-6 responses along with neutrophilic exudation into
LIX, MCP-1, IL-6, TGF-B1, and  the BALF; while 2D MoS; did not trigger cytokine or
PDGF-AA levels and chemokine production in the lung. Histopathological
performance of Hematoxylin and changes were observed with aggregated MoS, inducing
Eosin (H&E) or Masson’s focal areas of inflammation around small airways, while 2D
trichrome staining. MoS; had little or no effect.
Exfoliated pristine 1,10,25,50, 24h Raw-264.7 Cell viability, CD86 expression Cell viability was reduced only at high concentration; no  (128)
and covalently 75, and 100 and human and secretion of TNFo. and IL6.  variation of CD86 levels in both RAW 264.7 cells and
functionalized MoS, g mi™' monocyte- human monocyte-derived macrophages was registered;
derived no increase in cytokine secretion was observed for both
macrophages cell lines.
Pristine MoS, and 10 ug mi™' 24 h Primary mouse  Cytokine secretion (IL-6, IL-10, Both materials significantly increased the secretion of (129)
PEGylated MoS, macrophages  MCP-1, IFN-y, TNF-o and IL- cytokines such as IL-6, IL-12, TNF-a, IFN-y and MCP-
12). 1. Interestingly, MoS,-PEG was found to elicit stronger
cytokine secretion than the pristine MoS,, particularly
involving IL-6, TNF-a., IFN-y, and MCP-1.
MoS; alone, MoS,— 0, 5, 10, 20, 48 h RAW-264.7 Cell viability, Cytokine release MoS, alone, MoS,—PEG or CpG alone had no effect on  (130)
PEG or MoS,-PEG- 30, 40 and 50 cells and 4T1  (TNF-a and IL-6), cytokine release while the MoS,—PEG-CpG significantly
CpG ug mL"! cells elevate the cytokine level. MoS,—PEG-CpG could
elevate the expression of CD86 & CD80 and the
percentage of matured DCs (CD80+ CD86+ DCs) was
remarkably raised to 79.8% when combined with NIR
irradiation.
(Continued)
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Nanomaterial Dose Exposure in vivo/in vitro Method or endpoints Adverse immunological effects Ref.
time models
Protein coated with 500 pg ml™" 12 and 24 THP-1 cells Cellular viability, cellular uptake Protein coated MoS, NSs increase viability and (81)
different proteins h and cytokine release. decrease cytoplasmic membrane damage comparing
(HSA, Tf, Fg and with MoS, NSs. Also, the presence of a protein corona
IgG) MoS, NSs decreased the secretion of cytokines. Among the four
NSs the IgG coated MoS, NSs enhanced uptake and
cause more inflammatory cytokines.
MoS, nanosheets 0-128 ng 48 h DC cells Cell viability, apoptosis, ROS Overall, there were no significant differences in (131)
(100 and 500 nm) mi~! generation, expression of CD40, cytotoxicity assays, however high doses could promote
CD80, CD86 and CCR7, DC maturation as observed by the expression of CD40,
secretion of proinflammatory CD80 and CD86 and enhanced secretion of IL-6 and
cytokines (IL-12p70, IL6, IL-1B  TNF- a.. Also, MSNs upregulate ROS generation in
and TNF-o,, DC homing ability. DCs, further promoting cytoskeletal rearrangement and
promoting the local lymphoid homing ability of DCs.
Black phosphorus 100, 50, 25, 48 h H1299, L0-2,  Cell viability, cellular uptake (1, A reduction of cytotoxicity was observed when BPNSs  (132)
nanosheet (BPNSs)  12.5 ug mi™" 293T, THP-1 3, or 6 h), intracellular and BPQDs were coated with protein corona reduced.
and black cell line and localization, ROS generation, However, the corona facilitated the BP internalization
phosphorus SC human cytokines release (IL-1 B, IL-6, and induced an increase in inflammatory cytokines and
quantum dot macrophages  IL-8, IL-9, IL-10, IFN- ), NO and in ROS generation. Also, an induction of NO and TNF-
(BPQDs) (~300 nm) TNF- o generation. o production were provoked by BP and corona coated
BP.
Black phosphorus 15 ug mi™' 24 h 4T1, F10, Cell morphology, cell expression  Corona coated black phosphorus nanosheet increase (133)
nanosheet (128 nm) CT26 and differences, expression of the the expression of calcium signaling pathways and
Raw-264.7 cell  surface marker CD80 using flow  interact with STIM2 protein facilitating Ca* influx
lines cytometry, proteomic analysis, promoting macrophage polarization.
western blot analysis and
immunofluorescence to analyze,
expression of IL-10 (M2-related
marker) and TNF- o (M1-related
marker).
Few-layer two- 10 to 500 24 h SAOS-2, HOb, Cell viability and proliferation, Black phosphorus did not show cytotoxicity on human — (134)
dimensional black ug.mi~’ (acute 929 and ROS production, mesenchymal stem cells and inhibits the metabolic
phosphorous (2D toxicity) or  hMSC cell immunofluorescence to analyze  activity of SAOS-2 cell line while inducing both
BP) 21 days lines cell morphology, inflammatory proliferation and osteogenic differentiation in HOb cell
(chronic marker expression tested by and mesenchymal stem cells. Also, the presence of BP
toxicity) LPS to analyzed cytokine inhibits the ALP (an early marker of osteogenesis)
generation (IL-10 and IL-6). expression in SAOS-2 cells and induces antiproliferative
and apoptotic effects by increasing the production of
ROS on SAOS-2 cells. Besides, increase the
inflammatory cytokine generation but inhibits
proinflammatory mediators for the co-culture of SAOS-2
and HOb.
Black Phosphorus 20 ug mi~’ 24 h (in 4T1 and Cell viability, ROS production, NG/BP-PEI-LY induced acute inflammatory responses,  (135)
nanoflakes vitro) HUVEC cell apoptosis, cytokine generation cause a decrease in viability, and increase apoptosis
functionalized with line (IL-6 and TNF-o) and ROS production when laser irradiated.
TGF-B inhibitor and 72 h(in BALB/c mice  Mice NIR fluorescent imaging, Besides, when laser irradiated increased the ICAM-1
neutrophil vivo) immunofluorescent staining of expression, enhancing intracellular delivery by adhesion
membrane (NG/BP- CD31 (red) and ICAM-1 (green). molecule mediated targeting.
PEI-LY)
Black Phosphorus Up to 100 pg 24 h 471, RAW- Cell viability, necroptosis, protein  No obvious cytotoxicity was observed, also no (136)
nanosheet (BPNS) mi~" 264.7 and expression, cytokine generation  significant hemolysis. For BPTT treatments it was
and Black Hep62 (IL-6 and TNF-o) and observed that necroptosis play an important role,
Phosphorus hemocytolysis. mediating death process in cancer cells. These results
nanocomposite were confirmed by the expression of necroptosis-
(BPCP) modified related proteins, where it was observed a significantly
with PEG and OD expression of RIP1 and RIP3. Caspase-8 and Caspase-
CpG or CpG-Cy5.5 3 levels were not significantly changed.
(Continued)
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Nanomaterial Dose Exposure in vivo/in vitro Method or endpoints Adverse immunological effects Ref.
time models
2 mg/kg Up to 16 BALB/c mice  Biodistribution, expression of No body weight loss and no systemic toxicity were
days immune factors (FOXPS3, IL-2, observed. Also, no tissue damage and blood physiological
TNF- o and INF- v), histological indicators were within normal range. After BPTT treatments
analysis, hematological toxicity.  the immune responses were activated as observed by
detection of T lymphocytes and various immune cytokines.
DSPE-PEG coated 1 mgml™' 30 days C57 mice Body weight, biodistribution, DSPE-PEG coated TiO, nanosheet cause a decrease in (137)
Tao nanosheet (92.5 immunogenicity, hematological body weight after 14 to 30 days of the injection, also, it was
nm) toxicity, liver and spleen observed a that the particles were accumulated in liver and
histopathology, oxidative stress  cause liver toxicity by inducing oxidative stress. Besides, an
response. obvious decrease in HTC and significant increase in MCH
and MCHC indicate that the particles may induce blood
system damage.
Two-Dimensional Invitro:3.1to 24 h 4T1 cell line Cell viability, Overall, the particle did not show apparent cytotoxicity, — (138)
Core — Shell 100 ug mi™’ immunohistochemistry and and no toxic side effect was observed in mice after 30
MXene@Gold immunofluorescence staining. days of injection.
Nanocomposites Invivo: 20 mg 30 days Balb/c mice Body weight and biodistribution.  No height loss and no notable abnormality on major
kg™ organs were observed.
2D titanium In vitro: 10-100 4 h A1 cell line, Cell viability. TiNS and TiINS-PEG did not significantly affect cell (139)
nanosheets (TINS) ppm J774A1 cell viability.
and polyethylene line and
glycol coated SMMC-7721.
titanium nanosheets  In vivo: 5 mg 19 days Balb/c mice Histopathology, body weight, Any significant differences on mice body weight, no
(TINS-PEG) kg™ biodistribution and histological abnormalities, and no impact on hematological
hematological toxicity. parameters, indicating no inflammation and other negative
impact on blood and organs was observed.
PEGylated In vitro: 25 — 24 h RAW-264.7, Cell viability and ROS No significant in vitro cytotoxicity was observed for all (140)
molybdenum 200 pg mi™" 4T1 and 293T. generation. the three types of PEG functionalized TMDCs.
dichalcogenides Invivo: 10 mg  up to 60 Balb/c mice. biodistribution, hematological The materials show dominate accumulation in
(MoS,-PEG), kg™ days post toxicity, biochemical parameters  reticuloendothelial systems (RES) such as liver and
tungsten injection (ALP, ALT, AST and BUN) and spleen after intravenous injection. Also, no significant
dichalcogenides histopathology. results were observed for the analyzed biochemical and
(WS,-PEG) and hematological parameters and no obvious sign of
titanium abnormality, such as inflammation, was noticed in all
dichalcogenides examined major organs.
(TiS,-PEG)
nanosheets
Two-dimensional In vitro: 0.0015 24 h 4T1 cell and Cell viability No significant cytotoxicity of TiS,-PEG was observed. (141)
polyethylene glycol - 0.1 mg mi™"
modified TiS, Invivo: 20 mg 60 days Balb/c mice In vivo toxicity, histopathology. No histological abnormalities and no obvious toxicity to
nanosheets (TiS,- kg™ Balb/c mice was observed.
PEG)
BSA coated 2D Invitro: 125 - 24 h 4T1 and U87  Cell viability SNSs-BSA exhibit insignificant effect on cell viability of (142)
silicene nanosheets 200 ug mi™" cell lines either 4T1 or U87 cancer cells.
(SNSs-BSA) Invivo: 20 mg 4 weeks Kunming mice  Body weight, histopathology, In a four-week duration, the mice present no significant
kg and Balb/c hematological toxicity, abnormality, body weight differences, and no significant
mice biochemical parameters (ALT, behavioral alterations. The histological observations of
AST, ALP, urea, CREA, and major organs showed no significant acute pathological
UA). toxicity. Furthermore, hematological parameters showed
no obvious sign of abnormalities indicating that the
SNSs-BSA induce negligible renal and hepatic toxicity in
mice model.
Poly In vitro: 5 - 200 48 h MCF7 cell line  Cell viability It was not observed any cytotoxicity effects caused by~ (143)
(vinylpyrrolidone)- ppm Bi>Se; nanosheets.
encapsulated Bi,Ses In vivo: 27 — 14 days Balb/c mice in vivo toxicity and At the dose of 750 or less no mice mortality nor any
nanosheets 1168 mg kg™ biodistribution. reaction was observed. The nanomaterial mainly
(diameter 31.4 nm accumulated in liver, spleen and kidney, however, the
and thickness 1.7 concentration decreases with time.
nm)
(Continued)
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TABLE 1 | Continued

Nanomaterial Dose Exposure in vivo/in vitro
time models
Pd nanosheets In vitro: up to 24 h NIH-3T83, 4T1,
(diameter ranging 100 ug mi™’ Raw-264.7,
from 5 to 80 nm) QSG-7701
and QGY-
7708 cell lines
Invivo: 10 mg 30 days Balb/c mice
kg™
PEGylated ultrathin -~ 25 to 500 pg 48 h Hela, PC3,
boron nanosheets mL™ MCF7, and
(B-PEG NSs) A549
5.3mg kg™’ 24 h Mice

Method or endpoints

Cell viability, mitochondrial
membrane depolarization and
ROS generation.

Biodistribution, blood chemistry
and hematology analysis and
histopathology.

Cell viability, ROS generation.

Body weight, histopathology,
hematological toxicity (HGB,

WBC, RBC, MCV, MCHC, PLT,

MCH, HCT, Cr, NEU, LYM,
MPV), biochemical parameters
(ALP, AST, BUN and ALT) and
cytokine generation (TNF-o, IL-
6, IFN-y, and IL-12+P40)

Adverse immunological effects

Pd nanosheets have no effect on cell viability,
apoptosis, ROS generation, or mitochondrial
depolarization.

The in vivo results show that the particle is primarily
trapped by reticuloendothelial system (RES). Also, no
significant hepatotoxicity was induced by Pd
nanosheets of different sizes. The activity of ALP, ALT,
AST and BUN observed was within normal range and
no apparent histopathological abnormalities or lesions
were observed in any major organ.

No significant cytotoxicity was observed for B-PEG
NSs. However, when exposed to an 808 nm NIR laser
(1 Wem™) for 5 min it was notices a strong
concentration-dependent cytotoxicity. Also, when the
B-PEG NSs were combined with DOX and NIR laser
irradiation, over 95% of the cells died at a DOX
concentration of 100 pg mL™".

No obvious side effects were noted, also the levels of
TNF-a, IL-6, IFN-y, and IL-12+P40 were similar to those
in the PBS control group indicating that B-PEG NSs did
not induce obvious cytokine response. Compared with
the control group, there is no statistically significant
difference of the NSs-treated groups with PBS-treated
groups in all the parameters, no obvious induction on
cytokine response, no change in biochemical parameter

Ref.

(144)

89)

and no hematological toxicity, therefore, B-PEG NSs do
not cause obvious infection and inflammation in the
treated mice. Moreover, no noticeable signal of
inflammation or tissue damage was observed in major
organs.

"Ip, intraperitoneal; 2Lung, oropharyngeal aspiration; °It, intratail

GO-PEG, poly-(ethylene glycol)-functionalized GO; PG-FMN, flavin mononucleotide-stabilized pristine graphene; GO-NH2, aminated GO; GO-PAM, poly(acrylamide)-functionalized GO;
GO-PAA, poly(acrylic acid)-functionalized GO; PEG, polyethylene glycol; DSPE-PEG, N-(carbonyl-methoxypolyethyleneglycol 5000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine;
HSA, human serum albumin; Tf, transferrin; Fg, fibrinogen; IgG, immunoglobulin G; NSs, Nanosheets; ALP, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate
dehydrogenase; BUN, blood urea nitrogen; CRE, creatinine; lactate dehydrogenase; PLT, platelet; NO, nitric oxide; IHC, immunohistochemistry; Nuclear NMR, magnetic resonance
spectroscopy; TCA, tricarboxylic acid cycle; PVP, polyvinyl chloride; LPS, lipopolysaccharide; Rho/ROCK, Rho-associated protein kinase; RBC, red blood cells; WBC, white blood cells;
MMP, mitochondrial membrane potential; MAPKS, mitogen—activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; GSH, glutathione; BALF,
bronchoalveolar lavage fluid; LYM, lymphocytes, MPV, mean platelets volume; HTC, hematocrit count; HGB, hemoglobin; MVC, mean volume cell; MCH, mean cell hemoglobin; MCHC,
MCH concentration; NEU, neutrophil count; DOX, doxorubicin; NIR, near infrared light; UA, uric acid; CpG, cytosine-phosphate—guanine; BPTT, black phosphorus based photothermal

therapy; TMDC, transition metal dichalcogenides.

demonstrated that small MoS, nanoflakes can penetrate the
macrophage membrane, and that the PEG chain on PEG-MoS,
lead to a prolonged passage throughout the membrane. Such a
result might explain why PEG-MoS, triggers sustained more
stimulation of macrophages than pristine MoS,.

Other types of functionalization have also been studied in
respect to their biocompatibility to immune cells. For instance,
Zhi et al. (112) reported that the polyvinylpyrrolidone (PVP)
coating of GO has exhibited lower immunogenicity when
compared with pristine GO in relation to the inducing
differentiation and maturation of dendritic cells (DCs),
provoking a delaying in apoptotic process of T lymphocytes
and the anti-phagocytosis ability against macrophages.

Surface chemistry has also been shown to influence on the
immunotoxicity of 2D materials. Gurunathan et al. (114)

reported that both GO and reduced GO (rGO) induced a
dose-dependent loss of cell viability and proliferation, cell
membrane damage, a loss of mitochondrial membrane
potential, a decreased level of ATP, a redox imbalance, and an
increased secretion of various cytokines and chemokines (IL1-f3,
TNF-o, GM-CSF, IL-6, IL-8, and MCP-1) by THP-1 cells.
However, to all these toxic effects the rGO presented a
significantly worse response compared to GO. In a previous
study, Yan et al. (115) showed that different oxidation degrees
resulted in the toxicity of monocytes via different signaling
pathways, with GO nanoplatelets (GONPs) inducing the
expression of antioxidative enzymes and inflammatory factors,
whereas the reduced GO nanoplatelets (rGONPs) activated the
NF-xB pathway. The contradictory results between these two
studies, in relation to cytokine and chemokine expression, may
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be due to differences in the GBMs studied (i.e. GO sheets versus
GO nanoplatelets), and they raise the need for further
investigation concerning the effects of the oxidative degree of
GBMs on immune cells.

In order to investigate the pristine graphene effects in vitro
(THP-1 cell line) and in vivo (C57BL/6 strain mice), Schinwald
et al. (118) have assessed the impacts of the shape of graphene
nanoplatelets (GNPs) on their inflammatory potential. This large
few-layer graphene presented as inflammogenic both in vitro and
in vivo, which was attributed to its large size that led to frustrated
phagocytosis. The authors highlighted that the potential hazard
of GNPs could be minimized by producing GNPs small enough
to be phagocytosed by macrophages. Moreover, the number of
GO layers has been shown to affect its immunotoxicity, in which
single-layer GO (SLGO) caused a more pronounced decrease in
cell viability due to membrane damage of THP-1 cells, while
multi-layer GO (MLGO) induced higher reactive oxygen species
(ROS) and IL-1fB production, leading to necrosis and apoptosis
(120). In addition, the histological animal analysis revealed that
SLGO and MLGO induced acute and chronic damage to the
lungs and kidneys in the presence or absence of Pluronic F-
127 (120).

Another important parameter, when approaching
nanomaterial biosafety, is colloidal stability. Aggregation
can influence the immunological response as observed by
Wang et al. (127), when compared the toxicological profile
of 2D MoS, versus aggregated MoS, in lung cells and mice. In
their in vitro evaluation, in THP-1 and BEAS-2B cells, they
found that aggregated MoS, induces strong proinflammatory
and profibrogenic responses, while 2D MoS, have little or no
effect. In agreement with in vitro results, an acute toxicity
study in vivo showed that aggregated MoS, induced an
acute lung inflammation, while 2D MoS, had no or a
slight effect.

To increase the stability of 2D materials, studies have shown
that proteins can be used as a dispersant agent. Lin et al. (142)
studied silicene nanosheets modified with a bovine albumin
serum protein corona (SNSs-BSA) and observed a significant
increase in the colloidal stability in several physiological media
(0.9% saline, phosphate buffered saline and Dulbecco’s modified
Eagle medium). Furthermore, SNSs-BSA did not cause
significant toxicity in vitro neither significant acute toxicity in
vivo. Only meaningless hematological changes were observed
during the treatment duration, and no significant inflammation
or infection were caused by the SNSs-BSA.

It is imperative that in a physiological environment, the
nanomaterials will interact with biomolecules, forming a
complex biomolecular corona. Those biomolecules (e.g.,
proteins, lipids, carbohydrates) can change the identity of the
nanomaterials and influence their interaction with biological
systems, causing an increase or decrease in internalization,
toxicity, and biocompatibility as well as in colloidal stability
over time. Thus, the biotransformation of nanomaterials in a
physiological environment is an important parameter to be
studied (146). The most common and highly studied
component of biomolecular corona is the protein corona. In

this sense, Mo et al. (132) studied the effect of the human plasma
protein corona on the cytotoxicity of BP nanosheets and BP
quantum dots (BPQDs) observing a reduction in cell viability for
both nanomaterials when coated with proteins. However, protein
corona facilitated BP nanosheet internalization and induced an
increase in inflammatory cytokines (IL-1f, IL-6, IL-8 and IFN-y)
and in ROS generation. Besides, it was observed that protein
corona coated BP caused an induction on the nitric oxide (NO)
and tumour necrosis factor. Further, Mo et al. (133) studied the
effect of the human plasma protein corona in BP toxicity, and
observed an increased macrophage polarization due to the
adsorption of opsonins present in the plasma, increasing the
uptake of BP and the interaction with stromal interaction
molecule 2 (STIM2) protein facilitating Ca** influx.

Similarly, Han et al. (126) studied the effect of plasma corona-
coated 2D monoelemental nanosheets and observed that the
protein corona decreases cytotoxicity and cell membrane damage
for borophene, phosphorene, and graphene nanosheets. The
corona coating induced the secretion of inflammatory
cytokines (IL-1f, IL-6, IL-8, and IFN-y) for all three materials.
Also, for BNNS, it was observed an increase in cellular uptake
when the material was coronated, and therefore, the corona may
promote phagocytosis. Baimanov et al. (31) also investigated the
effect of four different blood protein coronas (human serum
albumin (HSA), transferrin (Tf), fibrinogen (Fg), and
immunoglobulin G (IgG) corona) on cell viability, uptake, and
pro-inflammatory effects of MoS, nanosheets (NSs) in the
macrophages cell line. Their results demonstrate that blood
proteins contribute to uptake and inflammatory effects, as
protein coated MoS, NSs increase cell viability and decrease
cytoplasmic membrane damage when compared to non-coated
MoS, NSs. Besides, it was observed that the type of protein
influences cytokine secretion, as IgG-coated MoS, NSs causes
more inflammatory cytokine secretion (TNF-o., IL-6 and IL-1).
The highest proportion of B-sheets on IgG led to fewer secondary
structure changes on MoS, NSs, facilitating uptake and
producing a stronger pro-inflammatory response in
macrophages due to the recognition of an MoS, NSs-IgG
complex by Fc gamma receptors and the subsequent activation
of the NF-«B pathways. Another interesting finding is that in a
serum-containing medium, cellular uptake of MoS, NSs—protein
complexes was higher than that in a serum-free medium. Also,
the MoS, NSs—Fg, and MoS, NSs-serum complexes had similar
results in serum-free conditions and different results in a serum-
containing medium, suggesting the formation of the protein
corona layer above the previously formed MoS, NSs—protein
complexes. Those studies can help to elucidate the mechanisms
in which protein corona can affects the toxicity of 2D materials.

One important ability of the immune system is the innate
immune memory, where cells from the innate immune system
react to secondary stimulus, which mostly includes an increased
or decreased production of inflammation-related factors (147).
With regard to 2D materials studies, there is yet a little research
on this topic. Liu et al. (148) functionalize GO with lentinan
(LNT) and observed that GO-LNT was able to promote
macrophage activation by NF-xB and TLR signaling pathway,
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as well as enhance antigen protein processing after initial contact
with macrophage. Moreover, the efficiency of this material was
investigated, as a vaccine adjuvant for ovalbumin (OVA), in this
sense GO-LNT induced robust long-term OVA-specific
antibody responses due to the prolonged release of OVA.
Besides this, GO-LNT was able to sustain a long-term immune
response because it facilitated the uptake and slowed the release
rate of antigen in macrophage. Further, Lebre et al. (149),
demonstrated that pristine graphene can promote the innate
immune training, enhancing the secretion of IL-6 and TNF-a.
and a decrease in IL-10 after toll-like receptor ligand stimulation
5 days after graphene exposure, indicating that pristine graphene
can activate the immune innate memory.

Immune cells, such as macrophages and neutrophils, are one
of the first line of defense of the immune system; they are capable
of engulf the foreign material (or pathogen), degrading it and
producing cytokines to enhanced the immune response (150).
The uptake of 2D materials by immune system cells have been
reported in various studies (31, 109, 115, 126, 132); however,
there are few studies that address the degradation of those
materials after internalization. Mukherjee et al. (151) studied
the degradation of large and small GO by neutrophils and
observed that not only both GO be degraded by neutrophils
but also that the product of the degradation was non-toxic to
human cells. Similarly, Moore et al. (152) studied the
degradation of few-layer MoS, in human macrophage-like cells
and observed that internalization occurred following 4 h of
exposure and after 24 h the in vitro degradation of the material
was confirmed, which occurred within lipidic vesicles and
associated with enzymatic regions containing lysozyme.

As presented above, 2D nanomaterials may have an
inflammogenic potential and immunotoxicity, which may
impair their successful clinical translation; however, the
immunological system activation can also be useful for
theragnostic purposes. This application uses the immune
responses to protect the body and eliminate cancer cells. The
advantage of immunotherapy is that it engages the immune
system to kill tumor cells without damaging healthy cells,
additionally, it may induce immunological memory, causing
long-lasting protection (153).

Nanoinformatics Approaches Toward
Immunosafety-by-Design
In materials science, theory, computational modeling
and informatics have a substantial role in accelerating and
discovering new materials with interesting properties and
applications (154-156). Due to the growing interest in 2D
nanomaterials, computational approaches are extensively used in
the discovery, development and application of these materials by
detailed study of their structure/property relationships (156-158).
The nano-bio interface phenomena are directly related to the
physicochemical properties of nanomaterials. However, tracing
general correlations and delineating predictive models of
nanomaterials biological effects remains challenging. Some issues
include the complexity of nano-bio interactions, nanomaterials
structural heterogeneity, lack of standard methodologies, absence

of systematic studies and low-quality nanomaterial
characterization (159-161). In this context, computational
methods have been incorporated into the nanotoxicology field to
support the understanding of the nano-bio interface to enable the
development of safe-by-design principles applied to nanomaterials
(162, 163). Theoretical modeling (i.e., molecular dynamics, density
functional theory) enables precise control of critical parameters of
the nanomaterials surface to study their individual effects in nano-
bio interactions, providing mechanistic knowledge (164-166). On
the other hand, machine learning (ML) techniques are used to
assess datasets of nanomaterials biological outcomes in order to
find patterns and correlations between physicochemical properties
and biological effects, often undetectable through other types of
analysis (167-169).

Applications of data-driven strategies include data filling,
grouping, and predictive modeling. Quantitative nanostructure-
activity relationships (QNAR) consist of the main strategy to
delineate prediction models based on correlations between
nanomaterial structural characteristics to their properties and
biological activities (170, 171). It is based on the assumption
that nanomaterials in their properties present similar biological
effects. Diverse algorithms can be used in QNAR models,
including support vector machine (172), artificial neural
network (173), and decision trees (174), among others, and
depending of the level of algorithms interpretability may enable
the outline of causal relationships.

The scarcity of quality data and comprehensive databases is
the major bottleneck in the application of ML to predict
nanomaterials immune reactions (175, 176). Data-driven
strategies have been making important advances in modeling
biological phenomena that have potential usage to evaluate
nano-immune interactions, such as predicting biomolecular
corona compositions (177-181), and nanomaterials and cell
interactions (e.g., cell uptake, cytotoxicity, membrane integrity,
oxidative stress) (182-185). Furthermore, the exploration of
omics approaches (e.g., genomics, transcriptomics, and
metabolomics) has promoting the development of ML models
to process the complex data generated by these techniques and
enables a better understanding of the molecular mechanisms of
nanomaterials adverse effects in a systemic context, defining and
predicting adverse outcome pathways (186-189). The omics’
potential of data generation is demonstrated by Kinaret et al.
(190), who were able to connect immune responses to observed
transcriptomic alterations in mouse airway exposed to 28
engineered nanomaterials. Together with cytological and
histological analyses (imaging processing), they generated an
extensive in vivo data set of nanomaterial adverse effects.

Allied with quality data infrastructure and processing,
computational methods are sizeable to deal with complexity of
nano-bio interface to assess and model the toxicity of
nanomaterials in a variety of environments (163, 191-194). To
support safe-by-design approaches, international efforts have been
made to provide data integration and sharing, modeling tools,
standard protocols, and ontologies, to ensure Findable, Accessible,
Interoperate, and Reusable (FAIR) data (195, 196). For example,
European projects, such as NanosolvelT and NanoCommons, and
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more recently CompSafeNano are initiatives facing on this
direction (164, 165, 197, 198). In accordance with these
initiatives, Gazzi et al. (199) recently presented the
nanoimmunity-by-design concept developed inside G-
IMMUNOMICS and CARBO-IMmap projects, which aim to
bridge the knowledge gaps in the immune characterization of
carbon-based materials, integrating data-driven methodologies
which are extendable to other 2D materials.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Two-dimensional materials are key elements for nanoscience and
innovation in energy, health, and the environment. This can lead
to a broad range of technological applications, especially nano-
imaging, which has been growing exponentially in recent years.
The wide number of 2D materials with different physicochemical
properties make immunotoxicity and safety evaluation a
challenge. There are therefore still gaps and controversial data
in the literature. For example, within the same material category
(i.e., graphene oxide) different properties were observed that
might affect immunological and toxicological responses. It is
imperative to evaluate the biological effects of biomolecular
corona formation on 2D materials at nanobiointerfaces. Only
by the identification of these material properties (intrinsic and
extrinsic) and an integrated understanding on how they may
influence its immunological response, we can manage
immunotoxicity/biocompatibility and then benefit from their
unique properties for many applications. Furthermore, it is very
important to highlight the critical influence of endotoxin
contamination prior immunological studies and toxicity testing.
Special attention on this topic will avoid misinterpretation of
immunosafety results involving 2D materials (148). In addition, it
is important to advance in the understanding of the links between
nanomaterials and the immune system across environmental
species; this being a future challenge for immunosafety research
associated with 2D materials (200). Nanoinformatics and
computational modeling will have a decisive role on
immunotoxicological studies with nanomaterials toward the
practical implementation of immunosafety-by-design. However,
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Iron oxide nanoparticles (IONPs) bear big hopes in nanomedicine due to their (potential)
applications in tumor therapy, drug delivery or bioimaging. However, as foreign entities,
such particles may be recognized by the immune system and, thus, lead to inflammation,
hypersensitivity or anaphylactic shock. In addition, an overload with iron is known to cause
oxidative stress. In this short review, we summarize the biological effects of such particles
with a major focus on IONP-formulations used for bicimaging purposes and their effects
on the human immune system. We conclude that especially the characteristics of the
particles (size, shape, surface charge, coating, etc.) as well as the presence of bystander
substances, such as bacterial endotoxin are important factors determining the resulting
biological and immunological effects of IONPs. Further studies are needed in order to
establish clear structure-activity relationships.

Keywords: SPIONs, inflammation, oxidative stress, ROS, MRI contrast agent, endotoxin

INTRODUCTION

Nanoparticles (NPs) are defined as particular entities with a maximum size of 100 nm in two or
three dimensions (1). They can be composed of different organic and inorganic materials such as
liposomes, micelles, carbon nanotubes, fullerenes, metalloids, metals and metal oxides. Iron oxide
nanoparticles (IONPs) typically consist of a core of a magnetic iron oxide (magnetite, Fe;O4 or
maghemite, y-Fe,03), surrounded by a coating for their stabilization and can be synthesized by a
huge variety of chemical approaches (2, 3). During the last decades, IONPs became more and more
popular due to their numerous biomedical applications, such as cancer therapy by magnetic-field
mediated hyperthermia, drug-delivery, iron replacement therapy or bioimaging techniques (4-6).
Although IONPs are generally considered as biocompatible and possess only low cytotoxic potential
(7), it is evident that such particles are considered as foreign entities and, thus, may have a variety of
effects on the immune system, such as hypersensitivity reactions, immunosuppression or immune
stimulation (8, 9). The aim of this review is to give an overview on different IONP formulations that
are (or have been) clinically applied for imaging purposes and to elaborate on the effects of these
particles on human health and the immune system.

IRON OXIDE NANOPARTICLES IN BIOIMAGING

Due to the magnetic properties of the core and the small particle size, IONPs are superparamagnetic
and undergo magnetization only in presence of a magnetic field. This special properties have shown
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to be beneficial for use of such particles as contrast agents in
magnetic resonance imaging (MRI) where IONPs produce
hypointense (dark) signals in T,-weighted MR images (10, 11).
As such, they represent the counterpart to the classical
Gadolinium (Gd)-based contrast agents which increase T,
relaxation rates leading to positive (bright) image contrast (12).
In recent literature, there is also evidence that ultra-small IONPs
(<5 nm) can be used in both T;- and T,-weighted MRI (13, 14).
These findings could appear to be beneficial in the future since
Gd-based contrast agents are known to be less biocompatible and
can raise the possibility of nephrotoxicity, especially in patients
with advanced acute or chronic kidney disease (15, 16).

MRI contrast agents can be administered orally or
intravenously (17). An example for an orally administered
IONP-based contrast agent is Ferumoxsil (Lumirem®,
GastroMARK®), which was approved for imaging of the
gastrointestinal (GI) tract by the FDA in 1996 but later
withdrawn from the market. However, most IONP-based
imaging agents are administered via injection. Ferumoxide
(Feridex®, Endorem®) and Ferucarbotran (CiavistTM,
Resovist®) were two contrast agents designed for liver imaging
which both became approved in the US as well as in Europe.
However, due to different side effects, both were withdrawn from
the market in 2008/2009 and only Resovist® is still available in
limited countries (9, 18, 19). Ferumoxtran-10 (Sinerem®,
Combidex®) was designed for lymph node imaging in prostate
cancer metastasis (20). However, also this earlier FDA-approved
agent was withdrawn from the market due to a lack of improved
efficacy (19). Ferumoxytol (Feraheme®, Rienso®) was initially
approved for treatment of iron deficiency for patients with
chronic kidney disease but recently has also been shown to be
suitable as contrast aging in MRI, however with no clinical
approval yet (21). VSOP C184 and Feruglose (Clariscan®)
were both designed and clinically tested for MR angiography
and blood pool imaging but did not reach the level of approval
(22, 23). Table 1 lists a selection of iron oxide-based contrast
agents applied for bioimaging.

Aside from MRI, IONPs can also be applied for a similar but
different technique, named magnetic particle imaging (MPI).
Here, the particles do not act as a contrast agent but rather are
the only source of the signal and the only visualized element (24).
By using static and dynamic magnetic fields, the unique magnetic
characteristics of IONPs can be used to acquire detailed images
without using harmful ionizing radiation. In contrast to MRI,

MPI thereby only images the anatomical sections which were
labelled with the IONP tracer (25, 26). Thereby it offers three-
dimensional images with high sensitivity, temporal and spatial
resolution. However, to date, MPI is rather experimental, and
available scanners are designed for investigation of mouse- and
rat-sized animals (26). IONP-formulations like Ferucarbotran
(Resovist®) have been shown suitable for MPI, however, other
formulations of IONPs (IONP-micelles) seemed to perform
better for this novel technique (27).

BIOCOMPATIBILITY OF IRON OXIDE
NANOPARTICLES

Iron is an essential element and, thus, a life without iron would
not be possible. However, overload of iron is also hazardous since
it can increase reactive oxygen species (ROS) production via
Fenton and Haber-Weiss reactions (28). In the Fenton reaction
(1), ferrous iron (Fe®") reacts with hydrogen peroxide (H,0,) -
which is, for instance, produced as a side product in
mitochondrial respiration (29) - forming ferric iron (Ee*h), a
hydroxide anion (OH™) and the extremely reactive hydroxyl
radical (OH-). The oxidized Fe’* can be reduced to Fe*" again by
the involvement of a superoxide anion, which will be converted
to oxygen (2). The scheme below depicts the reaction equations
of both reactions. The concluding final reaction is termed the
Haber Weiss reaction - an iron catalyzed reaction, which
generates hydroxyl radicals using hydrogen peroxide and
superoxide radicals as substrates (3).

Fe** + H,0,—Fe’* + OH™ + OH.- 1)
Fe’* + 05 - —Fe** + 0, ®)
H202 + OE . —)02 + OH7 + OH (3)

Due to this reactions, cells have to tightly regulate iron
metabolism and have developed numerous pathways and
antioxidative defense mechanisms to compete iron-induced
stress such as detoxification of H,O, by the enzyme catalase or
by involvement of the antioxidant glutathione and the enzymes
glutathione peroxidase and glutathione reductase or by storing
excess of free intracellular iron in the iron storage protein ferritin
(30-32). Nevertheless, if these different antioxidative

TABLE 1 | Selected IONP-based contrast agents for MRI.

Formulation Trade name(s) Coating Application(s)
Ferumoxide Feridex®, Endorem® Dextran Liver imaging
Ferucarbotran Ciavist™ Resovist® Carboxydextran Liver imaging
Ferumoxtran-10 Sinerem®, Combidex®  Dextran Lymph node imaging
Ferumoxytol Feraheme®, Rienso® Polyglucose sorbitol carboxymethyl  CNS imaging, blood pool imaging, lymph node imaging, Iron deficiency
ether treatment
Citrate-coated very small iron VSOP C184 Citrate MR angiography, Blood pool imaging
oxide NP
Feruglose Clariscan® PEGylated starch MR angiography, Blood pool imaging
Ferumoxsil Lumirem®, Siloxane Oral Gl imaging
GastroMARK®
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mechanisms become overcharged and fail, OH: radicals can
induce intracellular damage such as lipid peroxidation, protein
oxidation and subsequent degradation and DNA damage, which
will lead to cell death through a process called ferroptosis (33).
IONPs can be responsible in Fenton reaction-mediated ROS
generation either at the particle surface or by intracellular
liberation of Fe?*/Fe®" jons (34-36). Oxidative stress is
frequently described as the main reason for IONP-mediated
cytotoxicity as extensively reviewed earlier (7, 37, 38).

Cellular and Molecular Effects Determined
In Vitro

Cytotoxicity of NPs can be assessed in vitro by a number of different
assays addressing different cellular markers. The most prominent
assays are the MTT-assay and the WST-1 assay to address the
cellular metabolic activity, the LDH assay to address the cell
membrane integrity and the Neutral Red uptake assay to assess
lysosomal integrity. In general, the cytotoxicity of IONPs is
considered rather low, especially when comparing them with
other metal/metal oxide NPs such as silver or copper oxide (39,
40) and only a limited number of studies exists that report toxicity at
lower (<100ug/mL) concentrations (41, 42). Interestingly, when
moving away from the field of human toxicology, IONPs become
much more critical. For example, Zhu and colleagues found that
IONPs in concentrations of 10 pg/mL and higher severely affected
hatching rate and survival from zebrafish (Danio rerio) while Garcia
and co-workers published EC50 values of even less than 1 pg/mL for
IONP-toxicity towards Daphnia magna (43, 44).

Aside from classical cytotoxicity studies, numerous studies exist
that in greater depth investigate the cellular and molecular effects of
IONP exposure towards different cell types. As already mentioned
above, oxidative stress plays a major role for IONP-related effects.
For example, increase of ROS production was found for the IONP
formulation Endorem® in human liver cells (45), for Endorem®,
Resovist® and VSOP €200 in C17.2 neural progenitor cells and
PC12 rat pheochromocytoma cells (46) or Feraheme® in human T
cells (47). However, also studies exist that show only minor or no
ROS production after incubation of human cells with IONPs for
bioimaging. Miiller and colleagues showed that Ferumoxtran-10
was not toxic to human macrophages, nor did it activate them to
produce pro-inflammatory cytokines or induce ROS production
(48) and Lindemann and co-workers showed that Ferucarbotran
(Resovist®) did not lead to increased ROS production in head and
neck squamous cancer cells (HNSCCs) despite they induced
apoptosis (49).

In addition to ROS formation and cytotoxicity, other adverse
effects have been reported being caused by IONPs. Dissanayake and
co-workers extensively reviewed the potential of IONPs to induce
genomic alterations (50). Genotoxicity of IONPs was observed by
different types of DNA damage, such as chromosomal aberrations,
DNA strand breakage, oxidative DNA damage and mutations (51)
or by the formation of micronuclei (52). Jin and colleagues showed
that the commercial IONP formulation Feridex® exerted genetic
toxicity in human hepatoma (HepG2) cells (53). Soenen and
colleagues demonstrated that high concentrations of Endorem®,
Resovist® and citrate-coated IONPs induced important
cytoskeleton and morphology alterations and affected the

proliferation of C17.2 neural progenitor cells and primary human
blood outgrowth endothelial cells (46, 54). Other IONP-related
effects that have been reported are cell cycle alterations (55),
autophagy (56) or apoptosis (49, 57). Figure 1 summarizes entry
routes and cellular fate of IONPs in human cells.

Biodistribution, Clearance and Toxicity
Determined In Vivo

Understanding the biodistribution of NPs is a critical point when
evaluating their biological and immunological safety (58). The
disposition of any compound within an organism can be described
by the ADME principle, which stands for absorption, distribution,
metabolism and excretion. For IONPs, all these four criteria are
strongly dependent on particle characteristics, such as size, size
distribution, surface charge, coating molecules and protein corona
formation (59). Already more than 30 years ago, the biodistribution
of radioactive-labelled Ferumoxide (AMI-25) after injection in rats
was studied, with the result that the majority of the particles
accumulated in the liver and spleen 1 h after injection (60). While
the clearance of the particles of these organs occurs with half-lives of
3-4 days, the whole body clearance was much longer (44.9 days). In
contrast, the blood half-life of these particles was determined to be
only 6 min, indicating the rapid uptake and clearance by the
mononuclear phagocyte system (MPS) (61). In the same report, the
authors also investigated the blood half-life of a second ultrasmall
IONP type (size <10 nm, while AMI-25 was 72 nm) and found that
these particles remain in the bloodstream with half-lives of 81 min,
indicating that IONP size plays a crucial role in particle clearance.
This finding was also confirmed by Bourrinet and colleagues who
compared 30 nm Ferumoxtran-10 with the larger Ferumoxides (62).

Apart from IONP size, also the coating and surface charge play a
major role in their blood clearance, pharmacokinetics and
biodistribution (58, 59). In general, IONPs with neutral surface
charge are considered having a longer circulation time and a
reduced uptake by the MPS due to less opsonization (63, 64).
Polyethylene glycol (PEG) is often used as a coating agent for
IONPs, since it provides a steric stabilization of the particles by a
shielding of their surface charge that strongly reduces opsonization
and subsequent macrophage uptake (65). Another polymeric
coating agent, which is often used as alternative to PEG, is
polyvinyl pyrrolidone (PVP) (66). IONPs with positively charged
coatings are often cleared much faster from the bloodstream due to
differences in protein absorption in comparison with neutral or
negatively charged particles (67). It is well known that protein
absorption and subsequent protein corona formation has a great
impact on the biological identity of NPs and on their effects on
living organisms (68). When cleared from the bloodstream, injected
IONPs are mainly found in the liver and spleen. However, there is
also evidence of IONPs present in the lungs (69), kidney (70), heart
(71) and even the brain (72).

IONPs are generally considered as safe and non-toxic in vivo
(59), however, such particles can have side effects such aslocal pain,
hypotension, hypersensitivity, anaphylactic shock, vasodilatation
and paraesthesia (9) which were the reasons for withdrawal
of the earlier clinical applied dextran/carboxydextran-coated
IONP-formulations (Feridex®/Endorem®, Resovist®/Cliavist®,
Sinerem®/Combidex®). A still approved formulation is
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FIGURE 1 | Uptake and intracellular fate of IONPs. Depending on IONP-size and coating and on the investigated cell type, different endocytic mechanisms
contribute to the uptake of intact IONPs into the cells where the particles typically enter the endo-lysosomal system. Inside the cell, iron can be liberated from the
NPs and contribute to several reactions including Fenton- and Haber-Weiss reactions leading to the formation of hydroxyl radicals which can induce cell damage.

Ferumoxytol (Feraheme®, Rienso® in the EU) which is primarily
used as iron therapy and has been shown to be tolerable in high
doses up to 510 mg per injection (73). However, there is also
evidence of risks of hypersensitivity reactions and also the long-
term effects seem to be not fully evaluated (74).

IMMUNE EFFECTS OF IRON OXIDE
NANOPARTICLES

Besides cytotoxicity induced through particle-mediated or iron-
mediated oxidative stress, IONPs may be recognized by the
immune system and can, thus, induce different immunological
effects. These immune effects are - just like the aforementioned
cellular and molecular effects — highly dependent on the particle
characteristics. Size, shape, surface charge and particle coating
have been described previously to greatly influence the immune
effects of IONPs (9). On the one hand, this is explained by the fact
that these parameters also influence the IONP biodistribution and
toxicokinetic profile (75); one the other hand, certain coatings
have been shown to induce certain immune effects. For example,
polyethyleneimine (PEI)-coated IONPs have been shown to
enhance Thl polarization of human dendritic cells (DCs) (76),
while dextran-coated IONPs have been shown to suppress the
proliferation activity of T-lymphocytes (77).

As already mentioned in the previous sections, the first
reaction of the human immune system on injected IONPs will
be their rapid uptake and elimination by cells of the MPS. One
essential component of the MPS are monocytes, which circulate
in the peripheral blood and can become activated by different
stimuli. Earlier studies have shown that monocytes accumulate
dextran-coated IONPs and that this accumulation induces
autophagy and an increase in secretion of the pro-inflammatory
cytokines Interleukin (IL)-1B3, IL-6 and Tumor Necrosis Factor
(TNF)-a. (78). Contradictory results have been published by
Grosse and co-workers who showed that 10 and 30 nm IONPs
(coated with a monolayer of oleic acid and a monolayer of
amphiphilic polymer) did not lead to elevation of these cytokines
end even inhibited LPS-induced pro-inflammatory cytokine
production (79). A likely reason for this discrepancy could be the
fact that in the latter study, the particles were proven to be free of
LPS or other TLR4 agonists, while the authors of the first study did
not investigate this. Moreover, the different coatings of the particles
can play a role in their different immunological responses. For
example, amino-functionalized amino-polyvinyl alcohol-coated
IONPs have been shown to increase IL-1P production of human
monocytes (80), while starch-coated IONPs did not alter IL-1f and
IL-10 secretion but downregulated IL-6 secretion in primary
monocytes (81). These differences in observed cytokine profiles
shows the need for future studies in order to gain a mechanistic
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understanding of the stimulatory or suppressive effects of IONPs
towards human monocytes.

Macrophages are phagocytes, which can be activated in two
different ways: classical (M1) or alternative (M2). The main
function of M1 macrophages is the detection, phagocytosis and
killing of pathogens, apoptotic cells and damaged host cells while
M2 macrophages have important functions in tissue repair (9).
Aside from this, macrophages can function as antigen-presenting
cells (APCs) and thereby connect innate with adaptive immunity.
IONPs have been frequently used to label macrophages for MRI,
for example in the brain (82), and have been shown to perform
better than conventional Gd-based contrast agents in a model of
multiple sclerosis (83). On the other hand, it has been shown in
vitro that IONPs can also induce oxidative stress and affect cell
viability of rat microglia cells (36). Other mechanistic studies
reported that IONPs lead to a secretion of IL-12, IL-1f and to
upregulation of several genes linked to the M1 phenotype in
murine and human macrophages (80, 84, 85). However, it should
be noted here that the IONPs in these studies were not checked for
endotoxin contaminations. In a study by Yang and colleagues, the
clinically applied IONP formulation Ferucarbotran has been
shown to activate RAW264.7 macrophages by an increase in
oxidative stress, a decrease in mitochondrial membrane potential
and an increase in cell proliferation (86).

IONPs can also affect the function of APCs as shown in a study
by Park and co-workers (87). They exposed mice intratracheally
with IONPs and found that these particles remained in the lungs
for at least 90 days and enhanced the expression of antigen
presentation-related proteins such as CD80, CD86, and MHC
class II, on APCs in bronchoalveolar lavage (BAL) fluid. Another
study by Mou and colleagues reported that positively charged
IONPs enhanced antigen cross-presentation of murine DCs while
negatively charged IONPs inhibited the DCs’ functions and
rapidly activated autophagy (88). The clinical IONP-formulation
Ferumoxide (Feridex®/Endorem®) had been shown earlier to
affect the viability and migratory properties of DCs, however,
only at high concentrations (89, 90).

The principal cells of humoral and cellular immune response
are the lymphocytes, which specifically recognize and respond to
antigens and produce antibodies (B cells) or directly kill infected
cells or assist the MPS in destroying them (T cells). The ability of
these cells to take up NPs is, generally, considered lower than that

Zhu and co-workers, who exposed mice intratracheally with 4 or
20 pg IONPs and reported that NP-induced exosomes were
responsible as signaling mediators for this Thl immune
activation (93).

Taken together, it can be stated that there are a number of
open questions regarding the complete understanding of IONPs
on the functioning of different immune cells. Table 2 sums up
the IONP-derived immune effects and the cytokines involved of
the studies on different immune cells reviewed in this paper.
Results presented in literature are sometimes inconsistent which
can be attributed to the use of different IONPs, IONP-coatings,
-sizes or -shapes or due to different incubation conditions.
Structure-activity relationships are not always clear and future
studies are definitely needed in order to systematically evaluate
the immune effects of IONPs and the influence of different
particle characteristics (9).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Iron oxide nanoparticles (IONPs) possess a variety of biomedical
applications, especially in bioimaging. However, these applications
came with a price since many of the IONP-containing
formulations have shown to cause different side-effects that later
resulted in their withdrawal from the market. We herein reviewed
the biological and immunological effects of IONPs and concluded
that published results often show inconsistencies regarding the
effects of such particles. Theses inconsistencies can often be
attributed to the particle characteristics (size, shape, surface
coating) or the experimental design and incubation conditions
(e.g., the presence of bystander substances such as bacterial
endotoxins). Thus, quantitative structure-activity relationships
(QSARs) for the analysis of such particles are difficult to draw
and require more data from future studies involving systematic
analysis of well-characterized particles under clearly defined
experimental conditions.

TABLE 2 | IONP-derived immune effects and up-/downregulated cytokines of
the studies reviewed in this articles.

of monocytes or macrophages (9). A study by Gaharwar and  Cell type Immune effects / cytokines Reference
colleagues reports that isolated rat splenic lymphocytes take up up- or downregulated

.IONPS and that the particl.es. affect ?ell .viabili.ty, incre:.lse Monocytes  Autophagy / IL-1p (+), IL-6 (+), TNFo. (+) (55)
intracellular ROS levels and lipid peroxidation while depleting Suppression of LPS-induced NF«B activation (79)
antioxidative enzymes and glutathione (91). Resovist® has been IL-1B (+) (80)
shown to attenuate Thl7 responses in ovalbumin (OVA)- IL-6 () ®1)
sensitized BALB/c mice in vivo and in OVA-primed splenocytes ng:phages mu Eit)irv)a“o”’ =12 () gg
isolated from BALB/c mice in vitro (92). This was indicated by a DCs Upreguiation of several proinflammatory oytokines (80)
decreased infiltration of CCR6+, IL-6+, IL17+ and ROR-y+ cells in [ ymphooytes  expression of CD80, CD86 and MHC class I 87)
inflamed footpads in vivo and by a suppression of the expression autophagy / antigen cross-presentation (88)
of IL-6, IL-17 and ROR-t in vitro. In another study, Feraheme® oxidative stress, glutathione depletion 1)
has been shown to suppress the immune function of human T Attenuation of Th17 cel responses ©1)

. . . IL-6 (), IL-17 (=), ROR-yt () (92)
lymphocytes through mitochondrial damage and ROS production Suppression of T-ymphocytes (“7)
(47). In contrast, a Thl-type immune activation was described by Th1 immune activation ©3)
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Exosomes are nanoscale extracellular vesicles. Several studies have shown that
exosomes participate in intercellular communication and play a key role in
osseointegration. However, it is unclear whether exosomes and their contents
participate in the communication between the immune and skeletal systems in the
process of osseointegration. In this study, we obtained smooth titanium disks by
polishing and small-scale topography titanium disks by sandblasted large-grit acid-
etched (SLA) technology combined with alkali thermal reaction. After stimulating mouse
RAW?264.7 cells with these two kinds of titanium disks, we co-cultured the MC3T3-
E1 cells and the RAW264.7 cells, obtained and identified the exosomes derived from
RAW264.7 cells, and studied the effect of the osteoimmune microenvironment and the
exosomes on the osseointegration of mouse MC3T3-E1 cells. Cell counting kit-8 (CCK-
8), real time quantitative PCR, western blotting, alizarin red staining, and quantitative
and confocal fluorescence microscopy were used to study the effects of exosomes on
MCS3T3-E1 cells; RNA sequencing and correlation analysis were performed. We found
that the osteoimmune microenvironment could promote the osseointegration of MC3T3-
E1 cells. We successfully isolated exosomes and found that RAW264.7 cell-derived
exosomes can promote osteogenic differentiation and mineralization of MC3T3-E1
cells. Through RNA sequencing and gene analysis, we found differentially expressed
microRNAs that targeted the signal pathways that may be related, such as mTOR,
AMPK, Wnt, etc., and thus provide a reference for the mechanism of osteoimmunue
regulation of implant osseointegration. The study further elucidated the mechanism of
implant osseointegration and provided new insights into the effect of exosomes on
implant osseointegration, and provided reference for clinical improvement of implant
osseointegration and implant success rate.

Keywords: exosomes, microRNA, osteoimmunity, titanium, osseointegration
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Exosomes and Implant Osseointegration

INTRODUCTION

In recent years, implant dentures have gradually become an
important treatment option for missing teeth. Titanium and
titanium alloys have good biocompatibility and mechanical
properties and are among the most widely used implant
materials in clinics (Xue et al., 2020). However, because titanium
is an inert metal with no biological activity, it can easily
cause a host inflammatory reaction that can even progress to
chronic inflammation, delaying implant osseointegration (Dar
et al., 2018). Therefore, many techniques have been applied
for titanium surface modification (Dohan Ehrenfest et al.,
2010), such as sandblasted large-grit acid etching (SLA) and
anodization (Loi et al., 2016; Miron and Bosshardt, 2016). In
our previous study, we combined SLA technology with an alkali
thermal reaction to construct titanium implants with small-scale
topography. It was found that, small-scale topography promoted
MC3T3-EL1 cell proliferation and osteogenic differentiation better
than the polished smooth surface, the micro-surface obtained by
SLA technology and the nano-surface obtained by alkali thermal
reaction (Yang et al., 2020).

The process of osseointegration of implants involves the
coordinated operation of the immune and skeletal systems,
namely osteoimmunity (Dar et al, 2018). Macrophages can
be differentiated into resident cells or myeloid precursor cells
(mainly monocytes) and reside in the bone. The interaction
between macrophages and osteocytes is crucial for bone
formation and repair (Pieters et al., 2019). Some studies have
found that different implant surface morphologies can induce
macrophages to polarize to the pro-inflammatory M1 phenotype
or anti-inflammatory M2 phenotype (Luu et al, 2015; Quan
et al., 2020). In our previous study, we found that the small-
scale topography can stimulate RAW264.7 cells to polarize to
anti-inflammatory M2 phenotype and regulate the osteoimmune
microenvironment to an anti-inflammatory environment, which
is more conducive to implant osseointegration (Yang et al., 2020).

Exosomes are nano-sized vesicles that are secreted by most
cells. They were first found in reticulocytes in 1983 and named
exosome in 1987 (Pan and Johnstone, 1983). The diameter
of exosomes is in the range of 30-150 nm, with a lipid
bilayer structure (Mathieu et al, 2019); exosomes can be
directly absorbed by target cells and affect the phenotype of
receptor cells (Rani et al., 2015; Yang et al., 2017). Therefore,
they play an important role in cell communication and have
attracted increasing attention. Wei et al. (2019) found that
the expression of alkaline phosphatase (ALP) and BMP-2
markers of early osteoblast differentiation was significantly
increased by using BMP-2/macrophage- derived exosomes to
modify titanium nanotube implants, which confirmed that the
combination of titanium nanotubes and BMP-2/macrophage-
derived exosomes could promote bone formation. Xiong et al.
(2020) found that M2 macrophage-derived exosome microRNA-
5106 could induce the osteogenic differentiation of bone marrow
mesenchymal stem cells.

Exosomes play an important role in target cells, mainly
through intercellular communication and the delivery of key
bioactive factors. However, it is not clear whether exosomes

participate in osteoimmunity and influence osteointegration
around titanium implants with small-scale topography.
Furthermore, the gene information and function of macrophage-
derived exosomes have not been fully clarified. Therefore, we
studied the effect of macrophage-derived exosomes stimulated by
small-scale topography of titanium implants on MC3T3-E1 cells
and screened key microRNAs in exosomes, to further explore the
mechanism of macrophages stimulated by exosomal contents in
small-scale topography titanium disks on MC3T3-E1 cells, and
to provide reference for exploring the effect of osteoimmunity on
osseointegration.

MATERIALS AND METHODS

Preparation and Characterization of

Titanium Disk

Ti6Al4V disks with a diameter of 19.5 mm and thickness of
1 mm (Taizhou Yutai Metal Materials Co., Ltd., Jiangsu, China)
were used and polished to an average roughness of 0.2 mm
and a thickness of 0.01 mm. The polishing process of the disks
was listed in Supplementary File 1. The 60 mesh alumina
particles (Gongyi Baolai Water Treatment Material Factory,
Henan, China) were sprayed on the polished titanium plate
surface at a spray angle of 90° with a spray distance of no more
than 5 cm. When the surface of the titanium disk was uniformly
gray, it was removed and immersed in 0.5% hydrofluoric acid
solution for 15 min at 25°C. For alkali thermal treatment, the
titanium disk was immersed in a 10 mol/L sodium hydroxide
solution and treated at 80°C for 24 h. All the titanium disks
were placed into a 5% concentrated cleaning solution (micro-
90, International Products Company, New York, United States),
anhydrous ethanol, distilled water, ultrasonic vibration cleaning
for 5 min, and air dried at room temperature for standby.

For the surface characterization of the titanium disk, the
surface morphology was observed using a cold field emission
scanning electron microscope (Carl Zeiss, Germany) and 3D laser
scanning microscope (VK-X200 K, Japan). The surface contact
angle was measured by the suspension drop method with 2 pL
artificial saliva, and the average surface roughness (RA) of the
titanium disk was measured using a Wyko nt9300 optical profiler
(Veeco, United States). The surface composition of titanium disks
was analyzed by X-ray photoelectron spectrometer (Thermo
Fisher Scientific, United States).

Cell Culture

RAW264.7 cells, a widely used mouse derived macrophage cell
line, were provided by Shandong Key Laboratory of oral tissue.
Mouse embryonic osteoblast precursor cells (MC3T3-E1 cells)
were purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). The complete medium was
a-minimum essential medium (a-MEM, Hyclone, United States),
in which 10% fetal bovine serum (FBS, Hyclone, United States)
was added. The culture medium contained double antibodies
(100 IU/mL penicillin G and 100 pg/mL streptomycin, Solebo,
China). The cells were cultured at 37°C in a 5% CO,
incubator, and the medium was changed on alternate days.
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Osteogenesis induction medium (OM) consisted of complete
medium supplemented with 50 mg/L ascorbic acid (Sigma
Aldrich), 10 mmol/L B-glycerophosphate (Sigma Aldrich), and
10 nmol/L dexamethasone (Sigma Aldrich). The supernatant of
RAW264.7 cell culture medium was centrifuged at 1000 x g for
5 min, and then the conditioned medium (CM) was prepared by
adding 20% FBS osteogenic induction medium.

Exosome Isolation

The supernatant of RAW264.7 cell culture medium was
centrifuged at 1000 x g for 5 min, and then 20 mL of each
group was added into a 50 mL centrifuge tube. PBS was added
to bring it to a total of 40 mL in each tube, centrifuged at 4°C
for 10 min at 300 x g, and the supernatant was transferred to a
new 50 mL, the supernatant was transferred to a centrifuge tube
(40 mL), matched with the ultracentrifuge, and centrifuged at 4°C
for 30 min at 10,000 x g. The supernatant was transferred to a
centrifuge tube (40 mL), matched with the ultracentrifuge, and
centrifuged at 4°C for 70 min at 10,0000 x g. The exosomes were
identified by transmission electron microscopy, nanoparticle
tracking analysis, and western blotting.

Nanoparticle Tracking Analysis (NTA)

The sample pool was cleaned with deionized water, the
instrument was calibrated with polystyrene microspheres
(110 nm), and the sample pool was cleaned with 1 x PBS buffer;
the exosome solution was diluted with 1 x PBS buffer and
injected for detection. Each sample was detected three times, and
the data were processed and mapped using the Origin software.

CCK-8 Detection

Cell proliferation was examined using the cell counting kit 8
(CCK-8; Dojindo, Tokyo, Japan). MC3T3-E1 cells were treated
with osteogenic induction medium or CM. On days 1, 3, 5,
and 7, the original medium was replaced with CCK-8 reagent
and complete medium at a ratio of 1:10. MC3T3-E1 cells were
incubated at 37°C for 1 h, and the absorbance value was
measured at 450 nm.

Alizarin Red S Staining and

Cetylpyridinium Chloride Determination
MC3T3-El cells were fixed with 4% paraformaldehyde for
30 min and then incubated with alizarin red S (Sigma
Aldrich) for 10 min. After washing with deionized water,
the calcium deposition was observed using an optical
microscope. Cetylpyridinium chloride (10%; Sigma Aldrich)
was used for quantification, and the absorbance value was
determined at 562 nm.

Real Time Fluorescent Quantitative PCR
(GQRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen, NY,
United States). cDNA was synthesized using the PrimeScript RT
Master Mix Kit (Takara Biotechnology, China). GAPDH was
selected as the internal reference gene, and the relative gene

expression was calculated by the “2—A ACT” method. The primer
sequences are listed in Table 1.

Western Blot

Cells were lysed with Ripa buffer (Wanleibio, China) containing
10 mM protease inhibitor (PMSF; Wanleibio, China). The
lysate was centrifuged at 12,000 rpm and 4°C for 10 min.
The supernatant was separated, and the protein concentration
was determined using a BCA protein concentration assay kit
(Wanleibio, China). Equivalent amounts of protein (40 g) were
added to the 8%-15% SDS-PAGE gel and then transferred to
a PVDF membrane (Millipore, Billerica, United States). The
membrane was sealed in 5% skimmed milk powder solution for
1 h, and then incubated with the following primary antibodies:
runt-related transcription factor 2 (Runx2, wl03358; Wanleibio,
China), Collagen I (wl0088; Wanleibio, China), B-actin (wl01845;
Wanleibio, China), CD9 (ab92726, Abcam, United Kingdom),
CD63 (ab216130, Abcam, United Kingdom), and TSG101
(ab125011, Abcam, United Kingdom) at 4°C overnight. After
washing with TBST four times, the membrane was incubated
with sheep anti-rabbit IgG HRP (wla023; Wanleibio, China)
at room temperature for 45 min. An ECL detection Kkit
(Wanleibio, China) was used to visualize the protein bands.
Proteins on the same membrane were compared quantitatively
by determining the optical density of the target strip using a
gel image processing system (Gel-Pro-Analyzer software, Media
Cybernetics, United States).

Exosome RNA Sequencing and Gene
Analysis

According to the standard procedure provided by Illumina
(San Diego, United States), the miRNA sequencing library
was prepared using the TruSeq Small RNA Sample Prep
Kit (Illumina, San Diego, United States). After library
preparation, the constructed library was sequenced using
Ilumina HiSeq2000/2500, and the reading length was 1 x 50 bp.
Clean reads were obtained from original data after quality
control. The 3'-linker was removed from the clean reads, and
the length of the 3" linker was screened. Sequences with a base
length of 18-25 nt (plant) or 18-26 nt (animal) were retained.
The remaining sequences were then aligned to various RNA

TABLE 1 | List of primers used in this study for gRT-PCR.

Genes Primers Sequences (5'-3')
GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse TGTAGACCATGTAGTTGAGGTCA
IL-18 Forward GTGTCTTTCCCGTGGACCTT
Reverse AATGGGAACGTCACACACCA
IL-10 Forward GCTCTTGCACTACCAAAGCC
Reverse CTGCTGATCCTCATGCCAGT
Runx2 Forward GGGACTGTGGTTACCGTCAT
Reverse ATAACAGCGGAGGCATTTCG
Collagen | Forward CCCTGGTCCCTCTGGAAATG
Reverse GGACCTTTGCCCCCTTCTTT

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2021 | Volume 9 | Article 682384


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

Exosomes and Implant Osseointegration

Sommth

Micro-nano

Sommth

Micro-nano

O

Sommth

Micro-nano

200. 000

Average Roughness

Smooth Micro-nano

FIGURE 1 | Surface characterization of materials. (A) The surface morphology of titanium disk was observed by using a scanning electron microscope. (B) Contact
angle test. (C) Three-dimensional structure diagram observation and roughness test (Yang et al., 2020). (D) XPS analysis (smooth: smooth titanium disk; micro-nano:

small-scale topography titanium disk. ***p < 0.001).
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database sequences (excluding miRNA), such as mRNA database,
Rfam database (including rRNA, tRNA, snRNA, snoRNA,
etc.) and RepBase database (repetitive sequence database), and
filtered. Finally, the data obtained were valid. MicroRNA data
analysis software Acgt101 Mir Program (LC Sciences, Houston,
Texas, United States) was used to analyze the differentially
expressed miRNAs.
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FIGURE 2 | Gene expression of RAW264.7 cells on different titanium disks.
(smooth, smooth titanium disk; micro-nano, small-scale topography titanium
disk. "o < 0.05, **p < 0.01, ***p < 0.0001).

Bioinformatics Analysis

The number of genes annotated for each function or pathway
corresponding to the target genes which were corresponded to
the differentially expressed miRNAs was counted, and then the
hypergeometric test was applied to determine the number of
genes in the Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database corresponding to the
target gene mRNAs which were corresponded to all the selected
microRNAs. Compared all the gene in the database above (all
genes with functional annotation, or all miRNA target genes
with functional annotation), the significantly enriched genes or
pathways were selected under the standard that p-value less than
or equal to 0.05. The formula for calculating the p-value is as

BTB—-B
s—1 _

1)
follows. P =1 ; (TB)

TS
significant differences matched to a single GO/KEGG; TS: the
total number of genes with significant differences; B: number
of genes matched to a single GO/KEGG; TB: total number of
genes.) We used the tool available on this link to draw: https:
/Iwww.omicstudio.cn/tool?order=complex.

i
(S: the number of genes with
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FIGURE 3 | Identification of exosomes and their effects on osteogenic differentiation of MC3T3-E1 cells. (A) TEM showed the shape of exosomes; (B) NTA showed
the diameter of exosomes; (C) Western blot showed the expression of exosomes surface marker protein CD9, CD63, and TSG101; (D) CCK-8 showed cell
proliferation; (E) gRT-PCR showed the expression of osteogenic related genes Runx2, Collagen | in MC3T3-E1 cells; (F) Western blot showed the expression of
osteogenic related genes Runx2 and Collagen | in MC3T3-E1; (G) The mineralization of MC3T3-E1 cells was detected by alizarin red. [OM, osteogenic induction
medium; CM (osteogenic induction medium + RAW264.7 cell culture medium), OM/exo: CM with RAW264.7 cell-derived exosomes (*p < 0.05; **p < 0.01;

Statistical Analysis

Quantitative results are expressed as mean =+ standard deviation
(SD). The experiment was repeated independently at least three

times. Univariate analysis of variance and multiple t-tests were

used for statistical evaluation, and p < 0.05 was set as a
statistically significant threshold.
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FIGURE 4 | Differentially expressed microRNAs were detected in RAW264.7 cell-derived exosomes stimulated by smooth and small-scale topography titanium
disks. (A) The heat map of differentially expressed exosome miRNAs; (B) Venn map showed that there were 260 common miRNAs and 20 specific miRNAs in the
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RESULTS

Surface Characterization of Titanium

Disks

Figure 1A and Supplementary File 2 exhibits that the surface
of smooth titanium disk is flat, without scratches; under the
low power microscope, the surface of small-scale topography
titanium disk is rough, no residual alumina particles are found,
and a large number of pits can be seen. The pits are in the form of
a multilevel continuous superposition. The secondary depression
with a diameter of 2-8 pum is superimposed on the surface of the
first depression with a diameter of 10-50 pm, and nanopores with
a diameter of approximately 50-200 nm can be viewed under a
high-power microscope.

Figure 1B shows the surface droplet morphology and average
surface hydrophilicity of the two types of titanium disks. Using
2 pL artificial saliva as a wetting agent, the contact angle of
the small-scale topography titanium disk was significantly lower
than that of the smooth titanium disk (p < 0.05). The superficial
3D microstructure and roughness are shown in Figure 1C. The
average surface roughness, Ra, of the two kinds of titanium
disks was further observed and compared using an optical
profiler. In comparison with the smooth titanium disk, the
average surface roughness of small-scale topography titanium
disk increased significantly (p < 0.05; Figure 1C, Supplementary
File 3), which is consistent with the results of scanning electron
microscope (Yang et al., 2020). The analysis results of the surface
composition of the titanium disc are shown in the Figure 1D and
Supplementary Files 4, 5. All the results above proved that the
titanium disk obtained by SLA technology combined with alkali

heat treatment was small-scale topography, which increased the
surface roughness of the titanium disk and was more conducive
to osseointegration.

Small-Scale Topography Titanium Disk
Induces Macrophages to Polarize to

Anti-inflammatory M2 Type

After RAW264.7 cells were cultured on the surface of smooth
and small-scale topography titanium disks, the expression of
inflammation-related genes was detected (Figure 2). Compared
to that on the surface of the smooth titanium disks, the expression
level of the anti-inflammatory related gene IL-10 on the surface
of small-scale topography titanium disk was increased and the
expression level of the pro-inflammatory related gene IL-1B was
decreased, with statistical significance, which was consistent with
our previous research (Yang et al., 2020), and proved that small-
scale topography titanium disk could stimulate the differentiation
of RAW264.7 cells into M2 type to form an anti-inflammatory
immune microenvironment.

M2 Type RAW264.7 Cells Can Induce
Osteogenic Differentiation of MC3T3-E1
Cells, and Exosomes May Play a Key

Role in It

In order to study the effect of the osteoimmune
microenvironment formed by M2 type RAW264.7 cells on
MC3T3-El cells, we co-cultured the two types of cells. The
CCK-8 result showed that compared with OM, CM could
promote MC3T3-E1 cells proliferation better (Figure 3D).
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The qRT-PCR and Western blot results showed that compared
with OM, CM enhanced the expression of Collagen I and
Runx2 in MC3T3-E1 cells (Figures 3E,F). AND the alizarin
red staining and semi-quantitative studies showed that the
mineral deposition of cells of CM was increased (Figure 3G).
We speculated that the exosomes played an important role

in the process that osteoimmunity promoted the osteogenic
differentiation of MC3T3-El cells. Therefore, the exosomes
derived from RAW264.7 cells stimulated by the two kinds of
titanium disks were separated and studied.

First, we characterized the exosomes derived from RAW264.7
cell. Transmission electron microscopy (TEM) results showed
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that the separated vesicles had a round bilayered membrane
structure (Figure 3A). NTA results showed that the peak
diameter of vesicles was 63.3 nm, accounting for 64.9% of
the total area. The average diameter of vesicles was 117.1 nm,
the distribution of vesicles was in the range of 30-200 nm
(Figure 3B); the expression of exosome surface proteins CD9,
CD63 and TSG101 was detected by western blot (Figure 3C);
the above results demonstrated that the vesicles isolated from
RAW264.7 cells were exosomes.

Next, we studied the effect of the exosomes on osteogenic
differentiation of MC3T3-E1 cells. The CCK-8 assay was used to
study the effect of cell proliferation (Figure 3D). In comparison
with the control group, exosomes promoted the proliferation
of MC3T3-El cells, but the effect was not as pronounced as
that of the CM. qRT-PCR and western blotting were used to
detect the expression of osteogenesis-related marker genes and
proteins (Figures 3E,F). The results showed that compared
to OM and CM, the expression of Collagen I and Runx2 in
exosome-stimulated MC3T3-Elcells had significantly increased.
Alizarin red staining and semi-quantitative studies showed that
the effect of exosomes on promoting extracellular mineralization
was similar to that of the MC3T3-E1 cells in CM (Figure 3G).
The above studies had proved that exosomes played a key role in
the process of oateoimmunity to promote osseointegration.

Differentially Expressed MicroRNA
Detected in RAW264.7 Cell-Derived
Exosomes Stimulated by Smooth

Titanium Disk and Small-Scale

Topography Titanium Disk

By RNA sequencing, we analyzed the differentially expressed
microRNAs in RAW264.7 cell-derived exosomes stimulated by
two kinds of titanium disks. The abscissa of the heat map
represents the sample cluster, and the ordinate represents the
gene cluster (Figure 4A). A total of 260 mature miRNAs and
20 specific miRNAs were expressed in RAW264.7 cell-derived
exosomes (Figure 4B). Exosome microRNAs can regulate related
signaling pathways by targeting downstream target genes, thereby
affecting successful differentiation. According to further GO and
KEGG pathway analyses, differentially expressed miRNAs are

involved in most biological processes, and are mainly regulated in
the Hippo signaling pathway, Wnt signaling pathway, and mTOR
signaling pathway (Figures 5A,B). Table 2 summarizes and lists
the 11 upregulated and downregulated miRNAs and generates the
regulatory network of these 11 miRNAs (Figure 6). Some genes
involved in cell proliferation and differentiation are involved,
which helps to further clarify the mechanism of differential
expression of microRNAs in regulating osteoimmunity and
promoting osseointegration.

DISCUSSION

In this study, we used titanium disks to stimulate RAW264.7
cells to polarize into anti-inflammatory M2 phenotype, and
isolated exosomes from RAW264.7 cells. We found that
exosomes induced osteogenic differentiation, and mineralization
of MC3T3-E1 cells. Meanwhile, we summarized the expression
of microRNA of RAW264.7 cell-derived exosomes, which could
provide a basis for exploring the mechanism of RAW264.7
cell-derived exosomes involved in the osteogenic differentiation
of MC3T3-El cells.

Titanium and titanium alloys are the most widely used
dental implant materials in clinics. The surface morphology of
the implant has an important influence on osseointegration.
A large number of studies have shown that the small-scale
topography of the implant surface is more conducive to the
biological behavior of osteoblasts than the simple micro-or
nano- morphology (Wang et al., 2012, 2016; Ren et al.,, 2018).
Micro-morphology can improve the mechanical properties of
the implant by increasing the surface area of the implant
and enhancing the mechanical chimerism between the implant
and the bone cells (Dohan Ehrenfest et al., 2010). Nano-
morphology can regulate the behavior of the implant by
regulating the information transmission between cells (Chen
etal., 2018). Compared to the traditional SLA technology, small-
scale topography has a stronger ability to form hydroxyapatite
in vitro, which can better promote the adhesion and extension
of bone cells and promote osteogenesis cell proliferation and
differentiation (Wang et al, 2012, 2016; Ren et al, 2018;
Yang et al., 2020).

TABLE 2 | Differentially expressed microRNAs.

miR name miR seq Log2 ratio Up/down P-value
mmu-miR-5106_R-4_1ss1AG GGGTCTGTAGCTCAGTTGG 0.60 Up 1.22E-02
mmu-mir-466k-p5 GTGTGTGTGTGTGTGTGTG 2.02 Up 1.36E-02
PC-3p-40755_70 GCGTGAGGAAGGAGGGGA 1.39 Up 2.43E-02
PC-5p-94599_27 GCATTGCCGGGTAGCTAA -inf Down 8.77E-03
rno-miR-493-5p_R-1 TTGTACATGGTAGGCTTTCAT —2.72 Down 1.65E-02
rno-miR-146b-5p TGAGAACTGAATTCCATAGGCTGT —1.31 Down 2.14E-02
rno-miR-99a-5p_R-1 AACCCGTAGATCCGATCTTGT -0.27 Down 3.27E-02
rno-miR-100-5p_R-1_1ss16AT AACCCGTAGATCCGATCTTGT -0.27 Down 3.27E-02
PC-5p-79066_32 GAGGAGTACTAGTCGGCA —-2.35 Down 3.61E-02
rno-miR-188-5p CATCCCTTGCATGGTGGAGGG —-2.72 Down 4.16E-02
rno-miR-187-3p_R-1 TCGTGTCTTGTGTTGCAGCCG —2.24 Down 4.79E-02
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During osseointegration, there is a close relationship between
the immune system and skeletal system. The immune system
plays a key role in tissue repair and regeneration (Forbes
and Rosenthal, 2014); macrophages and myeloid heterogeneous
immune cells play an important role in the process of
osseointegration. They can polarize to the pro-inflammatory
M1 phenotype or anti-inflammatory M2 phenotype according
to different stimuli (Gordon and Taylor, 2005; Gordon and
Martinez, 2010; Michalski and McCauley, 2017). Many studies
have shown that immune cells can be affected by various factors
of the implant, including surface morphology (Fink et al., 2008;
Spiller et al.,, 2009). In our previous study, we found that the
small-scale topography titanium disk can stimulate RAW264.7
cells to polarize to the M2 phenotype, secrete IL-10 and VEGE
regulate the immune environment, and promote the osteogenic
differentiation of MC3T3-E1 cells (Yang et al., 2020).

Exosome biogenesis is a dynamic but highly ordered process
involving two invasions of the plasma membrane and the

formation of intraluminal vesicles (ILVs) and intracellular
multivesicular bodies (MVBs) (Li et al., 2019; Kalluri and LeBleu,
2020). Then, MVBs fuse with lysosomes to degrade, or with
the plasma membrane to release ILV into the extracellular
environment and become exosomes (van Niel et al., 2018;
Mathieu et al., 2019), which then actively participate in the
functional changes of many cells. The nature and content of
exosomes are cell type-specific (Kalra et al., 2016), which are
usually influenced by the physiological or pathological state of
donor cells, the stimulation, and the molecular mechanism of
biogenesis (Minciacchi et al., 2015). Studies have shown that
many cell types and molecular mechanisms contribute to the
coupling between bone resorption and bone formation (Sims
and Martin, 2014). Exosomes from mononuclear phagocytes are
most likely to play a role in maintaining bone homeostasis (Silva
et al,, 2017). Belonging to Runx family, expressed in osteoblasts,
Runx2 is responsible for activating osteoblast differentiation
marker genes, and plays a key role in the process of osteogenic
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differentiation (Vimalraj et al., 2015). Ekstrom et al. (2013)
showed that LPS-stimulated monocytes can communicate with
mesenchymal stem cells through exosomes, which can increase
the expression of Runx2 and BMP-2 in mesenchymal stem cells.
This is considered to be an intercellular signal transduction
mode from the stages of injury and inflammation till bone
regeneration. Qin et al. (2016) confirmed that the secretion of
human bone marrow mesenchymal stem cells can effectively
promote the proliferation and differentiation of rat bone
marrow mesenchymal stem cells. Qi et al. (2016) combined
human induced pluripotent stem cell-derived exosomes with
B-tricalcium phosphate (B-TCP) scaffolds to repair rat skull
defects. It was found that the repair effect of the exosome
composite scaffolds was significantly better than that of the
B-TCP scaffolds alone, and exosomes could promote the
osteogenic differentiation of bone marrow mesenchymal stem
cells by activating the PI3K/Akt signaling pathway. In this
study, exosomes derived from M2 RAW264.7 cells induced
upregulation of Runx2 and Collagen I expression in MC3T3-
El cells, and the effect was significantly better than that in the
macrophage co-culture group, indicating that exosomes play
an important role in the process of osteoimmunity-promoting
osseointegration. At the same time, we found that three miRNAs
were upregulated and eight miRNAs were downregulated in
M2 RAW264.7 cell-derived exosomes, and the corresponding
target genes involved in the regulation of multiple signaling
pathways, such as mTOR, AMPK and Wnt signaling pathways,
which play an important role in the process of osseointegration.
After RNA sequencing of exosomes derived from hMSCs induced
by osteogenesis, Zhai et al. (2020) found that exosomes induce
osteogenic differentiation through microRNA, among which
the miRNAs HAS-Mir-146a-5p, HAS-Mir-503-5p, HAS-Mir-
483-3P, and HAS-MIR) that contribute to bone formation.
The upregulation of HAS-Mir-32-5p, HAS-Mir-133a-3P, and
HAS-Mir-204-5p activated the PI3K/Akt and MAPK signaling
pathways related to osteogenesis.

CONCLUSION

In conclusion, we successfully isolated exosomes from RAW264.7
cells, which were induced to polarize to the M2 phenotype
by preparing small-scale topography titanium disks. After
co-culture with MC3T3-E1 cells, we found that exosomes
significantly promoted the osteogenic differentiation and
mineralization of MC3T3-El cells. Through RNA sequencing
and gene analysis, we found differentially expressed microRNAs
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Engineered nanoparticles used for medical purposes must meet stringent safety criteria, which
include immunosafety, i.e., the inability to activate possibly detrimental immune/inflammatory
effects. Even medical nanomaterials devoid of direct immunotoxic or inflammatory effects may
have an impact on human health if able to modify innate memory, which is the ability to “prime”
future immune responses towards a different, possibly more detrimental reactivity. Although
innate memory is usually protective, anomalous innate memory responses may be at the basis
of immune pathologies. In this study, we have examined the ability of two nanomaterials
commonly used for diagnostic imaging purposes, gold and iron oxide nanoparticles, to induce
or modulate innate memory, using an in vitro model based on human primary monocytes.
Monocytes were exposed in culture to nanoparticles alone or together with the bacterial agent
LPS (priming phase/primary response), then rested for six days (extinction phase), and
eventually challenged with LPS (memory/secondary response). The memory response to
the LPS challenge was measured as changes in the production of inflammatory (TNFa., IL-6)
and anti-inflammatory cytokines (IL-10, IL-1Ra), as compared to unprimed monocytes. The
results show that both types of nanoparticles can have an effect in the induction of memory,
with changes observed in the cytokine production. By comparing nanomaterials of different
shapes (spherical vs. rod-shaped gold particles) and different size (17 vs. 22 nm diameter
spherical iron oxide particles), it was evident that innate memory could be differentially induced
and modulated depending on size, shape and chemical composition. However, the main
finding was that the innate memory effect of the particles was strongly donor-dependent, with
monocytes from each donor showing a distinct memory profile upon priming with the same
particles, thereby making impossible to draw general conclusions on the particle effects. Thus,
in order to predict the effect of imaging nanoparticles on the innate memory of patients, a
personalised profiling would be required, able to take in consideration the peculiarities of the
individual innate immune reactivity.
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Nanoparticles Modulate Innate Immune Memory

INTRODUCTION

Among the several biomedical applications of nanomaterials,
nanoparticles (NP) of various composition and characteristics
represent contrast agents of new generation, with improved
sensitivity and imaging capacity (1). Medical imaging technologies
in which NP are applied go from fluorescence imaging to positron
emission tomography, and include magnetic resonance imaging,
ultrasound, computed tomography and single-photon emission
computed tomography (2). Among nanoimaging materials, iron
oxide and gold NP are widely used for a number of reasons: they are
easy to synthesize and have high colloidal stability, can be easily
functionalized thereby acquiring new desired surface characteristics,
and are safe and biocompatible, as proven by many years of use in
different diagnostic and therapeutic approaches (3-5).

Iron oxide nanoparticles (FeOxNP) have been long applied in
both therapeutic and diagnostic approaches (6). Therapeutically,
they are used in treatment of anaemia (7) and in magnetic fluid
hyperthermia (8). In diagnostic imaging, FeOxNP are applied in
magnetic resonance angiography (9-11) and imaging of organs/
tissues such as liver (12), lymph nodes (13-15) and bone marrow
(16), and imaging in pathological situations, e.g., tumour perfusion
(17-19), atherosclerotic plaques and thrombosis (20-22) and
various types of inflammation (23-25). Importantly, FeOxNP are
useful for identifying macrophages in atherosclerotic plaques (26)
and in other organs/tissues, and they have been reported able to
polarize macrophages towards an anti-tumoral phenotype (27, 28).

Gold nanoparticles (AuNP) are also used in several imaging
approaches, in particular X-ray imaging and computed tomography
(29), exploiting the high gold atomic number that allows for a
higher X-ray absorption efficiency compared to other agents and
tissues (bone, soft tissues) (2, 30). They are also applied in other
approaches, such as the photoacoustic imaging of brain vasculature
(31). AuNP are considered safe and biocompatible, are easy to
produce in various sizes and shapes, and can be surface-modified to
display different functionalities. AuNP can act as cell tracers, once
taken up by cells (29), and therefore they have been used for
monitoring tumour growth (32), to image blood flow (33) and to
visualise monocyte migration into atherosclerotic plaques (34).

Despite their wide range of applications, our understanding of
the biological interactions, toxicity, uptake and clearance routes of
these NP is still incomplete, in particular regarding their long-
term interaction with the immune defensive system. By focusing
in particular on inflammation/innate immunity, the effects of
FeOxNP are variable and likely depending on type/shape/size of
particles, concentration, route of administration and target
immune cells (35). As already mentioned, FeOxNP were shown
able to drive intratumor macrophage polarization towards the M1
inflammatory and tumoricidal phenotype (28), supporting their
ability to induce innate/inflammatory activation, as shown
in vitro by the release of inflammatory cytokines (IL-1f3, IL-12,
TNFo and IFN-y) from macrophages and immature dendritic
cells (36, 37). Several studies report the capacity of FeOxNP to
induce the production of inflammatory/toxic reactive oxygen
species [reviewed in (35, 38)]. Other studies, however, do not
find inflammation-related effects on macrophages, dendritic cells

and microglial cells in vitro (36, 39-42). While AuNP are
generally considered biocompatible, variable results have
been obtained, depending on the experimental model/cell
type used, the dose, size and shape of the NP (43-46). On
immune cells such as monocytes, macrophages and dendritic
cells, AuNP in general show limited or no immunotoxic/
inflammatory effect in vitro [(43, 44), reviewed in (47, 48)]. An
important issue, when examining the inflammatory effects of NP
on immune cells in vitro, in particular on human cells, is the
possible presence of contaminating endotoxin, a ubiquitous
bacterial product with high inflammatory activity present also
in conditions of microbiological sterility. The presence of
endotoxin on the surface of many NP types can confer to the
NP a potent inflammatory activity that is undetectable in clean
NP (49-52).

In this study, we have examined the capacity of AuNP and
FeOxNP to interact with cells of the innate immune system and
induce their inflammatory activation (53-55). To increase the
reliability of results, we have selected an in vitro model based on
primary human cells (blood monocytes), thereby avoiding the
unrealistic experimental systems based on non-human or
transformed/tumour cell lines, and we have used particles that
were endotoxin-free at the concentrations used. The use of two
different shapes for AuNP (spheres and rods) and two different
sizes for FeOxNP (17 and 22 nm) would allow for detecting the
capacity of human innate immune cells to distinguish between
chemistry, shape and size of the interacting particles.

Besides a direct effector function based on non-specific
inflammation-related activities (production of inflammatory
factors, prostaglandins and other lipid mediators, reactive
oxygen and nitrogen species, lytic enzymes, etc.), innate
immune cells have the capacity of developing “memory”. Innate
immune memory is a phenomenon known since several decades,
which has been recently re-discovered under the name of trained
immunity (56-61). Similar to the well-known adaptive immune
memory at the basis of vaccine efficacy, innate memory implies
that innate cells exposed to a stimulus can retain the memory of
such exposure and react to a subsequent stimulation differently,
compared to cells that had not been previously exposed. This
optimized secondary “memory” response could be stronger
(potentiation, trained immunity) or weaker (tolerance)
compared to the primary response, in order to attain the best
protection against infectious/stressful challenges and at the same
time preserve the structural and functional integrity of the
affected tissues/organs. At variance with adaptive immune
memory, innate memory is at least partially non-specific,
meaning that the memory reaction is independent of the
challenge, i.e., the optimized memory reaction occurs also in
response to a challenge that is different from the memory-
inducing “priming” stimulus.

Few studies have examined the capacity of NP to induce
innate memory. In mouse macrophages, pristine graphene could
induce a memory profile that resulted in an increased innate/
inflammatory response to subsequent stimulations (62). In
human monocytes and macrophages, AuNP could induce
memory responses either directly, by priming cells for a
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different secondary response, or by modulating the memory-
inducing capacity of strong stimuli such as LPS (which induces
tolerance) and BCG (the Mycobacterium bovis strain used as
tuberculosis vaccine, which induces a potentiated secondary
responses) (63-67). Thus, in this study we have focused on the
ability of FeOxNP and AuNP of different sizes and shapes not
only to induce a primary innate response (measured as balance
between the induction of inflammatory vs. anti-inflammatory
cytokines) but in particular to induce and/or modulate
innate memory.

MATERIALS AND METHODS

Nanoparticle Synthesis

and Characterisation

Rod-shaped AuNP (AuNP ROD) were purchased by Nanopartz
Inc. (cat. A12-5-780-CIT-DIH-1-100-CS-EP, lot. J7251;
Nanopartz Inc., Loveland, CO, USA). Declared characteristics
were: capping with citrate (3 mM), diameter 5 nm, length 18 nm,
{-potential -35 mV, concentration 39 pg/mL in water, pH 7.0,
sterile and endotoxin-free. Particles were re-characterised before
use in the biological experiments. The company refused to
release information on the synthesis procedure.

Spherical AuNP (AuNP SPH) were prepared using the
procedure of Turkevich et al. (68), with slight modifications.
All reagents and solutions were prepared in LAL Reagent Water
(LRW; Associates of Cape Code, Inc., East Falmouth, MA, USA),
to ensure endotoxin-free conditions. Briefly, 5 mL of 0.01 M
tetrachloroauric acid tri-hydrate (HAuCl4-3H20; Sigma-
Aldrich, Merck KGaA, St. Louis, MO, USA) were diluted in 90
mL water. The solution was rapidly heated to 97°C in a
microwave heating system (Discover S; CEM Corporation,
Matthews, NC, USA), using a maximum power of 250 W, and
allowed to equilibrate for 5 min under constant mechanical
stirring. The reduction reaction was started by injecting 2.5 mL
0.1 M trisodium citrate di-hydrate (Sigma-Aldrich) into the gold
solution, in order to reach a 2.5 mM final citrate concentration.
The reaction mixture was kept at 97°C for 20 min under stirring,
then the reaction vessel was rapidly cooled on ice, and the NP
solution stored at +4°C until use.

Details of the synthesis and characterisation of FeOxNP
coated with zwitterionic dopamine sulfonate (ZDS) have
been published elsewhere (42). For all NP types, the main
physico-chemical characteristics are reported in Figure 1 and
Tables 1, 2.

All NP were pre-coated with human AB serum (Sigma-
Aldrich) immediately before use in monocyte stimulation
experiments. Briefly, NP suspensions were admixed 1:1 with
heat-inactivated serum and incubated for 2 h at 37°C in an
orbital shaker at 500 rpm. NP were then diluted in culture
medium to the concentration required for use in the biological
assays, and serum concentration was adjusted to 5%. As already
described elsewhere (52), coating with serum significantly
increased the colloidal stability of AuNP (data not shown).

Transmission electron microscopy (TEM) images of
untreated NP were recorded using a JEOL-JEM 2100
microscope operated in transmission mode at an acceleration
voltage of 120 kV. TEM specimens were prepared by depositing
3 uL of non-treated NP dispersion onto Formvar carbon-coated
grids (S162 Formvar/Carbon, 200 mesh copper grids; Agar
Scientific Ltd, Stansted, UK) and left to dry at room
temperature in a desiccator (overnight) and under vacuum
for 2 h. TEM images from different regions of the grid were
analysed using the Image] Software (http://rsb.info.nih.gov/ij/).
NP size distributions and shapes were evaluated using the
Particle Size Analyzer image] macro or by manual processing.
More than 350 isolated primary NP were assessed for
each sample.

Dynamic light scattering (DLS) experiments were carried out
using a Malvern Zetasizer Nano-ZS instrument (Malvern
Panalytical Ltd, Malvern, UK) equipped with a light source of
632.8 nm wavelength at a fixed scattering angle of 173°. Data
were analysed by the CONTIN software (69, 70). The {-potential
was measured by electrophoretic light scattering (ELS), using the
same instrumentation. For each NP suspension, dilutions were
prepared in water for injection (WFI), PBS, and RPMI. Then, 0.6
mL of each sample dilution were transferred to a disposable
cuvette (cat. ZE0040; BrandTech Scientific, Inc., Essex, CT, USA)
for DLS measurement, whereas 1.2 mL was loaded in a
disposable folded capillary cell (cat. DTS1070, Malvern) for
ELS measurement. Each sample was measured twice at 25°C,
after an equilibration step of 120 sec with an acquisition time of
80 sec. The hydrodynamic diameter was reported as the volume-
weighted mean diameter (Dy).

Human Monocyte Isolation and
Differentiation of Monocyte-Derived
Macrophages

Blood was obtained from healthy donors, upon informed
consent and in agreement with the Declaration of Helsinki.
The protocol was approved by the Regional Ethics Committee
for Clinical Experimentation of the Tuscany Region (Ethics
Committee Register n. 14,914 of May 16, 2019). Monocytes
were isolated by CD14 positive selection with magnetic
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
from peripheral blood mononuclear cells (PBMC), obtained by
Ficoll-Paque gradient density separation (GE Healthcare, Bio-
Sciences AB, Uppsala, Sweden). Monocyte preparations used in
the experiments were > 95% viable and > 95% pure (assessed by
trypan blue exclusion and cytosmears). Monocytes isolated with
this method were not activated, based on analysis of expression
of inflammation-related genes (IL1B, TNFA) and release of the
encoded proteins, compared to monocytes within PBMC (i.e.,
after Ficoll-Paque separation) and whole blood (i.e., after
withdrawal with anticoagulants) (data not shown).

Monocytes were cultured in culture medium (RPMI 1640 +
Glutamax-I; GIBCO by Life Technologies, Paisley, UK)
supplemented with 50 ug/mL gentamicin sulfate (GIBCO) and
5% heat-inactivated human AB serum (Sigma-Aldrich). Cells
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panel), FeOxNP 17 (lower left panel) and FeOxNP 22 (lower right panel). Size bars (50 nm) are shown in each panel.

TABLE 1 | NP morphology.
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FIGURE 1 | Size and morphology of the AUNP and FeOxNP used in this study. TEM images of spherical AUNP (upper left panel), rod-shaped AuNP (upper right

Parameter AuNP SPH AuNP ROD? FeOxNP 17 FeOxNP 22
<d>(nm) 13.0 20.0, 6.5 16.8 22.4
Gy (Nm) 0.8 13.0, 0.8 0.9 1.5
ou/<d> 6% 7%, 12% 5% 7%
The mean diameter <d> is reported along with the standard deviation of the diameter o4 and the coefficient of variation oy/<d>.
AL ength, width.
TABLE 2 | NP hydrodynamic features.
Parameter AuNP SPH AuNP ROD FeOxNP 17 FeOxNP 22
Dv (nm)? 16 + 2 (WFI)° 17 + 4 (WFI) 20 = 1 (WFI) 21 + 3 (WFI)
17 £ 7 (PBS 1x) 22 + 4 (PBS 1x) NA NA
100 + 20 (RPMI) 120-170 (RPMI) 18 + 2 (RPMI)® 17 + 5 (RPMI)®
38 + 2 (RPMI)° 22 + 2 (RPMI)° NA NA
C-potential (MV)® -53+2 -39 +4 -18+2 -29+3
Endotoxin activity 0.45 EU/mg 30.8 EU/mg 58.3 EU/mg <16 EU/mg

2\olume-weighted hydrodynamic diameter; for Au nanorods, it is the volume-weighted hydrodynamic diameter of spherical NP having the same average diffusion coefficient of the nanorods.

PWEI, water for injection.

°NP were pre-treated with 50% human serum.
9RPMI plus 5% FBS.

€in PBS 1x.

NA, not available.
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(5x10°) were seeded in a final volume of 1.0 mL in wells of 24-
well flat bottom plates (Corning® Costar®; Corning Inc. Life
Sciences, Oneonta, NY, USA) at 37°C in moist air with 5% CO.,.
Monocyte stimulation was performed after overnight resting.

Human Monocyte Activation and Induction
of Innate Memory

For assessing the primary response to stimulation, monocytes
were exposed for 24 h to culture medium alone (medium/
negative control) or containing 1 ng/mL LPS (positive control;
from E. coli O55:B5; Sigma-Aldrich), serum pre-coated NP, or
LPS in the presence of NP.

For memory experiments, after the first exposure to stimuli
for 24 h and supernatant collection, cells were washed and
cultured with fresh culture medium for 7 additional days (one
medium change after 4 days). During this period, the activation
induced by previous stimulation subsides, and cells return to their
baseline status (as determined by evaluation of inflammation-
related cytokines in the supernatant). After this resting phase, the
supernatant was collected, and cells were challenged for 24 h with
fresh medium alone or containing 5 ng/mL LPS (a 5x higher
concentration than in the primary stimulation).

All supernatants (after the first stimulation, after the resting
phase and after the challenge phase) were frozen at —20°C for
subsequent cytokine analysis. By visual inspection, cell viability
and cell number did not substantially change in response to the
different treatments.

Cytotoxicity Evaluation

The direct toxicity of NP on monocytes was tested as release of
lactate dehydogenase (LDH). Briefly, monocytes (1.2x105 cells/
well of 96-well plates; Corning Inc.) were incubated for 24 h in
200 pL culture medium alone or containing serum-coated NP in
triplicate. Positive control wells received 200 uL of 0.1% Triton-X
100. At the end of the incubation, release of the cytoplasmic
enzyme LDH was measured in the supernatant using a
colorimetric assay (LDH-Cytotoxicity Colorimetric Assay Kit;
BioVision, Inc., Milpitas, CA, USA).

Assessment of Endotoxin Contamination

Endotoxin contamination in NP was assessed with a commercial
chromogenic LAL assay (Pyros Kinetix® Flex (Associates of
Cape Cod, Inc.), following a protocol adapted for use with
particulate agents (71). As the assay readout is paranitroaniline
(pNA) at 405 nm, preliminary controls were run to assess the
possible interference of NP (direct optical reading at 405 nm
and interference with detection of different concentrations of
synthetic pNA). NP were used in the LAL assay at concentrations
that did not interfere with the assay readout. An additional
control was run, to assess the possible interference of NP with the
assay components/reagents, which consisted in spiking the NP
samples with a known amount of LPS (0.5 EU/mL) and assessing
the recovery of spiked endotoxin. A recovery rate between 80 and
120% was considered acceptable. The endotoxin contamination

was therefore reliably assessed at NP dilutions that did not
interfere with the 405 nm readout and in which 80-120%
spiked endotoxin could be recovered. The LAL assay was run
with Glucashield® (Associates of Cape Cod, Inc.), to eliminate
possible false positives due to the presence of glucans, using a
dedicated tube reader and software (Associates of Cape Cod,
Inc.). The assay sensitivity was 0.001 EU/mL.

Transmission Electron Microscopy

for NP Uptake

Cells (1x10° in wells of 6-well flat bottom plates) were exposed to
AuNP for 24 h, then fixed, stained and embedded in EPON resin
for sectioning (EM UC7 ultramicrotome; Leica Microsystems,
Wetzlar, Germany) (65). TEM images were obtained using a
Tecnai 12 transmission electron microscope (FEI Company,
Hillsboro, OR, USA).

Cytokine Analysis

The levels of the human inflammatory cytokines TNFo. and IL-6
and of the anti-inflammatory factors IL-10 and IL-1Ra were
assessed by ELISA (R&D Systems), using a Cytation 3 imaging
multi-mode reader (BioTek, Winooski, VT, USA).

Statistical Analysis

Data were analyzed using the GraphPad Prism6.01 software
(GraphPad Inc., La Jolla, CA, USA). For cytokine production,
results are presented as ng produced cytokine/10° plated
monocytes. Results are reported as mean + SD of values from
2-6 replicate samples from the same donor. Statistical
significance of differences is indicated by p values, calculated
using unpaired and two-tailed Student’s t-test (Figures 4, 5).

RESULTS AND DISCUSSION

Physico-Chemical Characterisation
of the NP Used in This Study
Two types of nano-imaging materials have been evaluated in this
study, gold and iron oxide (Fe;_,O4_,, 0 < x < 1, cubic ferrite
structure). Gold (Au) NP of two different shapes have been
assessed, quasi-spheres with a diameter of 13 nm (surface area
531 nm?), and rods of 20 x 6.5 nm (surface area 408 nm?). Both
AuNP types are stabilized by citrate. Spherical iron oxide (FeOx)
NP of different size were used, 16.8 and 22.4 nm diameter (the
latter having a surface area almost double vs. the former, 1576 vs.
887 nm?), both stabilized by zwitterionic dopamine sulfonate
(ZDS). The morphology of the inorganic core of AuNP and
FeOxNP is depicted in the Figure 1 (TEM images), and their
morphological characteristics summarised in Table 1. The
corresponding size histograms are reported in Supplementary
Figure 1. All NP are monodispersed, with size varying by less
than (or close to) 10% from the average value.

The hydrodynamic features of the AuNP and FeOxNP are
reported in Table 2, in which their endotoxin contamination is
also shown. AuNP and FeOxNP are well-dispersed and
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colloidally stable in water, and their volume-weighted
hydrodynamic diameter (Dy) is consistent with the TEM-
derived core size <d>. Both types of AuNP are well-dispersed
also in PBS 1x, with similar Dy, but they aggregate in RPMI-1640
medium, as shown by the strong increase in Dy~ When AuNP are
pre-treated with human serum before dispersion in RPMI
medium, they have Dy close to those they display in WFI and
PBS. Both types of FeOxNP do not aggregate for at least 6 h in
RPMI-1640 medium added with 5% foetal bovine serum (FBS).
Furthermore, their Dy shows that they do not adsorb proteins.

The colloidal stability of AuNP and FeOxNP is due to their
negative {-potential that ensures electrostatic repulsion between
NP. The different stability of AuNP vs. FeOxNP is due to their
coating. The citrate anions are weakly bound (physisorbed) to
the AuNPs, and are thus not able to prevent aggregation in
RPMI-1640 medium, probably because they are displaced by the
non-salt components in the culture medium. Conversely, the
zwitterionic sulfobetaine ZDS is strongly bonded to the FeOxNP
and is able to protect NP from aggregation and protein
adsorption (42), thanks to its hydrophilicity and overall
neutrality. The pre-treatment with human serum afforded
colloidal stability in culture medium for spherical AuNP and,
up to a concentration of 1.4 ug/mlL, also for rod-shaped AuNP.
The similarity of the Dy between untreated AuNP in WFI and
PBS and serum-coated AuNP in RPMI-1640 medium suggests
that the latter are stabilized by a protein coating. However, the
position of the major peak of the intensity-weighted size
distribution of AuNP SPH increases by about 6 nm when they
are pre-treated with human serum, suggestive of the formation of
a biocorona on the NP surface (Supplementary Figure 2). The
major serum component within the NP biocorona was a 60 kDa
protein, most likely albumin (data not shown).

Selection of the NP Concentrations for
Biological Studies

The NP concentrations to be used in biological experiments were
selected based on two criteria, i.e., the endotoxin contamination
(in order to use of the highest possible concentration with
endotoxin contamination not exceeding 0.1 EU/mL, i.e., the
concentration at which there is little/no human monocyte
activation in vitro; 45) and the surface area (in order to use NP
concentrations comparable by total surface area). The latter
criterion is based on the fact that NP are incubated with
human serum before being added to human monocytes in
culture, to reproduce the in vivo conditions in which NP are
exposed to biological fluids and expected to form a biomolecular
coating of adsorbed proteins/molecules on their surface, which
may change the mode of their interaction with living cells. Thus,
a comparable NP surface area may allow for a more comparable
interaction with microenvironmental molecules (the biocorona)
and with cells in the experimental system. We have calculated a
surface area of 27 mm? as the optimal dose to compare the
different NP types, which corresponds to 5.7 ug AuNP SPH (with
an endotoxin contamination of 0.003 EU), 2 pg FeOxNP 17
(endotoxin 0.117 EU) and 2.7 pg FeOxNP 22 (endotoxin <0.043
EU), the dose-limiting factor being the endotoxin contamination

of FeOxNP 17. For AuNP ROD, a 2.7x lower dose was used
(surface area 10 nm?, 1.4 ug NP, endotoxin 0.043 EU), because of
problems of aggregation at higher concentrations. Thus, the NP
concentrations used in culture were 5.7 ug/mL for AuNP SPH,
1.4 ug/mL for AuNP ROD, 2.0 pg/mL for FeOxNP 17 and 2.7 pg/
mL for FeOxNP 22.

Primary Response of Human Monocytes
to NP Exposure

NP aggregation during in vitro assays is a common disturbing
factor when studying NP-cell interactions. In our case,
aggregation is a very minor factor since (i) both AuNP types
are colloidally stabilized by the pre-treatment with human serum
(likely due to protein adsorption), and (ii) both FeOxNP types
are coated with ZDS, which is known to endow high colloidal
stability (42). Therefore, we hold that NP aggregation is of minor
importance in the present study, in particular at the
selected concentrations.

Before assessing the effects of the selected NP on innate/
inflammatory responses of human monocytes, their possible
direct toxicity was examined. As already mentioned, all NP
were pre-coated with human AB serum (see Materials
and Methods).

Monocytes isolated from blood of individual donors were
exposed to NP at the established concentrations for 24 h. Cell
death was assessed in terms of release of the cytoplasmic enzyme
LDH. No toxicity was detected for any of the NP type on
monocytes of any donor (data not shown). Uptake of NP by
monocytes was monitored visually. Cells took up the NP
abundantly, as expected for professional phagocytes, and
stored them within vesicles (see examples for AuNP SPH in
Supplementary Figure 3). Since NP were not toxic for
monocytes, there was no correlation between the NP uptake
and the NP toxicity.

The primary response of human monocytes to NP was assessed
after exposure in culture for 24 h. Monocytes are cells of the innate
immune system, involved in immediate defensive reactions that
include inflammatory responses. Thus, monocyte activation was
evaluated in terms of production of four innate cytokines, the
inflammatory factors TNFou and IL-6, and the anti-inflammatory
cytokines IL-10 and IL-1Ra. As positive control, cells were exposed
to LPS, which is an excellent activator of human monocyte innate/
inflammatory responses. Cells were also co-exposed to LPS and
NP, in order to detect possible NP-dependent modulation of LPS-
induced activation. For this reason, a sub-optimal LPS
concentration was selected (1 ng/mL), in order to allow us to
detect both positive and negative NP effects.

In line with previous evidence, none of the NP could induce a
measurable reactivity in human monocytes, being inactive in
inducing inflammatory cytokines (Figure 2, upper panels), apart
from a measurable induction with FeOxNP 17 in one donor.
When examining anti-inflammatory cytokines, it should be
noted that, similar to inflammatory factors, no detectable IL-10
levels were produced in baseline unstimulated conditions,
whereas the baseline levels of IL-1Ra were measurable
(Figure 2, lower panels). Neither AuNP nor FeOxNP could
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FIGURE 2 | Innate immune primary response of human monocytes to NP alone or upon co-exposure with LPS. Human monocytes isolated from blood of four
individual donors (red, green, blue, and yellow symbols) were cultured for 24 h in culture medium alone (empty columns) or containing serum-precoated NP: 5.7 ug/
ml spherical AuNP (AuNP SPH), 1.4 pg/ml rod-shaped AuNP (AuNP ROD), 2 ug/ml spherical FeOxNP of 16.8 nm diameter (FeOxNP 17) and 2.7 pg/ml spherical
FeOxNP of 22.4 nm diameter (FEOXNP 22) alone (light blue columns) or together with 1 ng/ml LPS (orange columns). The production of TNFa. (upper left), IL-6
(upper right), IL-10 (lower left) and IL-1Ra (lower right) was measured in the 24 h supernatants by ELISA. Data are presented as individual donors’ values (coloured

stimulate monocytes to produce IL-10 (again with the exception
of FeOxNP 17 for one donor), whereas a tendency to increase in
IL-1Ra production was detected in response to FeOxNP in all
donors (while AuNP are essentially inactive, regardless of shape).
LPS significantly activated the production of inflammatory
factors in monocytes, although with a substantial donor-to-
donor variability. Such variability was also evident in the
ability of NP to modulate the response to LPS, with donors
showing a NP-dependent amplification of the response to LPS,
others showing a decrease and others no substantial changes. In
the case of the anti-inflammatory cytokine IL-10, it should be
noted that, as expected, its induction by the selected LPS
concentration was null, except for one donor. Only in this
donor, FeOxNP seemed able to directly induce detectable
IL-10 levels, as well as to increase LPS-induced IL-10
production. In the case of the other anti-inflammatory factor,
IL-1Ra, the significant baseline production was variably affected
by NP and only partly increased by LPS (in 2/4 donors).
Co-exposure to LPS and NP did not substantially affect IL-1Ra
production, although with some donor-to-donor variability, as in

the case of the high IL-1Ra increase in response to LPS plus
FeOxNP 22 in one donor. The donor-dependent NP activities,
already observed in previous studies, suggest the need for a
personalised evaluation of NP effects when safety assessment is
required, e.g., before their clinical diagnostic use.

Memory Response of Human Monocytes
Exposed to NP

After exposure for 24 h to NP, LPS or their mixture, cells were
washed (to eliminate the priming agents) and cultured for 7 days
in fresh culture medium to allow return to baseline. The culture
medium was refreshed after 4 days. The extinction of cell
activation was confirmed by examining the production of
cytokines released in the culture medium at the end of the
resting period (representing the cytokine release in the last 3
days of resting) (data not shown). After the extinction period,
cells were either exposed to medium alone or challenged with 5x
higher LPS concentration, relative to priming, in agreement with
the concept that memory can shape the host capacity to react to
more severe challenges.
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As for the primary response, the memory response was
assessed in terms of production of inflammatory and anti-
inflammatory cytokines, and the results are reported in
Figure 3. Similar to the primary response, LPS challenge of
medium-primed cells showed a general induction of TNFa, IL-6
and IL-10 production, and a small increase over the substantial
baseline production of IL-1Ra (compare the columns “CTR”, no
challenge, and “medium”, medium-primed challenged with
LPS). It is interesting to note that cells primed with LPS
responded to challenge with a lower production of the
inflammatory cytokines TNFo and IL-6 in all donors, while
there was no change in the production of the anti-inflammatory
factors relative to the response of medium-primed cells
(Figure 3, orange column “LPS” vs. light blue column
“medium” in the priming line). This is in line with the features
of the “endotoxin tolerance” that implies a reduced
inflammatory response upon repeated exposures in order to
avoid a destructive inflammatory reaction to a recurrent
challenge. Priming with NP showed variable effects, which

seem to depend more on the donor than on the NP chemistry,
size or shape. The innate memory induced by co-priming with
LPS and NP generally shows distinct features from those induced
by either agent alone. In the case of TNFo. production, priming
with LPS + AuNP abolished the tolerance observed in LPS-
primed cells and reconducted the response to the levels shown by
unprimed cells in 2/3 donors. Conversely, priming with LPS +
FeOxNP showed variable, donor-dependent and NP size-
dependent effects. The LPS-induced decrease of IL-6
production was differentially affected by different NP in
different donors. Likewise, the memory production of the two
anti-inflammatory cytokines IL-10 and IL-1Ra showed a
substantial donor-to-donor variability that did not allow for a
global evaluation.

From the data shown above, it is clear that the significant
donor-to donor variability prevents drawing general conclusions.
By examining the individual responses, it is evident that each
donor has her/his own capacity to discriminate between different
NP. The results in Figures 4, 5 (data taken from Figure 3)
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FIGURE 3 | Innate immune memory response of human monocytes primed with NP alone or together with LPS. Human monocytes isolated from blood of four
individual donors (red, green, blue, and yellow symbols) were cultured for 24 h in culture medium alone or containing serum-precoated NP: 5.7 pg/ml AuNP SPH,
1.4 pg/ml AuUNP ROD, 2 pg/ml FeOxNP 17 and 2.7 ug/ml FeOxNP 22 alone (light blue columns) or together with 1 ng/ml LPS (orange columns) (line priming in
abscissa). Cells were then washed and rested for 6 days in the absence of stimuli, then challenged for 24 h in fresh medium alone or containing 5 ng/mL LPS (m
and LPS in the abscissa line challenge). The production of TNFa (upper left), IL-6 (upper right), IL-10 (lower left) and IL-1Ra (lower right) was measured in the 24 h
supernatants by ELISA. Data are presented as individual donors’ values (coloured symbols) + SD and as mean of the individual values (dotted columns). The basal
response of control cells (CTR), i.e., primed or unprimed cells rested for 6 days and then exposed for 24 h to medium alone, is shown at the extreme left in each
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FIGURE 4 | Innate memory response of human monocytes from individual donors, primed with AuNP or FeOxNP alone or together with LPS. Human monocytes
isolated from blood of two individual donors (donor 3, square symbols, left panels; donor 2, triangle symbols, right panels) were cultured for 24 h in culture medium
alone or containing serum-precoated NP: 5.7 ug/ml AuNP SPH, 1.4 pg/ml AuNP ROD, 2 pg/ml FeOxNP 17 and 2.7 pg/ml FeOxNP 22, alone or together with 1 ng/ml
LPS (line priming in abscissa). Cells were then washed and rested for 6 days in the absence of stimuli, then challenged for 24 h in fresh medium alone or containing 5
ng/mL LPS (m and LPS in the abscissa line challenge). The production of TNFo. (upper left), IL-6 (upper right and lower left), and IL-1Ra (lower right) was measured in
the 24 h supernatants by ELISA. Data are reported as mean + SD of replicate determination from individual donors out of four tested (all shown in Figure 3). Horizontal
dotted lines represent the reference values of cells primed with medium alone and cells primed with LPS in the two parts of each panel. The basal response of control
cells (CTR), i.e., primed or unprimed cells rested for 6 days and then exposed for 24 h to medium alone, is shown at the extreme left in each panel (grey symbols).
Statistical significance is as follows. Upper left panel: CTR vs. medium, p <0.0001; medium vs. LPS, p <0.005; medium vs. FEOXNP, p <0.005; LPS vs. LPS + AuNP,
p <0.05. Upper right: CTR vs. medium, p <0.0001; medium vs. LPS, p <0.005; medium vs. AUNP SPH and FeEOxNP 22, p <0.05; LPS vs. LPS + FeOxNP 17,
p <0.05. Lower left: CTR vs. medium, p <0.0001; medium vs. LPS, p <0.01; medium vs. AuNP ROD, FeOxNP 17 and FeEOxNP 22, p <0.05; LPS vs. LPS + FeOxNP
17, p <0.05. Lower right: medium vs. FEOXNP 17, p <0.05; LPS vs. LPS + all NP, p <0.05. All other relevant comparisons are not significant.

underline such donor-specific capacity to distinguish between
NP chemistry, shape and size. Figure 4 reports the production of
an inflammatory and an anti-inflammatory cytokine in the
memory response of two individual donors, donor 2 (triangles,
right panels) and donor 3 (squares, left panels). The secondary
(memory) production of TNFo. by donor 3 showed no significant
changes in cells primed with AuNP but a substantial decrease in
cells primed with FeOxNP. In addition, the decrease of TNFo in
LPS-primed cells (a typical “tolerance” type memory response)
was abolished if cells were co-primed with AuNP, while co-
priming with FeOxNP had no effect (Figure 4, upper left panel).
Thus, it seems that cells from donor 3 “see” the difference in the
NP chemical composition but do not distinguish between shapes
and size, as spherical and rod-shaped AuNP have comparable
effects, and FeOxNP of both sizes equally decrease the TNFo

production at challenge. However, when examining the NP
effects on the IL-6 memory response, it becomes clear that cells
from donor 3 also recognise size and shape. The memory
production of IL-6 in cells primed with AuNP ROD was
significantly decreased, while priming with AuNP SPH had no
effect. Also, co-priming with LPS and FeOxNP shows that while
FeOxNP 22 have no effect, co-priming with FeOxNP 17
substantially decreased IL-6 production (Figure 4, lower
left panel).

When examining the memory responses of donor 2 (Figure 4,
right panels), we can see a different picture. Priming with AuNP
SPH increased the memory production of inflammatory IL-6
(upper right panel), while AuNP ROD were ineffective; FeOxNP
17 were likewise ineffective, while FeOxNP 22 increased the
response. This suggests that donor 2 can distinguish between
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FIGURE 5 | Anti-inflammatory innate memory response of human monocytes
from one individual donor, primed with FeOxNP alone or together with LPS.
Human monocytes isolated from blood of one individual donor (donor 4,
diamond symbols); were cultured for 24 h in culture medium alone or
containing serum-precoated FeOxNP (2 pg/ml FeOxNP 17 and 2.7 pg/ml
FeOxNP 22) alone or together with 1 ng/ml LPS (line priming in abscissa).
Cells were then washed and rested for 6 days in the absence of stimuli, then
challenged for 24 h in fresh medium alone or containing 5 ng/mL LPS (m and
LPS in the abscissa line challenge). The production of IL-10 (upper panel) and
IL-1Ra (lower panel) was measured in the 24 h supernatants by ELISA
(complete data shown in Figure 3). Horizontal dotted lines represent the
reference values of cells primed with medium alone and cells primed with LPS
in the two parts of each panel. The basal response of control cells (CTR), i.e.,
primed or unprimed cells rested for 6 days and then exposed for 24 h to
medium alone, is shown at the extreme left in each panel (grey symbols).
Data are reported as mean + SD of replicate determination from individual
donors out of four tested (all shown in Figure 3). Statistical significance is as
follows. Upper panel: medium vs. LPS, p <0.05; medium vs. both FeOxNP,

p <0.05; LPS vs. LPS + FeOxNP, p <0.05; FeOxNP 17 vs. LPS + FeEOXNP 17,
p <0.05. Lower panel: medium vs. FEOXNP 17, p <0.05; FeOxNP 17 vs.
FeOxNP22, p <0.05. All other relevant comparisons are not significant.

shapes and sizes. Interestingly, none of the NP had a significant
effect on the tolerance type of memory induced by LPS priming,
except for FeOxNP 17, which partially reverted tolerance. The
memory effects on the anti-inflammatory factor IL-1Ra are very
different: only priming with FeOxNP 17 increased the secondary
production of IL-1Ra, while all NP interfered with the LPS
priming (a priming that per se did not significantly change the

cytokine production). Thus, priming with LPS plus AuNP SPH,
AuNP ROD or FeOxNP17 increased the secondary production
of IL-1Ra, while co-priming with FeOxNP 22 decreased it.
Therefore, donor 2 seems able to discriminate between both
size and shape.

In the present study, four cytokines were evaluated, two with
inflammatory activity and two with anti-inflammatory effects.
The data in Figure 4 compare, in two individual donors, two
inflammatory factors (TNFo and IL-6 for donor 3) and an
inflammatory factor with an anti-inflammatory cytokine (IL-6
and IL-1Ra for donor 2), as example of the different capacity of
different donors to recognise the NP chemistry, size and shape.
In Figure 5 we show that also between two anti-inflammatory
factors the NP-induced memory can be different. Control
medium-primed cells of donor 4 produced essentially
undetectable levels of both anti-inflammatory factors IL-10
(upper panel) and IL-1Ra (lower panel) in response to an LPS
challenge. If cells were primed with FeOxNP (no AuNP priming
was included in this experiment), the production of IL-10 was
significant and comparable between the two NP sizes, while the
production of IL-1Ra was significantly higher in FeOxNP 17- vs.
FeOxNP 22-primed cells. In LPS-primed cells, co-priming with
both FeOxNP types increased IL-10 production, while no effect
was detectable for IL-1Ra. Thus, the strong anti-inflammatory
effect of FeOxNP 17 priming (increase in IL-10 and strong
increase in IL-1Ra) was partially abolished if priming occurred
in the presence of LPS, as priming with LPS + FeOxNP 17
induced similar IL-10 and much lower IL-1Ra levels than
priming with FeOxNP 17 alone. Conversely, the more limited
anti-inflammatory effect of FeOxNP 22 (a small induction of
both IL-10 and IL-1Ra) was increased in LPS co-primed cells
(increase in IL-10, no change in IL-1Ra).

CONCLUSIONS

This study confirms previous observations that engineered NP
can modulate human innate memory (62-66). A direct capacity
of inducing memory, thereby changing the secondary response
of human monocytes to a microbial challenge, was observed with
AuNP of two different shapes (both coated with citrate and
serum proteins), and with iron oxide NP of two different sizes
(both coated with the sulfobetaine ZDS and pre-treated with
serum). In addition, all four NP types were able to modulate the
memory response induced by LPS. Our data also show that
memory can be differently induced depending on the NP shape
(in cells from the same donor the memory profile induced by
AuNP SPH is different from that induced by AuNP ROD) and on
the NP size (in the same donor the memory profile induced by
FeOxNP 17 is different from that induced by FeOxNP 22).
Dependence on the surface chemistry is more difficult to
ascertain since in our NP different coating is associated with
different composition, size and shape of the inorganic core.
However, when the response difference between the AuNP pair
and the FeOx NP pair is much larger than those within the pairs,
as occurs for the TNFo. memory effect, the main causal factor

Frontiers in Immunology | www.frontiersin.org

123

August 2021 | Volume 12 | Article 692165


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Della Camera et al.

Nanoparticles Modulate Innate Immune Memory

most likely is the surface chemistry. Overall, the most important
observation is that the memory effects are strongly donor-
dependent, thereby preventing a generalisation of the NP effects.

We examined the global scenario of NP-generated memory in
this study by simplifying the memory responses to NP as increase
of inflammation/immunostimulation (+), no change (=) and
decrease (—) vs. the response of control cells primed in the
absence of NP. The results are shown in Table 3. Since for
every NP we have tested the memory effects on the production
of two inflammatory and two anti-inflammatory factors, we have
assessed the overall memory effect in each donor by considering
the balance between changes in the production of inflammatory vs.
anti-inflammatory factors, in order to obtain an individual profile
of the NP-induced memory responses. The summary in Table 4
depicts the NP-specific donor-specific memory profiles based on
the data summarised in Table 3. The general finding is that each
donor reacts differently to the same NP. For instance, memory

TABLE 3 | Changes in cytokine production in NP-induced innate memory responses.

induced by priming with AuNP SPH induces no overall change in
the response of donor 1 (the lack of change being due to the
increase of two inflammatory markers balanced by the increase in
two anti-inflammatory markers), a more inflammatory response
in donor 2 and a more anti-inflammatory response in donor 3.
Strikingly, the memory profile induced by AuNP SPH together
with LPS is different from that induced by NP alone, being more
anti-inflammatory for donor 1 (vs. no change with NP alone), and
opposite for donor 2 (more anti-inflammatory) and donor 3
(more inflammatory).

Memory-dependent changes are detected in most cases, both
in the direction of an enhanced secondary response
(potentiation) and in the direction of a reduced secondary
response (tolerance). In general, however, these changes do not
seem substantial, as they are based on the change of one
parameter out of four measured. Thus, we have defined such
partial changes as “towards potentiation” and “towards

Priming’ Cytokine? Donors®

LPS NP D1 D2 D3 D4
No AuNP SPH TNFo + = = nt
IL-6 + + = nt
IL-10 + + nt
IL-1Ra + = nt
AuNP ROD TNFou = = = nt
IL-6 + = nt
IL-10 + = nt
IL-1Ra + = = nt
FeOxNP 17 TNFo. nt = - -
IL-6 nt = +
IL-10 nt = = +
IL-1Ra nt + = +

FeOxNP 22 TNFo. nt = -
IL-6 nt + =
IL-10 nt = +
IL-1Ra nt = +
Yes AuNP SPH TNFo = + nt
IL-6 = = = nt
IL-10 + = = nt
IL-1Ra + + = nt
AuNP ROD TNFou + = nt
IL-6 + = = nt
IL-10 + = = nt
IL-1Ra + + = nt
FeOxNP 17 TNFo nt = = -
IL-6 nt + - +
IL-10 nt = = +
IL-1Ra nt + = =
FeOxNP 22 TNFou nt - = -
IL-6 nt = = =
IL-10 nt = = +
IL-1Ra nt - = =

" Human monocytes were primed in vitro with NP alone or in the presence of 1 ng/mL LPS for 24 h, then washed, rested for 6 days and eventually challenged for 24 h with 5 ng/mL LPS.
2 The two inflammatory cytokines TNFa and IL-6, and the two anti-inflammatory cytokines IL-10 and IL-1Ra were measured in the 24 h supernatant of LPS-challenged monocytes.

3 The NP effects on memory responses were assessed in four individual donors, indicated as D1, D2, D3 and D4, and expressed as statistically significant changes (increase, + decrease,
—,; no change, =) vs. control cells (medium-primed or LPS-primed). Actual values are shown in Figure 3.

nt, not tested.
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TABLE 4 | Individual profiling of the NP-induced innate memory responses.

NP’ Donor Memory profiling? upon priming with®
NP LPS + NP
AuNP SPH D1 2+/2— Balance 1+/2-/1= Towards Tolerance
D2 1+/3= Towards Potentiation 1-/3= Towards Tolerance
D3 1-/3= Towards Tolerance 14/3= Towards Potentiation
AuNP ROD D1 1+/2-/1= Towards Tolerance 2+4/2— Balance
D2 4= Balance 1-/3= Towards Tolerance
D3 2-/2= Tolerance 1+/3= Towards Potentiation
FeOxNP 17 D2 1-/3= Towards Tolerance 1+/1-/2= Balance
D3 2-/2= Tolerance 1-/3= Towards Tolerance
D4 1+/3— Tolerance 1+/2-/1= Towards Tolerance
FeOxNP 22 D2 1+/3= Towards Potentiation 1+/1-/2= Balance
D3 2-/2= Tolerance 4= Balance
D4 1+/2-/1= Towards Tolerance 2-/2= Tolerance

"The four types of NP used for priming (memory induction) are indicated.

2The overall NP effects on memory responses are described as potentiation (i.e., increased inflammation/immunostimulation) or tolerance (i.e., increased anti-inflammation/
immunosuppression) or balance, based on the changes in the production of inflammation-related cytokines in comparison to control cells (all listed in Table 3). For the individual
memory profiling, four cytokines were assessed in cells from each donor and their NP-induced memory changes indicated as + (when observing an increase in the production of the
inflammatory factors TNFa and IL-6, or a decrease in the production of the anti-inflammatory cytokines IL-10 and IL-1Ra), — (when observing a decrease in the production of the
inflammatory factors TNFe and IL-6, or an increase in the production of the anti-inflammatory cytokines IL-10 and IL-1Ra) or = (no change in the cytokine production). Cytokines were
measured in the 24 h supernatant of LPS-challenged monocytes. Potentiation and tolerance were considered clear when at least 2/4 parameters were changed in the same diirection, and
as a tendency when only 1/4 parameters was changed.

3The memory responses were assessed in cells primed with NP alone or NP and LPS and all challenged with LPS.

tolerance”, to define a tendency rather than a full change of  profiling of the patient will contribute to implementing a better

reactivity. Only in few cases we have observed a clear tolerance  targeted treatment and a safer patient management.

(change in at least 2/4 parameters), while we could never detect a

clear potentiation. This may be interpreted as a general inability

o}ﬁ Ni’dto induce a potentla'tlon. of subseql'lent reactivity, i.e., we DATA AVAILABILITY STATEMENT

should not expect excessive inflammation upon subsequent

challenges. On the other hand, there is the possibility, in some

donors with some NP types, of a lower/inadequate secondary

response, which might imply higher susceptibility to infections/

diseases. Interestingly, in several cases we can observe a similar

overall response between donors, as for instance in cells from

donors 2 and 3 primed with FeOxNP 22 together with LPS,

which showed an unchanged overall response. However, thereis ~ ETHICS STATEMENT

a difference between the two donors for attaining the same

overall effects, with donor 3 showing no change in the four The studies involving human participants were reviewed and

parameters, while donor 2 showed a decrease in one approved by Regional Ethics Committee for Clinical

inflammatory parameter (TNFa) counterbalanced by a Experimentation of the Tuscany Region (Ethics Committee

decrease in one anti-inflammatory parameter (IL-1Ra). Register n. 14,914 of May 16, 2019). Written informed consent
As general conclusion, we have observed a strongly individual ~ for participation was not required for this study in accordance

memory response of human innate cells primed with NP, to with the national legislation and the institutional requirements.

confirm previous indications (62, 64, 66). The NP-induced

memory response can differ between donors for the same type

of NP, a finding that supports the need for a personalised ~AUTHOR CONTRIBUTIONS

memory profiling, before administration of nanoimaging

materials for diagnostic scopes. This would allow us to predict =~ GDC, AF, RLS and AP synthesized and characterised the
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21 nm for AUNP SPH in RPMI-1640 after pre-treatment with human serum.
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Engineered nanomaterials (ENMs) have been widely exploited in several industrial
domains as well as our daily life, raising concern over their potential adverse effects.
While in general ENMs do not seem to have detrimental effects on immunity or induce
severe inflammation, their indirect effects on immunity are less known. In particular, since
the gut microbiota has been tightly associated with human health and immunity, it is
possible that ingested ENMs could affect intestinal immunity indirectly by modulating the
microbial community composition and functions. In this perspective, we provide a few
pieces of evidence and discuss a possible link connecting ENM exposure, gut microbiota
and host immune response. Some experimental works suggest that excessive exposure
to ENMs could reshape the gut microbiota, thereby modulating the epithelium integrity
and the inflammatory state in the intestine. Within such microenvironment, numerous
microbiota-derived components, including but not limited to SCFAs and LPS, may serve
as important effectors responsible of the ENM effect on intestinal immunity. Therefore, the
gut microbiota is implicated as a crucial regulator of the intestinal immunity upon ENM
exposure. This calls for including gut microbiota analysis within future work to assess ENM
biocompatibility and immunosafety. This also calls for refinement of future studies that
should be designed more elaborately and realistically to mimic the human
exposure situation.

Keywords: engineered nanomaterials (ENMs), gut microbiota, intestinal permeability, immunomodulation,
bacterial components

INTRODUCTION

Unique properties including large surface area, high catalytic properties and antimicrobial efficacy
confer to engineered nanomaterials (ENMs) a significant range of applications in nanomedicine and
consumer products (1, 2), raising public concerns about their biosafety. For example,
nanoparticulate Ag, TiO,, ZnO and plastics are widely used in food additives (3), components of
food packaging and containers (4, 5), and toothpaste (6). Oral exposure to these ENM:s in our daily
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life is therefore likely through ingestion of food or water that
deliberately or inadvertently contain ENMs. ENMs might
therefore reach the gastro-intestinal tract (GIT) and interact
with mucosal cells. Indeed, endocytosis of ENMs by intestinal
epithelial cells (IECs) and various immune cells is observed using
either conventional 2D in vitro models such as tumor cell lines
(7, 8) or in vivo animal models (9). Moreover, it has been
reported that ENMs could modulate innate/inflammatory
immune responses upon direct interactions with neutrophils,
macrophages, dendritic cells (DCs) and the complement system
(10-13). Upon ingestion, ENMs most likely also come in contact
with gut microbiota, i.e., the population of microbes residing in
the intestinal lumen and mucosa. It has been long known that the
gut microbiota is essential for the development of the immune
system and for immune homeostasis (14). Recent observations
suggest that the ENM effects on innate/inflammatory responses
largely depend on the co-presence of bacterial agents such as
lipopolysaccharide (LPS) (15, 16). Thus, it is a logical assumption
that ENMs could affect immunity by altering gut microbiota, a
concept that is currently unexplored.

Herein, we provide an overview of the current state-of-the-
art, and discuss a hypothetical scenario in which ingested EMNs
may affect host immunity by modulating the gut microbiota.
From published in vivo studies in different models and with
different ENMs, a high level of variability is found regarding
the ENM effects on gut microbiota and local/systemic
immunity (Table 1).

LPS AND SCFAS: TWO REPRESENTATIVE
MICROBIAL MOLECULES BRIDGING GUT
MICROBIOTA AND INTESTINAL
IMMUNITY

Mounting evidence has highlighted the tremendous contribution
of gut microbiota to human physiology (30-35). Within this
microbiota-immune system interaction, a large amount of
microbial metabolites and components serve as potent effectors
to orchestrate their communication (36, 37). We will specifically
discuss hereafter the immunomodulatory effects of short-chain
fatty acids (SCFAs) and LPS. More comprehensive information
is shown in Figure 1 and extensively discussed in other excellent
reviews (32, 33, 36-39). SCFAs are generated from indigestible
oligosaccharides by gut commensals, including Lactobacillus,
Bacteroides, Bifidobacterium, Feacalibacterium, etc. (40). LPS is
the major membrane component of Gram-negative bacteria and
has profound immunostimulatory and inflammatory capacity
(41). The immunological effects of these microbiota-derived
molecules are manifold, covering innate and adaptive immunity.

Regulation of Innate Immunity

As a physical barrier at the intestinal surface, IECs are equipped
with an array of immune receptors to sense and integrate
microbiota-derived metabolites and components for
maintaining immune homeostasis. By activating G-protein-
coupled-receptors (GPR41, GPR43, GPR109A) on IECs,

SCFAs can promote the activation of the NOD-like-receptor-
protein 3 (NLRP3) inflammasome, inducing production of the
homeostatic cytokine interleukin-18 (IL-18) (42). SCFAs can
also stimulate goblet cell differentiation, mucin gene
transcription and mucus secretion (43). Pattern recognition
receptors (PRRs) on the IEC surface, such as Toll-like
receptors (TLRs), can sense microbial antigens. Notably, a
number of homeostatic mechanisms ensure immune tolerance
towards commensals, such as the basolateral location of the LPS
receptor TLR4 that allows binding and activation only to
invading bacteria (44) and the constitutive expression of the
anti-inflammatory IL-1R8, which binds to and inhibits TLR and
IL-1 receptors (45).

Intriguingly, the commensal gut microbiota also interacts
with IECs to maintain an effective gut barrier. SCFAs,
particularly butyrate, have crucial roles in regulating tight
junction (TJ) proteins via multifaceted signaling pathways (46),
such as HIF-1 stabilization (47), and histone deacetylase
(HDAC) inhibition (48). By contrast pathogenic E. coli Shiga-
toxins and LPS (49) could compromise the epithelial barrier by
disrupting TJ. LPS increases intestinal epithelium permeability
through the TLR4/MyD88/TGF-P activated kinase 1 (TAK1)/
nuclear-factor-kB (NF-kB) cascade in both in vitro and in vivo
models (50).

Immunoregulation of gut microbiota also covers innate
lymphoid cells (ILCs), a subpopulation of innate cells (natural
killer cells, ILC1, ILC2, ILC3) specialized in recognizing and
reacting to infectious challenges. SCFAs can modulate ILC3
proliferation and stimulate IL-22 production in an AKT/
STAT3-dependent manner. IL-22 promotes antimicrobial
peptide (AMP) production, mucin secretion and colonization
of commensal microbes (51).

Intestinal resident macrophages maintain the tissue
homeostasis by removing senescent and anomalous cells, and
contribute to tissue defense by eliminating invading pathogens
and foreign objects. Upon binding to TLR4, LPS can promote
inflammatory macrophage activation (M1 polarization), with the
production of an array of inflammatory cytokines, IL-10, IL-6,
IL-12 and tumor necrosis factor-o. (TNF-cat) (52). Conversely,
SCFA butyrate facilitates the anti-inflammatory/tissue-healing
macrophage polarization, probably by activation of the H3K9/
STATG6 signaling pathway (53).

Regulation of Adaptive Immunity

The impact of gut microbiota goes beyond the innate immunity,
through its ability to affect the activation of antigen-presenting
cells (APCs), which are the link between innate and adaptive
immunity. APCs in the gut encompass resident DCs and tissue
macrophages, which are involved in antigen presentation to
naive and primed T cells. Activation, maturation and
functionality of DCs and macrophages can be influenced by
LPS and SCFAs. As the major APCs in the intestine (54),
macrophages can be regulated by microbial niacin and
butyrate via activating GPR109A, which in turn increases
production of anti-inflammatory IL-10 and Aldehyde-
Dehydrogenase-1-Family-Member-Al (ALDH1A), and induces
differentiation of T cells (55). LPS is a potent elicitor of DC
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TABLE 1 | Representative in vivo assays studying the impact of ENMs on gut microbiota and subsequent influences on intestinal immunity.

Engineered NanoMaterials Animal model Exposure Exposure way Analysis methods of Gut microbiota changes by ENM Immune markers Clinical effect/Immune response References
dose and duration gut microbiota treatment
Silver nanoparticles with a 3 mo-old C57BL/6 0, 11.4, 114 Dietary exposure 16S rRNA Sequencing  Odoribacteraceae, Bacteroidaceae  Serum C-reactive protein level; No overt effect on body weight gain, the (17)
diameter of 55 + 3 nm female mice and 1140 ug/  for 28 days of Bacterial DNA from  and S24-7 family decreased while  histology of ileum vill, intestinal intestinal histology as well as the serum C-
kg bw/dy Fecal Samples Lactobacillaceae and goblet cells, glycocalyx and reactive protein level.
Lachnospiraceae increased colon
Silver nanoparticles with a 7 wk-old CD-1 2.5 mg/kg bw/  Oral gavage daily Pyrosequencing of 16S  Firmicutes/Bacteroidetes ratio Blood cell level, serum The level of blood cells and lymphocytes was ~ (18)
diameter of 12 £ 3 nm (ICR) male mice dy for 7 days rRNA genes in fecal reduced. Alistipes, Bacteroides lymphocyte level. colon length, increased; Body weight decreased and colon
samples and Prevotella increased, while disease activity index (DAI), length was shortened by Ag NP; The
Lactobacillus decreased histology of colon; intestinal epithelial architecture and crypts in colon was
permeability; IL-1f, IL-6 and destroyed. Intestinal permeability was
TNF-a in small bowel and colon  significantly increased; Pro-inflammatory
cytokines: IL-1B, IL-6 and TNF-o. were
upregulated.
Silver nanoparticle with a 6 wk-old BALB/c 5 ng/dy Oral gavage daily A few specific bacteria  Lactobacillus sp. decreased, while  Stool consistence; colon length  NanoAg1 displayed weaker anti-inflammatory ~ (19)
diameter of 294 nm male mice for 4 days from the colon mucosa  Clostridium perfringens and and weight; colon epithelial effect and alleviated the TNBS-induced
were isolated and Escherichia coli increased but not  histology; myeloperoxidase severe colonic injury.
counted by selective significantly activity in the colon. Colon
Silver nanoparticle with a plates Lactobacillus sp. increased while smooth muscle thickness; NanoAg2 significantly attenuated DSS-
diameter of 122 nm Clostridium perfringens and Presence of ulcers, induced colitis and alleviated the TNBS-
Escherichia coli decreased hemorrhage, fecal blood, and induced severe colonic injury.
diarrhea.
PVP-stabilized silver 4 wk-old Wistar 2.25,450r9 Oral gavage daily Bacterial phyla in No significant change Histology of liver, kidney, ileum No overt effect on body weight gain, organ (20)
nanoparticulate with a Hannover Galas ma/kg bw/dy for 14 days and 28 caecum content were and myocardium. Twenty-four-  weight, organ histology and leucocyte
diameter of 14 nm rats days quantified by gPCR hour urine and feces. infiltration
PVP- or citrate-coated silver 10-12 wk-old 10 mg/kg bw/  Oral gavage daily 16S rRNA sequencing  No significant change Not studied Not studied (21)
nanoparticles with a diameter C57BL/6NCrl male  dy for 28 days of contents in the cecal
of 20 and 110 nm mice tips
TiO, nanoparticles with a 7 wk-old CD-1 2.5 mg/kg bw/  Oral gavage daily Pyrosequencing of 16S  Bacteroides decreased Blood cell level, serum TiO, ENMs were deposited in the stomach (18)
diameter of 17 £ 2 nm (ICR) male mice dy for 7 days rRNA genes in fecal lymphocyte level. colon length, and the colon; no effect on body weight, no
samples histology of colon; intestinal significant change in DAl index and colon
permeability; IL-18, IL-6 and length, loss and shortening of crypts,
TNF-o in small bowel and colon  inflammatory cell infiltration and mucosal
erosions but a few inflammatory cells
scattered within duodenal and colonic
sections; The integrity of the GIT epithelium is
intact; IL-1p level was increased in the small
bowel and colon.
Spherical anatase TiO» 8 wk-old C57BL/6 100 mg/kg bw/  Oral gavage daily 16S rRNA Sequencing  Bacteroides and Akkermansia Histology of liver, spleen, No effect on body weight or histology of key (22)
nanoparticles with a diameter ~ male mice dy for 28 days of Bacterial DNA from  increased kidney, lung, heart, brain, organs
of 20 nm in water, of 134 + 22 Fecal Samples jejunum and colon. NP
nm in gastric fluid, of 420 + 25 deposition in these organs
nm in intestinal fluid mentioned.
Edged conner rutile TiO, Escherichia-Shigella and Intestinal villi length increased and villus
nanoparticles with a diameter Rhodococcus increased, while epithelium cells became irregularly arranged
of 16 nm in water, of 148+ 30 Bacteroidetes and Firmicutes
in gastric fluid, of 361 + 8 nm decreased
in intestinal fluid
Spherical anatase TiO, 3 wk-old Sprague- 0, 2, 10, 50 Oral gavage daily 16S rRNA Sequencing  Increased abundance of L. Body weight; LPS and short- Accumulation of malondialdehyde and (23)
nanoparticles with a diameter ~ Dawley rats ma/kg bw for 30 days of Bacterial DNA from  gasseri, Turicibacter, and L. chain fatty acids content in the decreased activity of superoxide dismutase
29 +9nm Fecal Samples NK4A136_group and decreased feces; colon histology; fecal were detected in colon tissues; Increased
abundance of Veillonella metabolites; presence of concentration of IL-6 in the serum. The
glutathione, glutathione number of goblet cells decreased and
peroxidase, lipid peroxidation inflammatory cells infiltrated in colon
products, superoxide epithelium.
dismutase, and sulfhydryl
groups in tissue homogenates;
Inflammatory cytokines in serum
ZnO nanoparticles with a 28 dy-old weaned 150, 300, or Dietary exposure The cecal, colonic and  E. coli decreased Histology of the jejunum, Significant improvements in average daily 24)
diameter of average 71.61 nm  piglets 450 mg/kg in for 21 days rectal contents were duodenum and ileum; serum weight gain, average daily feed intake and
diet spread on selective cytokines and immunoglobins gain to feed ratio were observed. The
plates to assess E. diarrhea rate was reduced. The villus height
coli, Salmonella, in the jejlunum, duodenum and ileum was
Lactobacillus, and increased. The blood concentration of IgA,
Bacillus bifidus serum concentrations of IL-6 and TNF-o, was
increased; while the blood concentration of
IgM was decreased.
(Continued)
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TABLE 1 | Continued

Engineered NanoMaterials Animal model Exposure Exposure way Analysis methods of Gut microbiota changes by ENM Immune markers Clinical effect/Immune response References
dose and duration gut microbiota treatment
ZnO nanoparticles with a 27 dy-old weaned 600 mg/kg in Dietary exposure 16S rRNA sequencing  Lactobacillus increased while Histology of jejunal tissue; gene  The diarrhea incidence was reduced; average  (25)
diameter of 23-25 nm piglets diet for 14 days of the intestinal Prevotella and Oscillospira expression of pro-inflammatory  daily gain and feed intake were unaltered;
contents decreased in the colon cytokines, cell proliferation villus height as well as the ratio of villus height
markers, antioxidant markers, to crypt depth was increased; the expression
tight junction proteins and cell of antioxidant enzymes and tight junction in
death markers in the jejunal the jejunal tissues was increased significantly;
tissue the expression of cell proliferation markers
was increased; the expression of pro-
inflammatory markers was reduced.
SWCNT with a diameter of 7 wk-old CD-1 0.05, 0.5, and  Oral gavage daily 16S rRNA sequencing  Bacteroides, Prevotella, and Intestine histology, intestinal Ulceration, crypt damage, and inflammatory (26)
1nm and a length of 1-5 um (ICR) male mice 2.5 mg kg/bw/  for 7 days of fecal samples Alistipes increased, while epithelium permeability, cytokine  cell infiltration were observed in the
dy Bacteroidales, Lachnospriaceae production in both duodenum duodenum and colon. The intestinal
and Lactobacillus decreased and colon and lymphocyte permeability was significantly increased. IL-
abundance in the serum. 1B, IL-6, and TNF-o increased in the
duodenum and the colon. White blood cell,
lymphocytes, and intermediate cell counts
significantly elevated in the serum.
MWCNT with a diameter of 8 2.5 mg kg/bw/ 16S rRNA sequencing  Bacteroides, Prevotella, Alistipes, Slight microvilli damage and inflammatory cell
+ 1 nm and a length of 0.5-2 day of fecal samples and Ruminococcaceae increased, infiltration in duodenum and a few
um whereas Bacteroidales, inflammatory cell infiltrations in colon.
Lachnospriaceae and Significant increase of intestinal permeability
Lactobacillus decreased and the elevated levels of proinflammatory
cytokines IL-1B, IL-6, and TNF-o. in
duodenum and colon were observed.
Graphene oxide nanoparticles 2.5 mg kg/bw/ 16S rRNA sequencing  Lachnospriaceae, Lactobacillus, Slightly pathological changes of epithelium
with a thickness of 1-2 um dy of fecal samples Ruminococcus, Alistipes, loss and inflammatory cell infiltration in
and a dimension area of 1-14 Oscillibactyer, and Prevotella duodenum. Significant increase of intestinal
umz increased; while Bacteroidales and permeability and the elevated levels of
Bacteroides decreased proinflammatory cytokines IL-1B, IL-6, and
TNF-o in duodenum and colon were
observed.
Lysine-modified SWCNT with a  23-30 dy-old 4.25 mg/wk Oral gavage or 16S rRNA sequencing  The o- and B-diversity of the Body weight, liver and kidney No overt effect on body weight as well as 27)
length of 400 nm and a BALB/c mice intraperitoneal of fecal samples mouse microbiota reduced in the weight. liver and kidney weights
diameter of 2-3 nm dosing weekly for 7 cecum but not in colon or ileum.
or 8 weeks
Polyethylene microplastics with  C57BL/6 mice 6, 60, and 600  Dietary exposure 16S rRNA sequencing  The a- and B-diversity of the Serum cytokine; T cells in the Serum concentrations of IL-1o increased; the  (28)
a diameter of 10-150 um ng/dy for 5 weeks of fecal samples mouse microbiota increased. spleen; TLR4, AP-1, and IRF5 percentage of Th17 and T4 Cells among
Staphylococcus increased, while expression; intestinal histology. ~ CD4™ cells decreased; edema occurred and
Parabacteroides decreased lymphocyte and plasma cell infiltration was
observed in the lamina propria of the colon
and duodenum; TLR4, AP-1, and IRF5
expression significantly increased in the colon
and duodenum.
Cuboid CuO nanoparticles Eisenia fetida with 160 mg/kg soil  Exposure to soil 16S rRNA sequencing  Candidatus Lumbricincola and Histology of the gut epithelium No overt effect on tissue integrity, and (29)

with a dimension area of 20
nm by 50 nm

a weight range
between 300 and
600 mg

containing ENMs
for 28 days

of microbiota in gut
tissue

Luteolibacter decreased

and longitudinal muscle tissue;
expression of coelomic cytolytic
factor, lysenin/fetidin and
lysozyme.

immune responses

Doses relevant for human exposure level are marked using underline. AP-1, activating protein-1; Bw, body weight; CuO, copper oxide; DSS, dextran sulfate sodium; Dy, day; GIT, gastrointestinal tract; IL, interleukin; Ig, immunoglobin; IRF5,
interferon regulatory factor 5; LPS, lipopolysaccharide; Mo, month; MWCNT, multiple-walled carbon nanotubes; PVP, polyvinyl pyrrolidone; SWCNT, single-walled carbon nanotubes; Th17, T helper type 17; TNBS, trinitrobenzene sulfonic
acid; TLR4, Toll-like receptor 4; TNF, tumour necrosis factor; Wk, week; ZnO, zinc oxide.
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FIGURE 1 | Intestinal homeostasis is tightly controlled by gut microbiota through a large number of microbial metabolites/components. Intestinal mucus not only
provides a habitat for bacterial colonization but also serves as a lubricant barrier to restrict most gut microbes in the outer layer. Microfold (M) cells above the Peyer’s
patch are essential to transport microbiota-derived metabolites/components to maintain the homeostasis of the mucosal immune system. 1) The effects of short-
chain-fatty-acids (SCFAs) are manifold, including enhanced mucus production; inhibition of nuclear factor-kB (NF-«B); activation of NLR-family-pyrin-domain-
containing-3 (NLRP3) inflammasomes and subsequent production of interleukin-18 (IL-18); enhanced antimicrobial peptide (AMP) production; polarization of anti-
inflammatory macrophages; increased Immunoglobulin A (IgA) secretion; reduced expression of T cell-activating molecules on antigen-presenting cells; and increased
number and function of colonic regulatory T (Tegs) Cells. 2) Polyamines can activate ROR™" group 3 innate lymphoid cells (ILC3) and induce production of IL-22,
which promote mucus and AMP secretion, and ensure commensal compartmentalization from the intestinal epithelium. 3) Indole derivatives produced by gut
commensals can stimulate Aryl-Hydrocarbon-Receptor (AhR) to activate ILC3 and fortify the epithelium barrier function. 4) Polysaccharide A (PSA) from Bacteroides
fragilis is taken up by DCs, processed and presented to naive CD4" T cells, inducing the expansion of FOXP3™ T, cells. 5) Attachment of segmented filamentous
bacteria (SFB) to the epithelium enhances differentiation and expansion of CD4* Th17 cells. Foxp3* Treg cells and Th17 cells localize in the Peyer’s patches, and
induce B cell class-switch and IgA production, which in turn remodels microbiota. 6) Basolateral location of the LPS receptor TLR4 on IECs and expression of the

migration and maturation by activating mitogen-activated
protein kinase (MAPK) and NF-xB signaling pathways (56).
SCFAs can block the DC generation from bone marrow stem
cells (57), and down-regulate expression of the T cell-stimulatory
proteins CD80, CD83 and major-histocompatibility-complex
class II (MHCII) (58).

Through its effects on APCs that produce several cytokines
necessary for T cell activation, the gut microbiota is also involved
in differentiation of naive CD4" T cells into defined subsets,
including T helper (Th1, Th2 and Th17) and regulatory T cells
(Tregs)- Inhibition of HDAC by SCFAs can regulate the mTOR-
S6K pathway required for generation of Th17, Th1, and IL-10* T
cells (59). Tegs have important anti-inflammatory roles, allowing
the immune system to tolerate antigens derived from gut
microbiota and diet. Through binding to GPR43, SCFAs can
stimulate T,eg proliferation (60). Additionally, SCFAs control

the expression of genes necessary for plasma B cell differentiation
and Immunoglobulin A (IgA) production (61). As the largest
class of immunoglobulins in the intestinal mucosa, IgA targets
microbial antigens and preferentially coats colitogenic bacteria,
therefore preventing inflammation and perturbation of intestinal
homeostasis (62).

NUMEROUS ENMs COULD RESHAPE THE
GUT MICROBIOTA SIGNATURE BUT IT IS
NOT A GENERAL EFFECT

ENMs might interact with gut microbes in different manners
(Figure 2). Of special concern is the intrinsic antimicrobial
potency of some ENMs. Nanoparticulate Au, Ag, TiO, and
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FIGURE 2 | ENMs could not only modulate several components of the mucosal immune systems directly, but also reshape the gut microbiota, which may
potentially act as an alternative but important regulator to mediate the immuno-modulatory effects of ENMs. ENMs could accumulate and directly interact with
neutrophils, macrophages, dendritic cells (DCs) and the complement system to modulate innate/inflammatory immune responses. On the other hand, several metallic
and non-metallic ENMs are proved to be bactericidal, either impairing the bacterial membrane, or causing intracellular oxidative stress, or generating genotoxicity. As
responses to the ENM bactericidal effects, members of gut microbiota may rapidly develop resistance, but the associated molecular strategies and efficacy often
differ among distinct members. Many in vitro and in vivo assays showed that ENMs can alter the gut microbiota profile, enrich the relative abundance of pathogens
or decrease that of gut commensals. This effect often associates with intestinal inflammation and tissue injury. While some ENMs could increase gut commensals,
which in turn exert anti-inflammatory effects. Conversely, a few works show that the gut microbiota remains resilient following oral exposure to ENMs, indicating that
the ENM effect on gut microbiota/mucosal immunity is not general.

ZnO can exert bactericidal activity by disrupting the bacterial =~ Akkermansia increased (22). Oral administration of non-
membrane (63, 64), inducing intracellular reactive oxygen  metallic single-walled carbon nanotubes (SWCNTs) modestly
species (64, 65) and causing direct genotoxicity (66). altered the o- and B-diversity of the mouse microbiome (27).
Conversely, iron oxide and graphene ENMs can promote the  The modulation of animal gut microbiota by other ENM:s is
growth of some bacterial species, with mechanisms still largely ~ systemically summarized in recent reviews, which include
unknown (67, 68). Adding to the complexity is that many gut  nanoparticulate plastics, graphene oxide, multi-walled carbon
microbes could rapidly develop strategies to resist ENM nanotubes (MWCNT), SWCNT, Ag, ZnO, MoOs3, MoS,, TiO,,
bactericidal actions (69). Gram-negative bacteria are thought to CuO and SiO;, (5, 71, 72). Numerous in vitro assays also validate
be more tolerant to ENMs, in that a lower amount of the  the ENM modulatory effect on gut microbiota samples (68, 73—
negatively charged peptidoglycan may be less effective in  75). Importantly, there appears to be no consensus effect, as
trapping the positively-charged metal ions, while other studies =~ multiple ENM-related factors (dose, physicochemical nature,
argue that Gram-positive bacteria have thicker membranes to  particle size, surface charge, shape and stability) might dictate
ensure stronger protection (69, 70). The resistance mechanism to their modulatory mechanisms and efficacy (64, 76). In addition,
ENMs could be specific at the bacterial species/strain level. The  the gut microbiota signature varies among individuals, and even
gut microbiota remodeling effect of ENMs has been  within the same subject it changes with time, food intake and
substantiated by a panel of in vivo assays. For instance, dietary  health conditions (77-79).

Ag ENMs for mice decreased Odoribacteraceae, Bacteroidaceae One may suspect the modulatory effect of ENMs on gut
and the S24-7 family while increasing Lactobacillaceae and ~ microbiota. Because the link between immunity and microbiota
Lachnospiraceae (17). Oral gavage of TiO, ENMs in mice also  is bidirectional (32), could it be possible that ENMs affect
modulated the gut microbiota, with Bacteroides and  immunity and as a consequence the microbiota? Indeed,
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ENMs could accumulate in the intestine, favor inflammatory
responses and impair the barrier function, including IEC
apoptosis, tight junction opening, decreased AMP production,
Th1/T,cqs imbalance, aberrant IgA secretion and inflammatory
activation of macrophages (72). In this situation, the gut
microbiota can be in turn altered by the mucosal immunity.
But, a considerable number of ENMs (Ag, SWCNT, CuO, TiO,)
are shown to alter the gut microbiota without inducing any
detectable changes in intestinal immunity (17, 22, 27, 29). These
data suggest that ENMs may cooperate with the mucosal
immunity to modulate the gut microbiota.

THE POTENTIAL EFFECT OF ENM-
ALTERED MICROBIOTA ON INTESTINAL
INFLAMMATION

As discussed above, microbiota-derived metabolites such as
SCFAs have important roles in the regulation of gut immunity
(Figure 1), while ENM exposure that reduces SCFA-producing
bacteria may perturb the immune homeostasis and cause
inflammation (Table 1). Indeed, gut microbiota dysbiosis
appears to tightly associate with inflammatory bowel disease
(IBD), a chronic and relapsing inflammatory disorder of the
intestine (80). This link has been observed in several in vivo
assays that model GIT exposure to ENMs. Oral administration of
Ag ENM (2.5 mg/kg body weight daily) in mice profoundly
reduced the Firmicutes to Bacteroidetes ratio, specifically due to
an increase in Alistipes, Bacteroides and Prevotella, and a
significant decrease in SCFA-producing Lactobacillus. The
altered microbiota could cause some IBD-like symptoms,
including disrupted epithelium structure, increased intestinal
permeability and upregulation of inflammatory cytokines (IL-
1B, IL-6 and TNF-o) (18). In the same study, oral gavage of TiO,
ENMs (2.5 mg/kg body weight daily) significantly decreased the
probiotic Bacteroides and triggered a low-grade colonic
inflammation (18). Likewise, administration of SWCNT,
MWCNT and graphene oxide ENMs (2.5 mg/kg body weight
daily) in mice disrupted the gut microbiota signature, with
commensal Lactobacillus and Bacteroides decreased. The
exposed mice displayed tissue injury, increased intestinal
permeability and elevated production of inflammatory IL-1f,
IL-6, and TNF-o. (26).

Moreover, enrichment of pathogens and associated virulence
factors following ENM administration could also cause intestinal
inflammation (81). The work of Chen et al. showed that oral
administration of TiO, ENMs (50 mg/kg body weight) in rats
decreased the number of goblet cells, elicited immune cell
infiltration and mitochondrial abnormalities in the colon tissues,
suggesting redox imbalance and inflammation. TiO, ENM
treatment remarkably affected the fecal metabolite profile, and
particularly enriched the LPS content (23). In another work, oral
gavage of TiO, ENM (100 mg/kg body weight daily) in mice
impaired the intestinal microvilli structure, and increased
Escherichia and Shigella, two potential pathogens for elicitation
of intestinal inflammation (22). Dietary nanoplastics (600 pg

daily) for mice significantly increased pathogenic Staphylococcus
abundance alongside a decrease in Parabacteroides (28). The
ENM-feeding group displayed a chronic intestinal inflammation,
such as increased serum IL-10, abnormal ratio of Th17 and T,
among CD4" cells, infiltration of lymphocytes and plasma B cells
in the lamina propria, and higher expression of inflammatory
markers (TLR4, AP-1, and IRF5) (28). In these cases, ENMs may
enrich opportunistic pathogens or liberate the membrane-bound
PAMPs from bacterial cells (82). The inflammatory antigens, such
as LPS, exotoxin and flagellin, would bind to PRRs on IECs and
immune cells, thus activating inflammatory pathways and
promoting an excessive intestinal inflammation (83-86).
However, most of these in vivo studies based on animal models
rarely simulated the realistic human exposure condition. Table 1
details such shortcomings: either subjects were exposed to an
excessive dose of ENMs, or ENMs were administered alone
without food which is not a real-life fashion. Whether ENMs
were contaminated by LPS was not checked, either.

There is no general effect of ENMs on gut microbiota and
intestinal immunity. Contrary to the aforementioned adverse
effects, other studies showed that ENM ingestion can increase
commensal microbes and exert anti-inflammatory effects.
Dietary ZnO ENMs (600 mg/kg food) for weaned piglets
increased Lactobacillus, leading to upregulation of tight
junction proteins and antioxidant enzymes, and decreased
expression of inflammatory interferon-y (IFN-y), IL-13, TNF-o
and NF-xB (25). Similarly, oral gavage of Ag ENMs (5ng daily)
attenuated the dextran sodium sulfate (DSS)-induced IBD
symptoms in mice, probably by increasing Lactobacillus and
decreasing Clostridium perfringens and Escherichia coli (19).
Enrichment of Lactobacillus was found in these works, again
highlighting the protective role of SCFA-producers in epithelium
integrity and anti-inflammatory responses.

Strikingly, several studies found no significant effect of ENMs
(Au, CuO, Ag and lysine-modified SWCNTSs) on intestinal
immunity (17, 20, 21, 27, 29, 87). One possibility is that most
ENMs may be rapidly excreted following ingestion, so few
accumulate in the GIT and they are insufficient to modulate the
immune responses. Indeed, 270-day consecutive dietary
supplementation with ZnO ENMs (1600 mg/kg food) for mice
revealed no detectable ENM distribution in the GIT (88). Hence,
this work indicates that there is no general effect regarding the
biodistribution and accumulation, it should be specific to each
ENM. Additionally, the mucus layer that is mainly composed of
highly-glycosylated secreted proteins overlying the intestinal
epithelium could trap ENMs and minimize their contact with gut
microbes and mucosal cells (8). This can explain why the
modulatory effect of ENMs on gut microbes in vitro is always
greater than that in vivo. When the earthworms were exposed to
soil with CuO or Ag ENMs, the gut microbiota remained largely
resilient, whereas both ENMs significantly changed the soil bacterial
community composition (89). Moreover, though some ENMs can
modify the gut microbiota, members of the core commensal
consortium are not affected; or the roles of redundant symbionts
affected by ENMs could be compensated by other unchanged
commensals. For example, exposure of earthworms to soil
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supplemented with CuO ENMs (160 mg/kg) induced substantial
changes in the gut microbiota with a significant decrease in the
symbiont Candidatus Lumbricincola, but it had no effect on the
immune competence (29). Thereby, the gut microbiota might adapt
itself in a way (which needs to be demonstrated) that ensures
maintaining a proper immune homeostasis.

CONCLUSIONS AND PERSPECTIVES

To summarize, increasing observations have claimed a link between
GIT exposure to ENMs, gut microbiota dysbiosis and intestinal
inflammation (Figure 2). Such effects of ENMs are often dose-
dependent. We acknowledge that in a few cases ENMs could induce
microbiota dysbiosis characterized by a decrease in commensals
(Lactobacillus, Bacteroides, Bifidobacterium, etc.) and/or an
enrichment of other members (E. coli, Shigella, Listeria, etc.),
which in turn cause an intestinal inflammation, compromise
epithelium integrity and induce IBD-like symptoms (Figure 2).
But these works suffer shortcomings and are not relevant for human
exposure doses or uptake conditions. By contrast, little or no overt
effect on intestinal immunity has been found in a large number of in
vivo assays, where ENMs are orally administered in a more realistic
dose or fashion. Notably, most in vivo studies investigate the
immunotoxicity of ENMs in healthy individuals, while it might
be more prominent in those with intestinal inflammation (such as
IBD). Indeed, inflammatory symptoms like mucus defects (90),
dysfunctional macrophages (91), etc. could increase and extend the
exposure of intestinal epithelium to ENMs. Interestingly, the DSS-
induced IBD symptoms in mice can be either exacerbated (92) or
attenuated (19) following oral intake of ENMs, suggesting that
ENM exposure do not necessarily have detrimental consequences,
even for those with inflamed intestine. Future works should cover
more types of ENMs, simulate the real-life ENM exposure situation,
exploit both healthy and inflammatory host model, and draw
cautious conclusions.

The in vivo studies on different animal models show extensive
variation regarding the ENM effects on gut microbiota or
intestinal immunity (Table 1). This may be due to
discrepancies in the overall experimental settings (animal
species, age, EMN exposure time, dose and uptake manner),
the ENM physicochemical nature (size, shape, surface decoration
and charge), the possible in vivo bio-transformation of ENMs
and the methodology for gut microbiota analysis (Table 1). A
unifying exposure model is required.
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Current immuno-oncotherapeutic protocols that inhibit tumor immune evasion have
demonstrated great clinical success. However, the therapeutic response is limited only to
a percentage of patients, and the immune-related adverse events can compromise the
therapeutic benefits. Therefore, improving cancer immunotherapeutic approaches that
pursue high tumor suppression efficiency and low side effects turn out to be a clinical
priority. Novel magnetite nanoparticles (MNPs) exhibit great potential for therapeutic and
imaging applications by utilizing their properties of superparamagnetism, good
biocompatibility, as well as the easy synthesis and modulation/functionalization. In
particular, the MNPs can exert magnetic hyperthermia to induce immunogenic cell death
of tumor cells for effective antigen release and presentation, and meanwhile polarize tumor-
associated macrophages (TAMs) to M1 phenotype for improved tumor kiling capability,
thus enhancing the anti-tumor immune effects. Furthermore, immune checkpoint
antibodies, immune-stimulating agents, or tumor-targeting agents can be decorated on
MNPs, thereby improving their selectivity for the tumor or immune cells by the unique
magnetic navigation capability of MNPs to promote the tumor killing immune therapeutics
with fewer side effects. This mini-review summarizes the recent progress in MNP-based
immuno-oncotherapies, including activation of macrophage, promotion of cytotoxic T
lymphocyte (CTL) infiltration within tumors and modulation of immune checkpoint
blockade, thus further supporting the applications of MNPs in clinical therapeutic protocols.

Keywords: magnetite nanoparticles, macrophages, cytotoxic T lymphocytes, immune checkpoint blockade,
cancer immunotherapy

INTRODUCTION

Immuno-oncotherapy aims to activate the patient’s immune system to recognize and kill tumor
cells (1). Immunotherapeutic approaches date back to ancient Egypt, with the observation that
tumors could be cured with bacterial infections, an event that we now attribute to immune
activation. The modern immunotherapy of cancer started with Willian B. Coley at the end of the
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19th century with his “Coley’s toxin”, a mixture of killed bacteria,
which non-specifically activated the immune responses, thereby
resulting in tumor regression. Coley’s toxin is still used in clinical
trials, and pharmaceutical companies are interested in
developing modern versions of it (2, 3). Current
immunotherapies include several approaches for the non-
specific stimulation of innate immune mechanisms on the
same line as Coley’s toxin (such as the use of BCG in bladder
cancer) (4), and strategies aiming at triggering specific anti-
tumor immunity. These include the development of cancer
vaccines, adoptive cell therapy, and checkpoint inhibitors (5).
Indeed, immuno-oncotherapy based on immune checkpoint
inhibitors has revolutionized the therapy of advanced and
metastatic tumors, leading to an unprecedented rate of cure
(6). However, all these therapies need further development and
optimization. For instance, non-specific immunological
stimulation is often associated with substantial inflammation
(the Coley’s toxin therapy was dubbed the “fever therapy”), and
the therapy with checkpoint inhibitors that releases the block of
immunity leads to uncontrolled reactions that can substantially
affect the patient’s own organism and causes the unwanted
immune-related adverse events (irAEs) (7). In addition, in
particular for immuno-oncotherapies aiming at activating
specific anti-tumor immunity, the therapeutic approach is
effective only for a limited number of patients, which
depended on the degree of the immunogenicity for various
tumor types (8). In an effort to improve the efficacy and safety
of the immuno-oncotherapy, many studies have focused on the
use of engineered nanoparticles (NPs) (9-12). In this context,
magnetite nanoparticles (MNPs) are already in use for medical
purposes, e.g., in iron replacement therapy and magnetic
resonance imaging (MRI), approved by the US Food and Drug
Administration (FDA) (13, 14). The European Medicines
Agency (EMA) has also approved the use of iron oxide NPs
(NanoTherm®) for the treatment of intermittent glioblastoma
multiforme (15). The suitability of MNPs as drug delivery system
is based on a number of promising properties, which include
their good superparamagnetism and biocompatibility, the easy
synthesis and surface modulation/functionalization, and the
magnetic hyperthermia and navigation capability (16-18).
Based on these characteristics, MNPs can be also applied for
theranostics and have been studied for a wide number of new
medical applications in oncotherapy. Thus, this brief mini-
review tries to report the recent promising applications of
MNPs in cancer immunotherapies.

MNPs IN TUMOR IMAGING

Currently, FDA has approved various MNPs for clinical imaging,
including Ferumoxide (19), Ferumoxtran-10 (20, 21),
Ferumoxsil (22), Ferucarbotran (23), Ferumoxytol (24, 25), and
Magtrace (26). However, some of these MNPs have a low
performance—price ratio, and some have been withdrawn from
the market because of poor clinical results. Therefore, an
increasing number of studies have investigated the optimized

MNPs to improve the imaging efficiency. Bai et al. (27) reported
that the modification with a tumor-targeting peptide (cRGD, a
molecule targeting the integrin ovp3 overexpressed by
endothelium cells of angiogenic tumor vessels) on MNPs could
facilitate the effective accumulation of MNPs into the tumor of
mice, thus improving the efficiency on MRI application.
Moreover, MNPs can be conjugated with other imaging
components to realize multi-modal imaging (28). Li et al. (29)
incorporated superparamagnetic iron oxide (SPIO) NPs into 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-5000] (DSPE-PEG5k) nanomicelles, which were
further conjugated with a near-infrared fluorescence dye (Cy5)
and the tumor-targeting peptide bombesin (Bom, used to target
the overexpressed G protein-coupled receptors in various
malignancies). These nanomicelles could target mouse MDA-
MB-231 breast cancer and perform both MRI by the inner SPIO
as well as the near-infrared fluorescence imaging by the Cy5 dye
(29). These promising outcomes of MNPs in tumor imaging
strategies demonstrated their advantages of easy surface
modification and functionalization, and these properties could
be further integrated into immuno-oncotherapeutic strategies.
Recent studies of exploiting MNPs to enhance the efficacy of
immunotherapy will be highlighted and discussed in the
following paragraphs (30).

MNPs FOR ENHANCING MACROPHAGE
ANTI-TUMOR ACTIVITY

Macrophages are the very important component of the innate
immune system and first-line defense cells against pathogens and
cancers (31). Macrophages are both surveillance and scavenging
cells that patrol the tissue and recognize/eliminate senescent,
anomalous, and dead cells, and activate effector cells to kill, ingest,
and degrade pathogens and tumor cells after having initiated an
inflammatory process. The activities of macrophages are mainly
influenced by the developmental origin, tissue of residence, and
acute microenvironmental cues (32). Although the capacity as
antigen-presenting cells (APCs) is weaker than the dendritic cells
(DCs), tumor-associated macrophages (TAMs) could re-activate
primed T cells by cross-presenting tumor antigens in the tumor
microenvironment (TME) rather than in the draining lymph node,
thereby contributing to the adaptive immunity in addition to their
main role in innate immune responses (33). Besides, the tumor-
killing functionality of TAMs should also be ideally achieved
through various mechanisms, e.g., the phagocytosis of tumor
cells, secretion of cytokines (e.g., IFNy and TNFa), production of
inducible nitric oxide synthase, and induction of anti-tumor
inflammation (33, 34). Unfortunately, phagocytosis is partially
deactivated owing to the developed escaping mechanism of
overexpressing “do-not-eat-me” signal on tumors (35).
Furthermore, the most representative TAMs are pro-tumorigenic
M2-like phenotype cells, which suppress the anti-tumor capacity of
the M1-like phenotype cells, and contribute to the tumor growth,
tumor immune evasion, and metastasis (36). Therefore, a bunch of
investigations that aim to promote the phagocytosis and the M1
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polarization of the TAMs by the application of MNPs have
been undertaken.

The expression of the cell surface integrin-associated protein
CD47 (ubiquitously expressed on normal cells) is abundantly
expressed on most tumor cells and creates a “do-not-eat-me” signal
through binding with the signal-regulatory protein alpha (SIRPo) on
macrophages (37-39). SIRPa. is a regulatory membrane glycoprotein
expressed on the macrophage membrane that accumulates at a
phagocytic synapse between macrophages and tumor cells upon
CD47 binding (37, 40). Thus, the blockade of the CD47-SIRPo.
interaction by anti-CD47 antibody could restore the macrophage-
mediated phagocytosis against tumor (Figure 1) (41-43).
Accordingly, a combined immunotherapeutic approach was
proposed by using indocyanine green and sepantronium bromide
co-loaded mesoporous silica NPs for photothermal and
chemotherapy with primary tumors. This approach induced a
primary tumor destruction that facilitated tumor antigen release
and presentation for specific cytotoxic T lymphocyte (CTL)
generation (44). Furthermore, MNPs coated by a silica layer
conjugated with anti-CD47 antibody were subsequently
magnetically guided to be accumulated at metastatic tumor sites to
block the interaction of tumor-expressed CD47 with macrophages.
As a consequence, macrophages recognized and destroyed/
phagocytosed metastatic tumor cells in synergy with activated
CTLs (44). In addition, the Fc portion of some CD47 antibody
could also drive macrophage for the antibody-dependent cellular
phagocytosis (ADCP), which could further strengthen the
macrophage-mediated anti-tumor activity (45). However, since
CD47 is an essential molecule for protecting normal cells from
macrophage attack, strategies for CD47 inhibition need to be very
precisely targeted to tumor cells in order to avoid severe collateral
damage, as observed with anti-CD47 antibody infusion that causes
thrombocytopenia or anemia (35, 45, 46).

The use of plasma membrane-coated biomimetic NPs was
applied for a precise inhibition of tumor CD47 binding to
macrophages (47, 48). The MNPs could be coated with
membrane from genetically engineered cells that overexpressed a
SIRPo variant for CD47 binding and showed a 50,000-fold

increased binding affinity. These biomimetic MNPs efficiently
accumulated in the TME under external magnetic field guidance
and specifically blocked the macrophage-inhibiting CD47-SIRPo
binding between tumor cells and macrophages (49). Such magnetic
navigation approach with MNPs decreases the risk of inducing
severe side effects through enhanced tumor targeting. In addition, it
is known that the TME can bias the infiltrating TAMs towards a
tumor-promoting M2-like phenotype (50), thereby inhibiting the
cytocidal and antigen-presenting capacity of M1 macrophages (51).
There are evidences that MNPs could promote the re-polarization
of TAMs towards an M1 functional phenotype, which resulted in
the activation of the macrophage for tumor killing (49, 52).
Ferumoxytol, one of the FDA-approved MNPs, was found able to
upregulate the expression of M1-related genes (CD86 and TNFA)
and to decrease expression of M2-related genes (CD206 and IL10) in
a murine macrophage-like leukemia cell line in vitro (52). In vivo,
experimental tumors were restricted in their growth by treatment
with ferumoxytol and showed an increased number of M1-like
infiltrating macrophages in comparison to the untreated tumors
(52). Other studies also exploited MNPs for inducing M1
polarization of TAMs, as recently shown with polymeric NPs
coated with a membrane of LPS treated macrophage, and
encapsulating Fe;O,4 NPs and the imiquimod (Toll-like receptor 7
agonist, a strong macrophage activator), which were able to polarize
TAMs towards M1 and achieve a concomitant restriction of
experimental tumor growth (53). The membrane was prepared by
the LPS stimulated macrophages to specifically target TAMs
without direct M1 polarization effects that can be verified from
the macrophage polarization results of PLGA-ION (PI) and
membrane-coated PLGA-ION (PI@M) NPs. The CD80
expression in PI was 67.55% vs. 74.31% in PI@M. The higher M1
polarization of PI@M may be attributed to the enhanced
internalization caused by the coated membrane camouflage and
targeting capacity. Furthermore, vitamin C (Vc) was applied to
eliminate the polarization capacity induced from the ROS pathway
of enhancing p300/CBP acetyltransferase activity and promoting
p53 acetylation by iron overload (54). Despite the fact that the ROS
level of Vc+PI@M was reduced to 0.69-fold compared to the sole

Tumor cells

Macrophage

Anti-CD47
antibody

Interaction blockade

Tumor cells

' Macrophage-mediated phagocytosis ’

Macrophage

FIGURE 1 | Macrophage-mediated phagocytosis regulated by the CD47-SIRPa. pathway. (A) The CD47-SIRPa. interaction inhibits macrophage-mediated
phagocytosis on tumor cells. (B) The interaction of CD47-SIRPo. can be blocked by the anti-CD47 antibody to restore the macrophage-mediated phagocytosis
against tumor cells. SIRPa, signal-regulatory protein alpha; CD47, cluster of differentiation 47.
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PI@M treatment, CD80 expression in PI@M (74.31%) and Vc+PI@
M (73.24%) was still in a similar range, indicating that the M1
polarization was mainly caused by MNPs rather than the ROS by-
product. Besides, a recent study indicated that, after taking a large
amount of iron, macrophages could be polarized to M1 type by
inhibiting the ERK phosphorylation (55). However, this
mechanism still needs to be further investigated and
confirmed critically.

Thus, MNPs have proven useful for enhancing the
macrophage anti-tumor activity, both in inducing the M1 re-
polarization of TAMs and as carriers of inhibitors on tumor
CD47 “do-not-eat-me” signal. Although these preliminary
results are promising, future research will have to overcome
several issues before successfully using MNPs as macrophage
activators in cancer immunotherapy. These encompass the
heterogeneity of MNP effects on macrophages (56) [may show
no activation effects on human primary cells (57)], the need for
very accurate tumor targeting to avoid the risk of severe off-target
autoimmune and self-destructive effects (which is also the major
current problem of immunotherapy with checkpoint inhibitors),
the need to reach distant metastatic tumors, and the assessment
of efficacy in non-solid tumors.

MNPs FOR TURNING “COLD” TUMOR
TO “HOT”

Besides macrophages and the innate immune cells, stimulating
CTLs could be considered as another effective approach for
improving the anti-tumor immune responses and was also
widely studied (58). A solid tumor can be defined as “cold” or
“hot”, depending on the degree and localization of tumor-
infiltrating CTLs and the immunological condition of the TME
(59, 60). The “cold” tumor exhibits an immune suppressive TME
with an inadequate CTL infiltration and the excessively activated
immunosuppressive cells, including regulatory T cells (Tregs),
myeloid-derived suppressor cells (MDSCs), and TAMs (61).
Meanwhile, the exhaustion of infiltrated CTLs can be induced
by the immune suppressive checkpoints in TME, e.g., the
programmed cell death protein 1 (PD-1)/programmed cell
death ligand 1 (PD-L1) or the cytotoxic T lymphocyte antigen-
4 (CTLA-4), which hindered the development of anti-tumor
specific CTLs responses (62). Conversely, a “hot” tumor exhibits
a high accumulation and infiltration of non-exhausted CTLs,
DCs, and natural killer cells (NKs), thus being an ideal target for
immuno-oncotherapy (58, 63). Thus, to improve the overall
response rate (ORR) of the current immuno-oncotherapy, a
growing number of MNP-based immunotherapeutic strategies
aim at turning the “cold” tumors to “hot” by enhancing the
number of infiltrating CTLs and modulation of immune
checkpoint blockade (ICB) in TME (Figure 2).

MNPs Improving CTL Tumor Infiltration

In the presence of an alternating magnetic field, MNPs can
generate a magnetic hyperthermia by converting the magnetic
energy into thermal energy, which can provoke immunogenic/

inflammatory cell death in the tumor (64, 65). The hyperthermia
may induce immunogenic cell death (ICD) to release tumor-
associated neoantigens and danger-associated molecular patterns
(DAMPs), including the exposure of calreticulin (CRT), or the
release of chromatin-binding protein high mobility group Bl
(HMGBI1) and the adenosine triphosphate (ATP) (66).
Subsequently, the recognition and processing of the
neoantigens can be promoted and followed with an effective T-
cell priming (67). Thus, after the primary tumor elimination by
the magnetic hyperthermia of the ferromagnetic iron oxide
nanorings, the “eat-me” signal of CRT was elicited on the
surface of the immunogenic dying 4T1 tumor cells and
promoted the macrophage activation, which further enhanced
the activation and infiltration of CTLs in the re-challenged or
metastatic tumor on mice (68). Besides, as the most powerful
APCs, the activation of DCs is crucial for promoting
the infiltration of CTLs. To achieve a more effective tumor
antigen uptaken by DCs, an MNP-based vaccine has been
developed using Fe;O4 nanocluster core loading with the CpG
oligodeoxynucleotide (CpG-ODN, a Toll-like receptor 9 agonist)
and tumor cell membrane shell decorated with anti-CD205 for
preferentially DC recognition (69). These DC targeting MNPs
could extend the retention in lymph nodes by the magnetic
control for an increased DC internalization. The CpG-ODN and
the various antigens on the tumor cell membrane paved the way
of DC maturation, thus facilitating the MHC cross-presentation
and T-cell activation, eliciting a tremendous amount of CTL
infiltration and responses in the tumor (69). Besides promoting
the activation of DCs and CTLs, the possibility of binding MNPs
on the surface of CTLs to improve the tumor infiltration by a
magnetic field near the tumor site was also explored. By coating
Fe;04 nanoclusters with the leucocyte membranes modified with
the co-stimulatory ligand CD28 antibody (00CD28) and peptide
(SIINFEKL)-loaded major histocompatibility complex class-I
(pMHC-I), the artificial antigen-presenting cells (aAPC) were
constructed that successfully targeted CTLs for stimulation (70).
Then, the CTLs that bound these nanoclusters could be
effectively directed to tumor with an increased accumulation
and infiltration facilitated upon magnetic guidance, resulting in
an enhanced tumor killing efficiency (70).

MNPs Modulating Immune Checkpoint
Blockade

Based on the current progress in immuno-oncotherapy, ICB
therapy, e.g., PD-1/PD-L1 and CTLA-4, has exerted a major
therapeutic effect on patients with advanced cancers (71).
Immune checkpoints exhibit crucial functions in adjusting the
balance of immune homeostasis and preventing T-cell-mediated
autoimmune diseases, while they are also found hijacked by the
tumor for suppressing the anti-tumor immune responses (72,
73). The PD-1 on T cells can be activated by binding its ligand
PD-L1 on tumors, resulting an exhausted condition of infiltrated
CTLs. CTLA-4, a new immunoglobulin superfamily candidate
on T cells (including CD4, CD8, and Treg cells), restrains the co-
stimulatory signals of CD28-CD80/86 by competitively binding
with CD80/86 on antigen-presenting cells (65, 74). In clinical
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FIGURE 2 | Some representative approaches of MNPs to turn a “cold” tumor into “hot”. (A) MNP-based magnetic hyperthermia ablation therapy is capable of inducing
tumor immunogenic cell death to promote the release of antigen for DC maturation, and the subsequent CTL activation and infiltration in the tumor. (B, C) MNPs carrying
immune agents such as agonists can be applied (B) for potentiating DCs or (C) for potentiating CTLs. (D) MNPs carrying immune agents such as antibodies can bind
CTLs, and direct them to the tumor with an improved accumulation and infiltration by the magnetic guidance. (E) The tumor accumulation of the immune checkpoint
antibody can be enhanced by the conjugation on MNPs for an improved immunosuppressive pathway modulation with fewer adverse effects. DCs, dendritic cells;
MDSCs, myeloid-derived suppressor cells; CTLs, cytotoxic T lymphocytes; Tregs, regulatory T cells; TAM, tumor-associated macrophages; NKs, natural killer cells; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death ligand 1; CTLA-4, cytotoxic T lymphocyte-associated protein 4.

practice, anti-PD-1/PD-L1 and anti-CTLA-4 therapy proved  systemic toxicity (78, 80). Beside the combination with
effective for restoring the anti-tumor T-cell-mediated immune  checkpoint inhibitors separately, conjugating checkpoint
responses (75). However, ICB therapy only shows limited ORR  inhibitors on MNPs demonstrated a better tumor targeting and
with commonly associated irAEs, which limited its clinical  treatment efficiency. The checkpoint inhibitor (anti-PD-L1) and
application (76). Therefore, the combinational immuno- CTL activators (anti-CD3 and anti-CD28) could be conjugated
oncotherapy based on the multi-functional MNPs attracts  on the fucoidan-dextran-coated iron oxide NPs for an improved
considerable attention because of the immuno-stimulation  tumor accumulation by the magnetic guidance (81). These
effects of magnetic hyperthermia and the drug delivery = MNPs mediated ICB therapy-enhanced PD-L1 blockade and
capability of immuno-stimulatory adjuvant or checkpoint  promoted CTL activation that prolonged the median survival
antibodies for the improved activation of CTLs and the  time of tumor-bearing mice from 32 to 63 days with minimized
accumulation of ICB antibodies (77). adverse events owing to a much lower anti-PD-L1 dosage used
The magnetic hyperthermia induced by MNPs could cause  than the soluble anti-PD-L1 treatment (81). Remarkably, the
tumor ablation and the release of neoantigens. With the help of =~ superparamagnetic iron nanoclusters were armed with PD-1
imiquimod (a toll-like receptor 7 agonist), CTLs were then  antibody by TME pH-sensitive bond and successfully bound
effectively activated (78, 79). Thus, a further combinational on CTLs in vitro. These MNP/CTL cells could be magnetically
approach by applying immune checkpoint antibodies, such as  guided to the solid tumors in mice for improved CTL infiltration
anti-CTLA-4 for Treg suppression or anti-PD-1/PD-L1 to  and tumor killing, and further aided with PD-1 antibody release
restore exhausted CTLs, could be used for the synergistic ~ through acid-mediated MNPs, for a synergistically enhanced
oncotherapy to eliminate primary tumor and inhibit tumor  immuno-oncotherapy with minimal side effects (82).
metastasis, or even to generate a robust immunological As these studies indicated, magnetic hyperthermia therapy
memory for tumor recurrence prevention without noticeable  induced by functionalized MNPs can effectively promote the
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immunological stimulation, tumor infiltration of CTLs, and the
efficiency of ICB therapy. Moreover, various stimuli or ICB
antibodies can be conjugated with the MNPs for improved
targeting and immune cell activation in solid tumor. Meanwhile,
the targeting cells, such as CTLs, attached with MNPs carrying ICB
antibody on their surface, can be magnetically directed to tumor site
for improved tumor accumulation. Such strategy has been proved
successfully to enhance both CTL infiltration and ICB efficiency in
one shot.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Taken together, extensive progresses have been made with various
MNP platforms toward different applications for the enhanced
immuno-oncotherapy. MNPs exhibited good capabilities for
magnetic hyperthermia, magnetic navigation, and immuno-agent
delivery to enhance macrophage anti-tumor capacity, to increase
the tumor infiltration of CTLs, and to improve ICB efficiency.
Moreover, the CTLs that adhered to the MNPs carrying immune
checkpointantibodies obtained the ability of magnetic navigation as
well, which could greatly improve the CTL infiltration and ICB
effects in solid tumors. These MNP-based immunotherapies
exhibited higher anti-tumor efficiency with fewer side effects in
the experimental studies. In the future therapeutic approaches of
MNPs, the combination of these unique properties possessed by
MNPs may be the most promising strategy for successful cancer
therapeutics. The hyperthermia induced by MNPs can eliminate
tumor cells directly, which provokes the ICD from DAMPs and
antigen release for the improved anti-tumor immune responses.
Moreover, the tumor tissue-retained MNPs could polarize the
remaining TAMs to M1 macrophage as a further method to
eliminate the residual tumor effectively. Consequently, the tumor
metastasis and recurrence may be efficiently and sustainably
inhibited by the synergistic strategy. Despite these advantages,
disadvantages of high difficulty in mass production, lack of the
precise analytic methods for examining the properties, and the
complicated usage condition/equipment should be noticed for the
future MNP application in oncotherapy. Moreover, in the clinical
trials, only few MNP formulations, e.g., ferumoxytol, have shown
new progress as an MRI-enhancing agent. Meanwhile, after the
withdrawal of some MNPs in clinic, various regulations have
currently been announced by the regulatory agencies, to assure a
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Engineered gold nanoparticles (AuNPs) find application in several fields related to human
activities (.e., food and cosmetic industry or water purification) including medicine, where they
are employed for diagnosis, drug delivery and cancer therapy. As for any material/reagent for
human use, the safety of AuNPs needs accurate evaluation. AuNPs are prone to
contamination by bacterial endotoxin (lipopolysaccharide, LPS), a potent elicitor of
inflammatory responses in mammals. It is therefore important, when assessing AuNP
immunosafety and immune-related effects, to discriminate between inflammatory effects
intrinsic to the NPs from those caused by an undeliberate and undetected LPS contamination.
Detection of LPS contamination in AUNP preparations poses different problems when using
the current LPS detection assays, given the general interference of NPs, similar to other
particulate agents, with the assay reagents and endpoints. This leads to time-consuming
search for optimal assay conditions for every NP batch, with unpredictable results, and to the
use in parallel of different assays, each with its weaknesses and unpredictability. Thus, the
development of highly sensitive, quantitative and accurate assays able to detect of LPS on
AuNPs is very important, in view of their medical applications. Surface-enhanced Raman
spectroscopy (SERS) is a label-free, sensitive, chemical-specific, nondestructive and fast
technique that can be used to directly obtain molecular fingerprint information and a
quantitative analysis of LPS adsorbed on AuNPs. Within this study, we describe the use of
SERS for the label-free identification and quantitative evaluation - down to few attograms - of
the LPS adsorbed on the surface of 50 nm AuNPs. We thus propose SERS as an efficient tool
to detect LPS on the AuNP surface, and as the basis for the development of a new sensitive
and specific LPS-detection sensor based on the use of AUNPs and SERS.

Keywords: SERS, gold nanoparticles, LPS, biosensor, inflammation, innate immunity

INTRODUCTION

Bacterial endotoxin or lipopolysaccharide (LPS) is the main component of the cell wall of gram-
negative bacteria and it is considered a ubiquitous contaminant in the environment, and is resistant
to the most common sterilization procedures (1). Human cells are very sensitive to LPS. Upon
interaction with membrane receptors (including the Toll-like receptor TLR4, mainly expressed by
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innate immune cells), LPS triggers the production of
inflammatory cytokines such as TNF-o, IL-103, and
chemokines (e.g., CCL2/MCP-1 and CXCLS8/IL-8), which all
contribute to the inflammatory process (2). One of the most
severe effects of LPS in human beings is the septic shock
syndrome, a life-threatening disease that accounts for 20% of
all global deaths each year (3). For this reason, before being
marketed and used in biomedical fields, every drug or biomedical
device must undergo accurate testing to determine LPS
contamination. The maximum tolerated LPS level in drugs or
surgical instruments for human use is 0.5 EU/kg, whilst, if the
product comes in contact with the cerebrospinal fluid, the limit is
0.02 EU/kg (4).

In the last years, engineered nanoparticles (NPs) have gained
increasing attention in the biomedical field. In particular, gold
NPs (AuNPs), owing to their chemical and optical properties, are
used in a wide range of different applications in medicine (e.g.,
drug delivery, diagnostic and imaging procedures) (5-9). As for
every biomedical device, also AuNPs must be carefully tested for
their immunosafety (inability to trigger immune/inflammatory
reactions) and for the presence of LPS contamination. As for
many other nanomaterials, AuNPs are very prone to LPS
contamination: on one side, because of its amphipathic nature
LPS can easily bind NPs with either a cationic or anionic surface;
on the other side, LPS binding onto NP surface is facilitated by
the high NP surface to volume ratio that increases NP reactivity
towards LPS (10). The detection of LPS contamination on
AuNPs is crucial for the assessment of particle toxicity and
biological properties avoiding misinterpretation of the AuNP
impact on human health.

The LPS contamination in pharmaceutical preparations,
including AuNPs, is currently detected using regulatory-
approved assays: the Limulus amoebocyte lysate (LAL) assay,
the monocyte activation test (MAT) and the rabbit pyrogen test
(RPT). The application of these assays to the detection of LPS
adsorbed on the AuNP surface is not easy, mainly because NPs
can interfere with these assays, leading to unreliable results (11-
13). Among these methods, the LAL test is the most specific
towards LPS. It is based on the capacity of LPS to activate Factor
C, an enzyme present in the amoebocytes of the marine
arthropod Limulus polyphemus. The LAL assay is commercially
available in different formats (turbidimetric, gel-clot or
chromogenic LAL assays, and most recently the assays based
on recombinant factor C). Although LAL assays have a good
sensitivity (0.005 EU/mL), NPs can interfere with the assay
components or final readout. For this reason, the choice of the
most suitable LAL assay is empirical and it can vary case by case
(11), or it may be necessary to run different assays in parallel to
validate the results (13). Except for the recombinant Factor C
assays, all the traditional LAL assays based on the amoebocytes of
L. polyphemus will soon be abandoned by the regulatory
authorities worldwide because of the harm caused to the
animals. The RPT and MAT assays measure the response of
rabbits in vivo or human monocytes in vitro, respectively, to
inflammatory agents. Their main disadvantage is that they are
pyrogen assays, not specific for LPS but sensitive to every

inflammatory or pyrogenic agent. Aside from the fact that
RPT and MAT are not LPS-specific, particular attention has to
be paid to the NP concentration used in these assays to avoid
non-specific toxicity for animals or cells. Moreover, these tests
are not suitable for NPs carrying cytotoxic drugs. Eventually,
as in the case of the LAL assays, the RPT assay will soon be
abandoned because of the use of animals. For all these reasons, it
is clear that none of the current LPS detection assays is fully
suitable for assessing the LPS presence on AuNPs, and that new
methods are needed for the reliable and quantitative detection
of LPS.

Surface enhanced Raman spectroscopy (SERS) represents an
excellent tool for molecular detection, because it can amplify the
Raman signals of a given molecule adsorbed onto metallic
nanosurfaces, as gold or silver NPs (14). Extraordinary sensing
properties of SERS can be achieved by exploiting the metallic
NPs’ optical amplification mediated by localized surface-
plasmon resonances. When an incident laser beam interacts
with metallic nanostructures, plasma oscillations of metallic
NPs enhance the Raman signals of molecules adsorbed or close
to the metallic surface up to 6-7 orders of magnitude (15).
Therefore, due to the Raman fingerprint, SERS-based sensing
allows to identify and quantify molecules with excellent
sensitivity and reproducibility in different environments,
thereby enabling the use of the SERS technique for numerous
biomedical and biosensing applications (16-20). Indirect SERS
sensing, based on the combined use of a SERS tag and a selective
aptamer-based binding, has been demonstrated for quantitative
detection of endotoxins in a solution (21). Additional advantages
of the SERS technique are that it does not require labelling or
other specific treatments for sample preparation, measurements
can be performed on few UL of desired NP concentration, and
the technique is non-destructive, allowing for performing
multiple measurements on the same sample. Based on such
considerations, the SERS is a good candidate for label-free
detection of even minute amounts of LPS directly on
metallic NPs.

In this study, we demonstrate the use of the SERS approach for
the quantitative detection of LPS contamination in AuNPs. We
describe the use of SERS for the direct chemical identification and
quantitative evaluation of LPS adsorbed on the surface of 50 nm
AuNPs. DLS was used to estimate the number of LPS molecules
adsorbed on the surface of AuNPs previously exposed to
saturating concentrations of LPS. LPS concentration-dependent
SERS signals were collected in order to quantify LPS molecules
on AuNPs at low concentration and define the limit of
detection (LOD).

MATERIALS AND METHODS
Gold Nanoparticles

LPS-free nanoparticles consisting of 50 nm gold nanospheres
(AuNPs) were purchased from Applied Nanoparticles S.L.
(Barcelona, Spain). AuNPs are diluted in a 2.2 mM sodium
citrate solution at a concentration of 1 mg/mL (corresponding to

Frontiers in Immunology | www.frontiersin.org

149

October 2021 | Volume 12 | Article 758410


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Verde et al.

SERS Sensing of Endotoxin

about 7*10'" NPs/mL) and stored in sterile endotoxin-free
plastic tubes. According to the data sheet, the endotoxin
contamination level of these AuNPs was determined to be less
than 0.25 EU/mL (roughly corresponding to 25 pg/mL) by the
chromogenic LAL assay.

LPS Adhesion to AuNPs

Gel filtration chromatography-purified LPS from Escherichia coli
055:B5 (catalogue number L6529) and phenol extraction-
purified LPS from Klebsiella pneumoniae (catalogue number
L4268-10MG) were both obtained by Sigma-Aldrich (Merck
KGaA, St. Louis, MO, USA).

Two L of 50 nm AuNPs (at 1 mg/mL) were incubated with 1 uL
of LPS (from E. coli or K. pneumoniae) at different concentrations
(from 0.1 to 5000 pg/mL) in a total volume of 50 UL of 2.2 mM
sodium citrate solution for 20 min at 37°C, leading to a stable LPS
corona formation (22). In order to remove the non-adsorbed LPS
excess, the products were washed twice in sodium citrate solution by
centrifugation (22,000 x g, 10 min, RT), and pellets were resuspended
in sodium citrate solution or cell culture medium, depending on the
expected use.

Transmission Electron Microscopy (TEM)
For morphological analysis, an aliquot of bare or LPS-coated
AuNPs was drop-casted on a carbon-coated copper grid and
allowed to dry at room temperature (RT). TEM images were
acquired with an accelerating voltage of 120 kV using a FEI
Tecnai 12 Bio Twin Spirit TEM (FEI Company, Hillsboro, OR,
USA). Images of bare and LPS-coated AuNPs were analyzed and
measured for size distribution using the ImageJ software (Wayne
Rasband, NIH, Bethesda, Maryland, USA). Size distribution data
were averaged, in order to obtain a mean size both for bare and
LPS-coated AuNPs, and their standard deviations (SDs)
were calculated.

Dynamic Light Scattering (DLS)
Hydrodynamic diameter and {-potential of bare and LPS-AuNPs
were measured with a ZetaSizer Nano ZS (Malvern Instruments,
Malvern, Worcestershire, UK). The instrument operates with a
633 nm He-Ne laser wavelength and a fixed scattering angle of
173°. For measurements, bare or LPS-AuNPs (20 pL at a
concentration of 100 pg/mL) were suspended in 1 mL of
distilled water. Data obtained from hydrodynamic diameter
and {-potential measurements were averaged in order to
obtain a mean size and SD both for bare and LPS-coated AuNPs.
The amount of LPS in the corona around AuNPs was
estimated as previously described (22). Briefly, the volumes of
bare and LPS-coated AuNPs were estimated considering as
radius the measured hydrodynamic diameters (sphere model).
LPS corona volumes were then obtained by subtracting bare
AuNP volumes from concentration-dependent LPS-coated
AuNP volumes. Being known the LPS density p;ps (1.44 g/
cm®) and the average LPS molecular weight M, ps (20 kDa), the
LPS corona masses were estimated by:

MLpS corona = VLIPS corona*PLPS (1)

where:

_ _4 3 3
Vipscorona = Vp+rps = Vp = 3 T (RNP+LPS - RNP) (2)

Vnpsrps being the volume of LPS-coated AuNPs and Vyp the
volume of bare AuNPs. Ryp, 1ps and Ryp are hydrodynamic radii
of LPS-coated AuNPs and bare AuNPs, respectively.

The number of LPS molecules was then estimated as follows:

LPS molecules = mpps corana/MLPS (3)

Raman and Surface-Enhanced Raman
Spectroscopy and Spectra Analysis

Raman and SERS spectra were acquired with an inverted
confocal Raman microscope (XploRA INV, HORIBA Jobin
Yvon S.A.S., Villeneuve d’Ascq, France) equipped with a 785
nm wavelength diode laser (23). A 60x/1.2 NA water immersion
objective (Nikon) was used to focus the laser light onto the
sample and collect the Raman signal. The back scattered light
from the sample was spectrally filtered by a notch filter and then
directed towards a spectrometer equipped with a holographic
grating (600 lines/mm). Finally, Raman signal was detected by a
thermoelectrically cooled CCD detector. The pinhole (500 pm)
and spectrometer entrance slit (200 wm) were selected to ensure
an in-plane spatial resolution (x-y plane) of about 400 nm and
5 um along z axis.

For Raman experiments, the LPS powder was deposited on a
CaF, coverslip (Crystran Ltd., Poole, UK), and then the laser was
focused onto the sample. Raman spectra were acquired with 8.8
mW laser power at the sample and 30 s integration times
per spectra.

For SERS experiments, LPS-coated AuNPs were drop-casted
onto a CaF, coverslip (Crystran Ltd.) and let dry at RT. SERS
spectra were acquired with 0.9 mW laser power and 1 s
integration time. The Raman and SERS spectra of the LPS
were averaged and background corrected by creating a baseline
with the 2nd Derivative method and then subtracting it with the
Peak Analyser function available in OriginLab (OriginLab
Corporation, Northampton, MA, USA).

Enhancement Factor (EF)

To provide an estimate of the signal amplification experienced by
each molecule on the nanostructure, we calculated the
enhancement factor (EF) (15). A Byphenil-4-Thiol (BPT)
solution in ethanol at a concentration of 1 mM was used for
EF estimations. A drop (2 uL) of 50 nm AuNPs (concentration at
1 mg/mL) was drop-casted on a CaF, slide and let to dry. By
incubating the SERS slide in the BPT solution for 24 h, thanks to
the thiol groups showing a strong affinity with the surface, a
uniform self-assembled monolayer of BPT molecules on gold
surface is obtained (24).

The EF was calculated as:

EF = Isers Nraman (4)

Iraman Nsers
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where Isgrs and Ip,,q, are the intensities of the SERS and Raman

signals normalized to the different laser powers and integration

times, Nraman and Nggrs are the number of probed molecules.
NRaman can be defined as follows:

N, _ ALaser h Psrr NA
Raman — T

where Aj ., indicates the area of the laser spot size (waist of ~
800 nm) and / is the Rayleigh length ( ~ 10 um). BPT density
(1.1 g/cm3 ) is indicated with pgpy while N4 and M are Avogadro
constant (6.022*10** mol ') and BPT molecular weight (186.3 g/
mol), respectively.

On the other hand, Ngggrs can be defined as:

)

(6)

where 7R* is the area occupied by a 50 nm AuNP when lying on
a surface (R is the radius), Onps is the 50 nm AuNPs packing
density, i.e., number of AuNPs per area unit (4%10°/nm?), in this
case the area analysed by Atomic Force Microscopy (AFM)I
(Supplementary Figure 1) and oppr is BPT packing density
(considered to be 4 molecules/nm?) (25).

Limit of Detection (LOD)

Signal to noise ratio (SNR), at each LPS concentration, is a
measure related to the quality of the signal and can be defined as:

2
NSERS =nR ALaser ONpsOBpT

I Signal

SNR = ;1 < SNR )

Noise

where Ig;o,q is the average intensity of the SERS peak at 1610
cm™ an Iny;e is the noise intensity, evaluated as the SD in the
spectral region between 1700 and 1800 cm™ (26). In order to
estimate limit of detection (LOD) of our system, which is the
concentration at which SNR becomes equal to unity, we focused
our attention on the linear region of SNR vs. LPS concentration
trend and performed a linear fit of the experimental data.

Human Monocyte Isolation and
Macrophage Differentiation

Human peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats of healthy donors by Ficoll-Paque
gradient density separation (GE Healthcare, Bio-Sciences AB,
Uppsala, Sweden). CD14" monocytes were separated from
PBMCs using magnetic microbeads conjugated with an anti-
CD14 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. Cell viability was
assessed by trypan blue dye exclusion and found to be >95%.
Monocytes were plated at 350,000 cells/well in a 24-well plate
and cultured in RPMI-1640 + Glutamax-I medium (GIBCO by
Life Technologies, Paisley, UK) supplemented with 5% heat-
inactivated human AB serum (Sigma-Aldrich) and 50 pg/mL
gentamicin sulfate (GIBCO). Cells were cultured in a humidified
atmosphere of 5% CO, and at 37°C. Monocytes were
differentiated into macrophages in the presence of 50 ng/mL
macrophage colony-stimulating factor (R&D Systems,
Minneapolis, MN, USA) for 7 days, refreshing the medium
every other day. Differentiation into macrophages was

confirmed morphologically and by decreased expression of
CD14 and increased expression of CD206 compared to
monocytes. Macrophages were treated with LPS, bare AuNPs
or LPS-AuNPs for 24 h. After treatment, cells were fixed for 15
min at RT in 4% paraformaldehyde (v/v) for morphological
analysis, while culture supernatants were collected and stored at
-80°C until testing for cytokine production.

Analysis of Cell Morphology

After fixation, macrophages were permeabilized in 0.02%
saponin, 0.5% BSA, and 50 mM ammonium chloride in PBS
(blocking solution). Actin cytoskeleton was stained using 33 nM
Alexa488-labelled phalloidin (Life Technologies), while nuclei
were stained with 2 pg/mL Hoechst 33258 (Sigma Aldrich). Cells
were then washed 3x with PBS, and the coverslips were mounted
and examined by confocal microscopy (LSM 510; Zeiss,
Oberkochen, Germany). Untreated and LPS-activated cells
were blind-counted in 30 random fields for each coverslip.
Cells were defined as “not activated” when their morphology
was regular and without filopodia, and “activated” when
filopodia were present on the cell surface.

Cytokine Analysis

The production and release of the inflammatory cytokine
TNEF-0, the anti-inflammatory factors IL-1Ra and IL-10, and
the chemokine CCL2 was assessed by ELISA (R&D Systems)
in the culture supernatants, following the manufacturer’s
instructions. Absorbance of assay wavelength was measured at
450 nm using a Cytation 3 imaging reader (BioTek, Winooski,
VT, USA). ELISA data were analyzed by GraphPad Prism 9
(GraphPad Inc., La Jolla, CA, USA), and are presented as
percentage, considering LPS 10 ng/mL as 100%. Results are
reported as mean + SD of values from different donors/
experiments. Statistical significance of differences is indicated
by p values, calculated using a paired Student’s two-tail ¢ test.

RESULTS AND DISCUSSION

AuNP Morphological Characterization

Both bare and AuNPs incubated with 5 uL of LPS at a
concentration of 1 mg/mL (LPS-AuNPs, see Materials and
Methods section) were morphologically characterized by TEM,
and representative images are reported in Figure 1. Bare AuNPs
show a diameter of 50 + 3 nm (Figure 1A), confirming the
nominal diameter at synthesis. On the other hand, LPS-AuNPs
have a diameter of 61 + 2 nm (Figure 1B), corresponding to an
increment of 22% compared with bare AuNPs (Figure 1C). The
increment in the LPS-AuNP diameter is indicative of the LPS
adhesion to the NP surface. This finding is also confirmed by TEM
images of the LPS-AuNPs, in which it is possible to observe a
bright gray halo around NPs, suggestive of an LPS corona with a
thickness of ~ 5 nm. Although TEM provides the morphological
characteristics of AuNPs, their quantitative analysis for statistical
evaluation is extremely difficult and operator dependent, thus
highly variable. For these reasons, we have provided an additional
evaluation with DLS.
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DLS Measurements and Estimation of

the LPS Corona

DLS measurements were performed in order to characterize the
hydrodynamic diameter and {-potential changes of AuNPs when
incubated with different LPS concentrations. First, we performed
the DLS measurements by incubating 2 uL AuNPs (1 mg/mL)
with 5 uL LPS (1 mg/mL), in order to ensure the saturation of the
NP surface with LPS. The hydrodynamic diameter and
C-potential of the LPS-coated AuNPs were then compared to
those of bare AuNPs (Figure 1D). The hydrodynamic diameters
of bare and LPS-coated AuNPs were 67 + 5 nm and 87 + 6 nm,
respectively, while their {-potentials were -32 + 5 mV and -16 + 4
mV, confirming the LPS corona formation around AuNPs. We
then measured the hydrodynamic diameters and {-potentials
of AuNPs incubated with different concentrations of LPS.
The trends of the hydrodynamic diameter and {-potential as a
function of the LPS concentration are reported in Figures 2A, B,
respectively. A dose-response function was used to fit both

FIGURE 1 | Morphology analysis of the AUNPs and estimation of the LPS corona. TEM images of bare AuNPs (A) and LPS-coated AuNPs (B). The LPS corona can
be observed as a gray halo around AuNPs. Scale bar: 20 nm. (C) Size histograms and Gaussian distribution (black and red lines) related to bare (yellow) and LPS-
coated AuNPs (orange). Counts were obtained by measuring the AuNP size in the TEM images. (D) Comparison between hydrodynamic diameters and {-potentials
of bare (yellow SDs) and LPS-coated AUNPs (orange SDs). Results are reported as mean + SD of data from 5 independent experiments.
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hydrodynamic diameters and {-potentials data (27). The
hydrodynamic diameter shows a linear increase in the LPS
concentration range (10 -100 ug/mL) and reaches a saturation
for concentration higher than (500 pg/mL). We suppose that the
AuNPs size in the linear range increases linearly with the number
of molecules of LPS covering the surface of the AuNPs, allowing
for the formation of a surface layer that becomes uniform in the
saturation region. When the curve reaches a plateau value (500
-5000 pg/mL), the LPS covers the whole NP surface and a
uniform LPS layer coating the AuNPs can be hypothesized
(saturation of the AuNP surface). As far C-potentials are
concerned, Figure 3B additionally confirms the adhesion of
LPS on the NP surface and a saturation behavior for
concentration up to 500 pg/mL. Similar to size, when the LPS
layer covering the AuNPs becomes uniform, no further
variations of the {-potential are detectable. The hydrodynamic
diameters measured by DLS in saturation conditions (500 - 5000
pg/mL) were used for estimating the number of LPS molecules
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FIGURE 2 | DLS analysis and estimation of the LPS corona. Hydrodynamic
diameter (A) and {-potential (B) of AuNPs incubated with different LPS
concentrations. The hydrodynamic diameter of bare AuNPs is 67 + 5 nm, and
their C-potential is -32 + 5 mV (see ). In panel A, hydrodynamic diameter
values used for LPS corona estimation on 50 nm AuNPs in saturation
condition are highlighted with a green dashed square. Results are reported as
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composing the uniform corona (22). Estimations of LPS corona
volumes and number of LPS molecules in it are reported in the
Supplementary Tables 1, 2. The number of LPS molecules
composing the LPS corona around a single AuNP in saturation
conditions was estimated to be 9000 + 2000. Finally, the total
amount of LPS that could bind to 1 pg of 50 nm AuNPs was
estimated by multiplying the LPS corona mass for the number of
AuNPs used in the experiments, corresponding to ~10° NPs.
Thus, the total amount of LPS adhering to 1 pug of AuNPs at
saturation was estimated to be 200 + 50 ng.

Biological Effects of LPS-AuNPs on
Primary Human Macrophages
In order to verify if the DLS estimation of the amount of LPS bound
to AuNPs was reliable, we measured the LPS activity in biological
assays, by assessing the activation of innate immune cells. In
particular, we used human monocyte-derived macrophages,
which are particularly sensitive to LPS (compared to mouse cells
or transformed cell lines). First, we examined by confocal
microscopy the effect of bare and LPS-coated AuNPs on the
macrophage actin cytoskeleton morphology (appearance of
lamellipodia and filopodia) (28). Figure 3 shows the morphology
of control untreated macrophages and of macrophages exposed to
200 ng/mL LPS, 1 pg/mL bare AuNPs and 1 pg/mL LPS-coated
AuNPs (the amount of LPS of AuNPs calculated as 200 ng, as
shown above). Bare AuNPs did not cause morphological changes in
macrophages per se (Figure 3). On the other hand, LPS-coated
AuNPs caused the production of filopodia in the same measure as
the corresponding concentrations of free LPS (Figure 3).

An extensive comparison of free vs. NP-bound LPS was
performed by examining the inflammatory macrophage
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1 1 |

[
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|
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FIGURE 3 | LPS-coated AuNPs induce morphological changes in macrophages. (A) Confocal microscopy images showing the morphology of human monocyte-
derived macrophages either untreated (CTRL) or exposed to 200 ng/mL free LPS, 1 ng/mL bare AuNPs (AuNPs) and 1 pg/mL LPS-coated AuNPs that contain 200
ng/mL LPS (LPS-AuNPs). The filamentous actin is stained in green, cell nuclei in blue. Scale bar: 10 um. (B) Quantitative evaluation of cells with an activated
phenotype for each treatment. Total cell counts for the 3 independent experiments: 2890 cells in the CTRL sample; 2744 cells in the free LPS sample; 2777 cells in
the AUNP sample; 2779 cells in the LPS-AuNP sample. Mean + SD of data from 3 independent experiments.
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activation in terms of production of inflammation-related
cytokines in response to increasing concentrations of LPS
either free or bound to AuNPs. As shown in Figure 4, bare
AuNPs did not affect the basal production of the inflammatory
factors TNF-o (Figure 4A) and CCL2 (Figure 4B). Conversely,
LPS-coated AuNPs induced the production of TNF-o and of
CCL2 with an activation profile that fully overlaps with that
induced by free LPS. These results indicate that the DLS
estimation of the quantity of LPS bound to NPs was realistic.
The fact that LPS attached on the surface of AuNPs can induce
human macrophage activation with the same concentration-
dependent profile as free LPS supports the hypothesis that
association to AuNPs does not change the LPS structure in a
way that hampers its binding to macrophage receptors and
consequent inflammatory activation.

Since LPS-induced inflammatory activation is self-regulating,
with the concomitant induction of anti-inflammatory
mechanisms (29), we also tested the production of two
important anti-inflammatory cytokines, IL-10 and IL-1Ra. As
for the other cytokines, bare AuNPs have no effect on the basal
levels of IL-1Ra (Figure 4C) and IL-10 (Figure 4D), while LPS is
active in inducing the production of both anti-inflammatory

factors. Notably, while exposure to LPS-AuNPs induced a
production of IL-1Ra superimposable to that induced by free
LPS, LPS-AuNPs were significantly less active than LPS in
inducing the production of the other anti-inflammatory
cytokine IL-10. We may hypothesize that, while not affecting
the activation of plasma membrane TLR4 and its MyD88-
dependent activation pathway, the LPS-coated particles may
interfere with the intracellular trafficking of TLR4, in particular
with the step of LPS-induced endocytosis of TLR4 and the
endocytosis-dependent stimulation of the TRIF pathway.
Indeed, the LPS-induced production of TNF-o and IL-1Ra is
dependent on the MyD88-initiated pathway, whereas IL-10
production is consequent to the production of type I IEN,
which is induced by LPS through the TRIF pathway (30).
Recently, it has been reported that the E3 ubiquitine ligase
TRIM29 is a negative regulator of type I IFN production (31),
suggesting the possibility that LPS-AuNPs may inhibit the
production of IL-10 through the enhancement of the
expression/activity of TRIM29 and consequent decrease of type
I IEN production.

It is important to consider that the biological activity of LPS is
different depending on its concentration. As also shown in the
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FIGURE 4 | Macrophage activation by LPS-coated AuNPs. Human monocyte-derived macrophages were treated for 24 h with free LPS (black squares), bare
(AuNPs; blue triangles) and LPS-coated AuNPs (AuNPs-LPS; red dots). The production of TNF-o. (A), CCL2 (B), IL-1Ra (C) and IL-10 (D) was measured in the
culture supernatants by ELISA and normalized as percentage of the maximum value (cytokine levels produced in response to 10 ng/mL LPS). Cytokine concentration
ranges were: 0.08-9.40 ng/mL for TNF-o; 0.18-0.38 ng/mL for CCL2; 10.23-78.0 ng/mL for IL-1Ra; 0.28-1.27 ng/mL for IL-10. Results are reported as mean + SD
of data from 3 independent experiments performed on cells from 3 individual donors. *p < 0.01 LPS vs. LPS-AuNPs (Student’s t tests).
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results reported in Figure 4, the induction of potent inflammatory
factors requires higher LPS concentrations, in support of the
hypothesis that inflammation starts only as reaction to a
substantial threat, while the regulation of more homeostatic
defensive factors occurs in response to much lower LPS amounts.
An example is the inflammatory cytokine IL-1(, whose gene is
upregulated in response to as little as 10 pg/mL LPS but that needs
much higher LPS concentrations (2-3 ng/mL) for the maturation
and secretion of the active inflammatory protein (32). In Figure 4, it
is evident that high LPS concentrations are necessary for inducing
the production of the potent inflammatory factor TNF-c, while at
the lowest concentration used (0.65 ng/mL) induction of TNFa. is
minimal but production of the anti-inflammatory factors IL-1Ra
and IL-10 is already at plateau. This implies that a very low number
of LPS molecules on NPs can still trigger significant activation of
human innate immune cells. An additional issue is that different
LPS, coming from different bacteria, have a different inflammation-
inducing capacity. LPS detection bioassays provide results in terms
of “Endotoxin Units” (EU), based on biological activity (activation
of Factor C in the case of LAL assays), while the correspondence
between EU and ng is approximate: the conventional
correspondence of 1 EU equal to 100 pg holds almost true for the
LPS extracted from the E. coli serotype O111:B4 but can be 10-100x
higher or lower for other LPS. These considerations underline the
need of developing an LPS detection assay that could allow us to
measure even very low amounts of LPS adsorbed on NP surfaces, to
assess the features of their interaction (in order to evaluate possible
structural changes) and, very importantly, to distinguish between
different LPS. The development of a SERS assay with such
characteristics is described below.

Raman and SERS Characterization of LPS
Molecules on AuNPs

AuNPs are able to amplify the Raman signals by localized surface
plasmon resonance, and these unique optoelectronic properties
were used as detection probe for LPS.

To characterize the sensing performances of the AuNPs, we
preliminary calculated the enhancement factor (EF) using the BPT
as model analyte. We recorded 100 spectra from different locations
of the substrate to create a statistically significant relevant data
distribution. According to the eq. 4, our 50 nm AuNPs show an
excellent enhancement capacity, with an EF of about 10” and a
good signal uniformity (see Supplementary Figure 2).

Because the intensity enhancement is one of the major interests
in direct SERS, we investigated the amplification of the LPS Raman
profile using SERS technique. Figure 5 shows a comparison
between Raman and SERS spectra of LPS from E. coli O55:B5 at
a concentration of 1 mg/mL (Figures 5A, B). A clear SERS
fingerprint of the bacterial endotoxin, similar to its Raman
counterpart and in agreement with what found by other groups,
is observed. The SERS bands show a shift in frequency compared to
Raman ones, which could be ascribed to the specific group absorbed
on AuNPs and its orientation respect to the Au surface (33-35). A
Raman line broadening during the SERS process is additionally
observed, depending from both intermolecular interactions or
slightly varying interaction on the AuNPs (35, 36). The LPS

molecule is structurally composed by three different parts: a lipid
domain called Lipid A, an oligosaccharide core and an extracellular
polysaccharide domain called O-antigen (37). Typical bands
associated with the O-antigen and core components of the
bacterial endotoxin are at 1300-1320 cm™ and 1350-1370 cm’’,
which can be associated to deformation vibration of C-H bond
mode (38). The strongest SERS bands are placed at 973 cm™ and
1610 cm™ and can be related to the core or Lipid A units of the
molecule. The first band can be ascribed to the CH bending/C-O-C
stretching vibration mode, while the second SERS band can be
related to double C-C bond stretching (37-39). We hypothesize that
the AuNP surface interacts with the Lipid A units (the hydrophobic
part of the LPS) leading to a strong enhancement of these bands.
However, a numerical calculation should be performed to confirm
this hypothesis (33-35). A detailed peak assignment is reported in
the Supplementary Table 3.

In order to evaluate the LPS signal amplification provided by
AuNPs, we calculated the ratio between the SERS and the Raman
signal intensities, normalized to power, integration time and
concentrations of the target molecule. By considering the
intensity of the band at 1610 cm™, we find that SERS provides
gains of about 4 orders of magnitude compared to Raman.

Therefore, the AuNPs allows direct sensing of LPS, providing
a good enhancement and reproducibility of the signal and
avoiding the use of Raman reporters as previously reported
(21). At the same time, the proposed approach allows for non-
invasive and non-destructive characterization of the local
chemical structure of the molecules attached to the AuNPs,
avoiding the use of functionalization procedures.

Chemical specificity is an important advantage of the proposed
SERS assay because the Raman peaks allow for easier distinction of
different molecules and also different LPS types. In order to verify
the specificity of the method, SERS characterization of LPS from
two different bacteria, E. coli serotype O55:B5 and Klebsiella
pneumoniae, has been performed (Figures 5B, C). Both Lipid A
and O-antigen largely vary between the different LPS, representing
the bacteria fingerprint (37-41). SERS analysis of the two LPS allows
us to identify these differences and to distinguish between the two
LPS types. Indeed, by comparing the two acquired SERS spectra,
differences in peaks at 960 cm™, 1025 cm™ and 1610 cm™ can be
observed (Figures 5B, C). Since these signals are produced by the
LPS lipidic domain, the observed differences can be associated with
the different composition of the Lipid A in the two bacterial species
(42, 43). Moreover, differences in signals at 1075 cm™ and 1525 cm’!
are also present (Figures 5B, C). Since these signals are associated
with the O-antigen, the differences in these Raman bands can be
connected to the variability of the O-antigen among the bacterial
species (44, 45).

SERS Measurements of LPS-AuNPs and
Limit of Detection
A valuable LPS sensor must be capable of detecting pure LPS in a
board concentration range of with high chemical specificity,
reproducibility and detection limit.

To evaluate sensitivity of our system, we performed SERS
measurements of AuNPs (2 UL at a concentration of 1 mg/mL)
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incubated with 1 UL of LPS at different concentrations. At each
concentration, the SERS signals were collected from 400
randomly selected regions of the substrate, and the mean
spectrum was evaluated. Figure 6A shows 10 randomly
selected spectra and the mean SERS spectrum for the LPS at
1 mg/mL. The spectra variability for this set of measurements
was about 10%, which confirms that an excellent reproducibility
of SERS technique. The high reproducibility associated to SERS
signals could be due to the non-significant conformational
changes that the molecules experience as they interact with the
gold surface. According to our hypothesis, LPS molecules
interact with AuNPs through their hydrophobic part (Lipid A)
while the hydrophilic portion (O-antigen) is oriented towards
the medium. This hypothesis is further strengthened by the
presence of SERS bands at 973 cm™ and 1610 cm™, ascribed to
the Lipid A, in all LPS concentration-dependent SERS spectra
(Figure 6B). Furthermore, according to this assumption, LPS
multilayer formation is not possible because, once the AuNP
surface is saturated by LPS molecules, LPS phosphate groups in

1000
Raman Shift (cm™)

1200 1400 1600 1800

FIGURE 5 | Raman and SERS spectra of LPS from E. coli and K. pneumoniae. (A) Raman spectrum of LPS powder from E. coli. (B) SERS spectrum of 50 nm
AuNPs incubated with 1 mg/mL of LPS from E. coli. (C) SERS spectrum of 50 nm AuNPs incubated with 1 mg/mL of LPS from K. pneumoniae.

solution cannot interact with nanoparticles. On the other hand,
citrate anions in the sample solution help LPS monomer
formation and the consequent interaction with AuNPs. As a
matter of fact, citrate anions are able to remove divalent cations
in LPS micelles thereby weakening aggregate structures (46).
The SNR at each LPS concentration was evaluated by taking into
account the ratio of the average of the peak intensity value at
1610 cm™ to the SD of the spectral region between 1700 and
1800 cm™. Figure 6C shows the measured SNR as a function of
LPS concentration. The SERS spectra are reproducible at all the LPS
concentrations. The signal intensities at lower LPS concentrations
are good enough to detect and distinguish LPS at different
concentrations from 0.1 to 1000 pg/mL, overcoming the
limitation of the DLS measurements. It can be noted that the
SNR values follow a positive increasing correlation with the LPS
concentration in the range (0.1-100 pg/mL) and then reaches a
plateau at LPS concentrations > 500 pig/mL. These results confirm
the DLS data, suggesting that for concentrations > 500 pug/mL LPS
uniformly covers the NP surface without the creation of multilayers.
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FIGURE 6 | SERS measurements of the LPS-AuNPs. (A) Variability of raw SERS signals acquired on AuNP clusters related to a single concentration of LPS

(1 mg/mL). (B) Average background-corrected SERS signals of AuNPs incubated with different LPS concentrations. LPS concentration (ug/mL) associated to each
average SERS spectra are indicated on the right. Every SERS signal is obtained by averaging 30 spectra. (C) 1610 cm™ peak SERS intensity signal to noise ratio
(SNR) as a function of LPS concentration. The blue line represents the theoretical trend for concentration-dependent SERS signals. Green dashed square highlights
the linear region of the trend, reported in the panel (D). (D) Linear region of SNR on which LOD was estimated. Means + SD of 1610 cm™ peak SNR are reported.

The limit of detection (LOD), that is the concentration value at
which the SNR becomes equal to unity (26), was estimated from a
linear fit of the experimental data in the range (0.1-10 ug/mL) to be
2.6 + 0.1 ng/mL (Figure 6D), comparable to the range obtained
with colorimetric LAL assays (13). This LOD value has been
obtained by considering the nominal concentration of LPS and
AuNPs in the whole solution. However, the SERS system detects the
signal from the few NPs available in the laser area - that is about
1000 AuNPs - providing a real LOD of 160 (+ 10) fg/mL, that is
lower than the detection limit of LAL assays (13). Furthermore, the
proposed SERS approach does not suffer the limit of the fluorophore
quenching, which is a serious issue in colorimetric and fluorogenic
LPS detection assays, especially for nanoparticles, and allows to
measure the number of LPS molecules directly on the single AuNP,
without the use of SERS tag or functionalization procedures, as
previously reported (21). Indeed, since the number of LPS
molecules adsorbed on the NPs, in saturation condition, can be
evaluated by the DLS measurements, as reported in the
Supplementary Table 1, it is possible to estimate the SERS SNR
as a function of the number of LPS molecules per AuNP (47).
Therefore, we demonstrated that the minimum detectable number

of LPS molecules per each AuNP is 5 + 1, corresponding to about
0.16 £ 0.01 ag of LPS (see Supplementary Table 2 and
Supplementary Figures 3, 4).

CONCLUSIONS

In this study, an ultra-sensitive direct SERS sensing method was
successfully developed, demonstrating the excellent ability of SERS
technique to detect LPS directly on AuNPs without the use of any
tag or functionalization procedure. We exploited the nanoparticles
itself to detect the SERS signal of the endotoxin, to specifically
identify the type of endotoxin and to quantitatively measure the
amount of LPS on a single AuNP. Compared with existing
approaches, SERS sensing showed good chemical specificity
(allowing for an easy distinction of different molecules and
different LPS types, without the use of functionalization
procedures), broad detection range (0.1-1000 pg/mL), low
detection limit (LOD of 5 LPS molecules per AuNP), high
reproducibility and little sample volume required. The simple
spectroscopic detection mechanism of SERS is low cost and
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reliable, and there is no need to select appropriate NP
concentrations or functionalize/stain the sample before
preforming measurements. Moreover, high enhancement of the
Raman signal is inherently built into the assay, allowing for easy,
direct and rapid detection of low LPS concentrations compared to
other assays. The proposed sensor can be used to quantify the
amount of LPS molecules attached on a single AuNP, thatis 5 + 1
LPS molecules at the minimum detectable signal, corresponding to
about 0.16 + 0.01 ag of LPS. These results pave the way to develop a
robust bio-sensor based on the use AuNPs and SERS for LPS
detection and quantification, with high sensitivity and specificity,
which can complement the current LPS detection assays based on
biological activity (recombinant Factor C assay and MAT).
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Quantum dots (QDs), are one kind of nanoscale semiconductor crystals with specific
electronic and optical properties, offering near-infrared mission and chemically active
surfaces. Increasing interest for QDs exists in developing theranostics platforms for
bioapplications such as imaging, drug delivery and therapy. Here we summarized QDs’
biomedical applications, toxicity, and immunological effects on the respiratory system.
Bioapplications of QDs in lung include biomedical imaging, drug delivery, bio-sensing or
diagnosis and therapy. Generically, toxic effects of nanoparticles are related to the
generation of oxidative stresses with subsequent DNA damage and decreased lung
cells viability in vitro and in vivo because of release of toxic metal ions or the features of
QDs like its surface charge. Lastly, pulmonary immunological effects of QDs mainly include
proinflammatory cytokines release and recruiting innate leukocytes or adaptive T cells.

Keywords: quantum dot, respiratory system, biomedical applications, cytotoxicity, immunological effects

INTRODUCTION

Quantum dots (QDs), one of the extensively studied nanoparticle material forms, have specific
optical, photochemical, and electronic properties. The quantum confinement effect was firstly
reported by Ekimov and Onushchenko in 1981, when they observed a size effect on the absorption
characteristics of CuCl crystals dispersed in silicate glasses (1). The application of QDs on biological
system for bioimaging started in1998 (2).

Generally, traditional organic label dyes have no ability of producing the near-infrared emission
highly desired for biological imaging because of its high tissue penetration (low light scattering and
absorption), and for this reason tunable optical QDs have gained utmost interests. Depending on
specific properties of the material, different kinds of QDs could even be excited by the very same
wavelength light, and their narrow emission stripes could be detected in parallel at individual
wavelengths, allowing the conduction of different assays simultaneously. The compositions, shell
thickness, and size of QDs determine the fluorescence bands (3). Generally QDs, like CdTeS, PbS,
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and HgTe, consist of elements such as Cd, Pb, and Hg from the
II-VI, III-IV and IV-VI groups of the periodic table.
Additionally, ternary I-III-VI elements (such as Ag, Cu, and
Se)-related QDs like Ag2S, CulnS2, and CdZnSe have been
developed (4). Besides, massive research regarding QDs has
shifted to new emerging materials. Among them silicon- and
carbon-based QDs have attracted great attention. Especially, the
carbon-based QDs, namely, carbon dots, carbon nanotube dots,
and graphene QDs have characteristics such as improved
biocompatibility, nontoxicity or low toxicity, eco-friendly,
stable and photobleaching-resistant compared to conventional
QDs (5, 6). It was reported that the distribution of carbon-based
QDs in the organ is related to its volume size: the smaller, the
harder to clear. Besides, the surface charge of QDs affects their
distribution: charged QDs are more capable of protein
adsorption, accumulating in organs like liver. On the contrary,
the neutral ones without protein adsorption are safely removed
by renal filtration (7).

BIOAPPLICATIONS OF QDS IN LUNG

Pulmonary System Related Bioimaging
Though bio-imaging with fluorescence has been employed in
cells or animal for decades, broader clinical applications are
limited for the visible light poor transmission through biological
tissues, which promoted scientists to employ the optical window
of Near Infrared (NIR) to carry out deep-tissue optical imaging
(8, 9). Many formulations of QDs for bio-imaging lung cell
signaling, tissue structures or related lung diseases in respiratory
system are currently available in the literature.

Overcoming traditional chest radiology by radiation-free,
noninvasive imaging is an important field in nanotechnology.
DNA methylation is an essential part of human epigenetic
modifications. The abnormal patterns of DNA methylation are
tightly connected with lots of cancers or genetic diseases of liver,
colon, and lung (10). Wang et al. reported that fluorescence
resonance energy transfer (FRET) based on QDs mediated by
tricyclic ligation chain reaction (LCR) were employed to image
and examine DNA methylation in H157 non-small cell lung
cancer cells, detecting DNA methylation with single 5-
methylcytosine resolution low to 1.0 aM and a 7-order
dynamic magnitude scope, which held great potential for
precisely epigenetically evaluating lung cancers (11).

As QDs could in real-time image and reflect biological
molecular activities in cells, some attempts have been taken to
study lung cellular signaling pathways. In lung vascular cell
adhesion molecule-1 (VCAM) is central to lung inflammation
because it facilitates recruiting and anchoring phagocytes to the
pulmonary endothelium, potentially aggravating endothelial
damages and eventual pulmonary dysfunction (12). NADPH
oxidase 2 (Nox2) is the major source of inflammation-associated
reactive oxygen species (ROS) production. Orndorff et al. showed
that endothelial Nox2 induced VCAM expression associated
with lung inflammation in vivo through functionalizing
fluorescent QDs with antibodies toward VCAM to detect its

expression in a mouse model, demonstrates the relationship
between Nox2 and VCAM during lung inflammation (13).

Light microscopic imaging of blood vessels is a good way to
observe the hemodynamics of lungs under normal or pathologic
conditions. Saitoh et al. captured precise peripheral pulmonary
alveoli blood flow time-courses by injecting glutathione-
decorated QDs into heart right ventricles and at different time-
points performing in vivo cryotechnique (IVCT) in normal or
abnormal lung stages (acute pulmonary hypertension mouse
model) (14), thereby facilitating the investigation of mice lung
microvascular hemodynamics and the altered structures.

Several reports attempted to image lung tumor-related
markers in vitro or in vivo by employing QDs. Liu et al.
produced “Affibody” QDs (AF-QDs) to bio-image the human
epidermal growth factor receptor type 2 (HER2) in human
pulmonary tumor cells. The approach avoided complicated
chemical conjugation process and demonstrated to be a
promising way of fluorescent nanoprobes for imaging cancer
targets (15). Xue et al. employed CdTeS QDs decorated by folate—
polyethylene glycol (FA-PEG) to image the overexpressed folate
receptor (FR) in the tumors, demonstrating good biocompatibility,
excellent specificity, and sensitivity for tumors imaging. Su
et al. reported iodine doped carbon dots conjugated with
cetuximab as a dual fluorescent/CT probe for bioimaging lung
cancer cells epidermal growth factor receptor (EGFR) (16).
Additionally, QDs immunofluorescence histochemistry (QDs-
IHC) was employed to detect EGFR mutant, RRM2 and Bcl2,
and Monocarboxylate transporter 4 (MCT-4) in non-small cell
lung cancer patients (17).

Moreover, QDs also have been used to image and detect
lung-related viral infections. Using a three-dimensional single-
particle tracking technique (SPT) and through labeling avian
influenza HON?2 virus with QDs, Wang et al. found that the sialic
acid receptors were highly consistent with the number of
influenza virus in human bronchial epithelial (HBE) cells,
indicating sialic acid receptors may facilitate monitoring the
situation that avian influenza viruses infected humans beings
(18). Furthermore, by in vivo labeling H5N1 pseudotype of
avian influenza virus with QDs, Pan et al. found that QD-labeled
H5N1p showed sustained and bright fluorescent intensity in
mice pulmonary tissues, enabling them to observe respiratory
viral infection noninvasively and in real-time (19). Importantly,
Gorshkov et al. produced a probe (fluorescent QDs-conjugated
recombinant Spike receptor binding domain which could bind
to Angiotensin Converting Enzyme 2 (ACE2)) for tracking
SARS-CoV-2 virus. By employing the probe, they found the
probe immediately bound on the surface of ACE2-GFP-
transfected cells with subsequent endocytosis (20).

Drug Delivery Into Lung Tumors
QDs are desired candidates as drug nano-platforms because they
can be part of a more complex architecture or as the main carrier.
Currently, trials on the application of QDs for drug delivery in
the respiratory system mainly focused on pulmonary tumors.
5-Fluorouracil (5FU), an analogue of pyrimidine inhibiting
cell metabolism, is a widely employed chemotherapy drug in
cancer treatment. Duman et al. developed PEGylated Ag,S QDs
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which were decorated with Cetuximab and carried with 5-
fluorouracil (5FU) (an anticancer drug). PEGylated Ag,S QDs
demonstrated effectively and selectively delivering 5FU into
A549 cells with subsequently significantly increased apoptosis,
and also overcame better the cell protective effect of better 5FU-
induced autophagy (21).

The folate receptor (FR), highly overexpressing on human
pulmonary cancer cells surface, represents another potential
candidate for targeted tumor treatment. Ruzycka—Ayoush et al.
showed that Ag-In-Zn-S QDs nanocrystals which were
decorated with L-cysteine, 11-mercaptoundecanoic acid
(MUA), and lipoic acid modified with folic acid (FA) can be
employed as a good approach for engaging doxorubicin (DOX)
to FRs in A549. The QD-MUA-FA-DOX complex had a great
genotoxicity and cytotoxicity, and also inhibited the migration of
A549 significantly (22).

Cai et al. presented NH,-ZnO QDs with hyaluronic acid (HA)
decorated with the dicarboxyl-terminated PEG specifically
bound to cancer cells glycoprotein CD44. DOX were
introduced to PEG modified ZnO QDs decorated with PEG
via covalent interactions and metal-DOX complex. After uptake,
the pH-sensitive QDs dissolved and released Zn>" ion into the
endosome and lysosome, followed by a controlled DOX releasing
and the metal-drug complex dissociating (23). Importantly, the
results showed that Zn** preferentially killed the tumor cells but
had little impact on the healthy control cells.

The development of efficient combination therapy has drawn
great attention in the oncotherapy field. Based on QDs
nanoparticles, Li et al. delivered small interfering RNA
(siRNA), paclitaxel, carboplatin, and doxorubicin for targeting
lung tumor. QD nanocarriers delivering Bcl-2-targeted siRNA
with other anticancer drugs not only induced greatly higher
inhibition in A549 viability than single but furthermore enabled
the real-time bioimaging of the delivery of the medicants and
release by employing the special fluorescence characteristics (24).

Chronic obstructive pulmonary disease is a nonmalignant but
intractable ill condition, manifested by airway obstruction and
the increase of sticky mucus layers. Accordingly, QDs material
with mucus-penetrating ability offered a novel approach to
therapeutically give medicants. Li et al. reported that black
phosphorus QDs (BPQDs) modified with PEG-decorated
chitosan nano-particle with amikacin, which facilitated deep
penetration of nano-vehicles into the mucus layer. The rapid
degradation of BPQDs promoted dissociation of PEGylated QDs,
accelerated release of amikacin, and eventually destroyed the
biofilms (25).

Biosensor and Diagnosis of

Lung Tumors

Based on QDs unique light properties, recently the new relevant

molecules detection and quantification strategies have arisen.

Currently, developing and exploring novel QDs diagnosis

methods in respiratory system mainly focused on lung cancers.
For EGFRs overexpressed in the lung cancer cells, Chen et al.

developed a novel DNA electrochemiluminescence (ECL) sensor

combining with CuZnInS QDs and gold-nanoparticles to detect

highly sensitively EGFR gene. The range of target DNA
concentration was from 0.05 to 1 nmol/L, and the detection
limit reached low enough to 0.0043 nmol/L (26).

Silencing or decreasing tumor suppressor genes expressions
always helps the initiation and progression of cancers (27), and
DNA methylation is tightly related to the initiation of cancers.
Ma et al. utilized the QDs-based FRET nanosensor technology to
detect the tumor suppressor genes—protocadherin gamma
subfamily B, 6 (PCDHGB6), Homeobox A9 (HOXA9) and Ras
association domain family 1 isoform A (RASSF1A)-promoters
methylation in non-small-cell lung carcinoma (NSCLC) early-
stage specimens or noninvasive bronchial brushing tissues. The
method could identify pulmonary tumor tissue samples and
noninvasive bronchial brushing tissues from healthy controls
with an excellent sensitivity of 92 and 80% respectively (28).

CYFRA 21-1 (a cytokeratin 19 fragment) is part of
intermediate filament proteins stabilizing epithelial cells. Its
expression on various epithelial cells makes it a useful
biomarker in lung or other organ cancers (29). Several studies
attempted to develop QDs related methods for detecting CYFRA
21-1 for helping diagnose lung cancer. Firstly, Chen et al.
reported that a novel lateral flow test strips (QPs-LFTS) system
based on polystyrene QDs particles was generated to examine
human serum carcinoembryonic antigen (CEA) and CYFRA 21-
1 simultaneously. The limit of detection for CEA or CYFRA 21-1
was 0.35 or 0.16 ng/ml respectively, indicating the system is
highly efficient enough to be employed for the early screening
and prognosis of lung cancer patients (30). Also, Meng et al.
reported that molybdenum oxide QDs (MoOx QDs) were
generated in one-pot manner and employed as a versatile
probe in an ECL immunoassay of CYFRA21-1 as a model
analyte (31). Besides, Alarfaj reported a different way of
detecting CYFRA 21-1 that the green synthesized carbon QDs
conjugated ZnO nanocomposite using Citrus lemon pericarp
quickly determinate human serum CYFRA 21-1 antigen (32).
Additionally, Liu et al, presented a method by combining the
suspension and planar microarray formats in a single
polydimethylsiloxane layer. On the basis of the target proteins,
they formed a sandwich structure between the QD probes and
the magnetic beads by specific antigen—antibody interactions,
which could be used for simultaneous detecting pulmonary
tumor biomarkers (CEA, CYFRA21-1 and neuron-specific
enolase) with a broad linear dynamic scope and a low
detection limit (33).

Therapy Against Lung Tumors, Infection
and Pulmonary Arterial Hypertension

QDs have been shown in various applications from the treatment
of lung tumors to kill pulmonary infection-related bacteria and
also alleviate pulmonary arterial hypertension.

In this context, Sun et al. reported that CdSe/ZnS-3-
mercaptopropionic acid and CdSe/ZnS-glutathione QDs could
inhibit the expressions of P-glycoprotein gene and protein
accounting for multidrug resistance of lung cancer cells by
inducing miR-185 and miR-34b, indicating miR-185 and miR-
34b could be also interesting and potential targets for lung cancer
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treatment (34). Moreover, Green Synthesis Derived CdS QDs
with Camellia sinensis leaf extracts arrested lung tumor cells
cycle and decreased cell viability (35). In addition they showed
that leaf extract-mediated CdS QDs inhibited pulmonary
infection-related gram positive Streptococcus pyogens and gram
negative Serratia marcescens in vitro (36). Besides, Zhao et al.
reported that nitrogen-doped carbon QDs (NDQDs) generated
from diethylenetriamine (DETA) and D (+)-Glucose
monohydrate had specific antibacterial activity against
Staphylococcus by inducing the rupture and integrity loss of
cytoplasmic membrane of methicillin-resistant Staphylococcus
aureus (37).

Photodynamic therapy (PDT) is a novel and innovative
method for treating tumor in which a photosensitizing agent is
administered and then exposed to visible or invisible light (38).
Hsu et al. reported that Renilla luciferase-immobilized QDs-655
was employed for bioluminescence resonance energy transfer-
mediated PDT to efficiently generate ROS, in vitro killing tumor
cells and in vivo inhibiting tumor growth (39). Additionally,
Choi et al. found CdSe/ZnS QDs irradiated by ultraviolet A/B
inhibited the viability of lung tumor cells and induced cell
apoptosis, suggesting that UV irradiation enhanced the efficacy
of QDs in photodynamic cancer therapy (40). Besides, Liu et al.
encapsulated BPQDs with exosomes (hEX) and found that
hEX@BP showed evident tumor cells inhibition in a mice
subcutaneous lung cancer model. When combined with
photothermal therapy, hEX@BP got a more evident inhibitory
effects against tumor cells (41), demonstrating great potentials
for clinical applications.

Pulmonary arterial hypertension (PAH) is known as
hypertension with high blood pressure in the lungs and
primarily affects the pulmonary vasculature (42). In this
regard, Zhu et al. reported that amorphous nano-selenium
QDs (A-SeQDs) increased cellular tetrahydrobiopterin to
protect against PAH through reuniting endothelial nitric oxide
synthase (43). Specifically, A-SeQDs not only enhanced nitric
oxide production and intracellular BH4 levels, but increased the
activity of dihydrofolate reductase in lungs, above of which
upregulated pulmonary arterial remodeling. The role of
dihydrofolate reductase in preventing PAH was verified by
gene knockout mice. In addition, clinical studies showed that
the reduced tetrahydrobiopterin and selenium in the blood of
patients with PAH confirmed the role of dihydrofolate reductase
in the protection from pulmonary arterial hypertension.

TOXICITIES OF QDS IN LUNG

The toxicity concerns regarding QDs are mostly connected with
their chemical compositions, especially heavy metal ions in the
core of QD such as Cd and Hg which might be released upon
endocytic uptake into the cytoplasm of cells (Figure 1). However
as for all nanoparticles with an extreme high surface to mass
ratio, the surface reactivity of QDs is of toxicological concerns
and accordingly often modified by surface passivation, e.g.,
via PEGylation.

In Vitro Pulmonary Cytotoxicity

CdTe QDs are a kind of widely employed QDs in biomedicine,
and their safety concerns people most. Zheng et al. presented
findings about effects of CdTe QDs with different particle sizes
on normal human bronchial epithelial cells (44). Acute exposure
to CdTe QD induced dose-dependent cytotoxicity and
carcinogenicity in BEAS-2B; chronic exposure induced BEAS-
2B cell transformation including enhancing cell migration. They
further examined the cellular response at the proteome level
treated with CdTe QDs. 520Q with 520 nm emission maximum
and 580Q with 580 nm emission maximum treatment changed
cells proteome greatly in a very similar magnitude. Pre-treatment
of cells with glutathione impeded the different upregulated/
downregulated proteins and blocked cell death, indicating that
ROS mediated QDs-induced cytotoxicity (45).

Besides, Chen et al. present the cytotoxicity of InP/ZnS QDs
decorated with NH,, COOH, OH in human lung cancer cell and
alveolar type II epithelial cell (46). High doses of all three QDs
decreased the cell viability, causing intracellular ROS generation
and cell apoptosis. Additionally, COOH QDs and NH2
QDs were more toxic than OH QDs, suggesting that
surface decoration and concentration of InP/ZnS QDs
should be optimized well for therapeutic purpose or
biological imaging.

Stan et al. reported effects of Si/SiO, QDs on human lung
fibroblasts MRC-5 cells. They found Si/SiO, QDs increased ROS
and malondialdehyde (MDA) levels and decreased glutathione
contents, suggesting that Si/SiO, QDs’ cytotoxicity on human
lung fibroblast was caused by disturbing cellular homeostasis
(47). Furthermore, they found Si/SiO, QDs induced MRC-5
cellular membrane disruption, changed cell morphology as actin
filaments disrupted. Besides, matrix metalloproteinase (MMP)-1
and MMP-2 and also MMP-9 activity decreased which resulted
in an unbalanced extracellular matrix turnover, for which MMPs
might be risk factors of pulmonary fibrosis as SiO, is a well-
known harmful silica agent closely related to silicosis (48).

Because of GQDs biocompatibility and safety, GQDs-related
nanomaterials received much more attention. Yuan et al.
explored the cytotoxicity of GQDs decorated with COOH,
NH2, and CO-N (CH3)2 in A549 cells. By employing trypan
blue and thiazoyl blue colorimetric (MTT) assays in order to
detect cell viability or flow cytometry analysis to detect cellular
apoptosis or necrosis, they found all three GQDs had excellent
biocompatibility and low cytotoxicity independent of chemical
modifications (49). However, there are also some reports about
the harmful effects of GQDs. Tian et al. explored the effects of
hydroxyl-decorated GQDs (OH-GQDs) on A549 (p53*'*) and
H1299 (p53_/_) cells. They found OH-GQDs enhanced
intracellular ROS generation, led to cell cycle arrest and cells
senescence (50). Besides, Xu et al. reported that aminated
graphene GQDs (AG-QD) accumulated in rat alveolar
macrophages nuclei, further resulting in nuclear damages and
DNA cleavage. The detailed mechanisms were that AG-QD
induced oxidative damage mediated by directly contacted via
H-bonding and m-m stacking between AG-QD and DNA and
promoted the upregulation of caspase genes (51) (Figure 1).
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FIGURE 1 | Cytotoxicity of QDs on the respiratory system. The picture illustrates that QDs entered the endo-lysosomal system and then are released into cytoplasm,
resulting in cell membrane damages, depolymerization or disruption of cytoskeleton, ROS generation, mitochondrial damages, ER stress, DNA damage, and
apoptosis. Besides, QDs-induced ROS promotes mitochondrial damages, ER stress, and apoptosis. Full lines represent the situation demonstrated and dotted lines

In Vivo Pulmonary Tissue Toxicity
There are several reports indicating QDs depositions resulting in
lung tissue damages.

Roberts et al. reported that CdSe/ZnS QDs led to lung
abnormities accompanied with increased lactate dehydrogenase,
lung injury parameters and albumin. The injury was at its
severest at days 7 and 14 after inhalation. QDs dose had a
positive correlation with the lung damage severity (52). Also
researchers started to get interested in QDs effects on lung
mechanics. Scoville et al. reported that amphiphilic
polymercoated CdSe/ZnS QDs affected lung mechanics in A/]
mice only but not C57BL/6] through using forced oscillation.
Besides, they found significant inverse relationships between
lung glutathione levels and the lung mechanics by measuring
Resistance and Tissue Damping in QD-treated mice (53). Tang
et al. reported that CdSe/ZnS QDs decorated with cationic
polydiallyldimethylammonium chloride showed acute severe
toxicity because of pulmonary embolism. All QDs caused

injuries in specific tissues such as lung and liver after acute or
long-term exposure, however, the injury degree was determined
by their surface properties (54). Yang et al, found that 218 genes
were significantly differentially expressed in the lung after ZnO
QDs treatment by RNA sequencing. Related signaling and
pathways mainly included cell DNA replication, peroxisome
proliferator-activated receptor (PPAR) signaling, retinol
metabolism, p53 signaling pathway and cellular senescence (55).

The surface modification of QDs could influence in vivo
toxicity and the biological behavior. In this context, Li et al.
explored the in vivo toxicity and distributions of InP/ZnS QDs
decorated with COOH, NH2, and OH, in BALB/c mice after
being intravenously injected. They found there were no evident
histopathological abnormalities in all mice tissues after exposure
to these three QDs. However, high dose of QDs-NH2 and QDs-
COOH resulted in acute inflammation of the whole body but not
QDs-OH. In addition, high-dose QDs-COOH induced mice
death and slight liver function alternations (56). Moreover, in

Frontiers in Immunology | www.frontiersin.org

164

January 2022 | Volume 12 | Article 795232


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Ren et al.

QDs’ Effects on the Respiratory System

BALB/c mice Lin et al. also explored acute toxicity of the above
three InP/ZnS QDs with aerosol inhalation. All QDs deposited in
the lung, but the amount of QDs-OH was the most abundant
possibly because of its largest size in aqueous solutions. Similarly,
there were no histopathological conditions in the main mice
organs. However, QDs-NH2 led to obvious hyperemia in alveoli
septum (57). Additionally, Rehberg et al. reported that amine-
modified CdSe/ZnS QDs (PEG), but not carboxyl-CdSe/ZnS
QDs (PEG), accumulated in the postcapillary venule vessel wall
and increased ischemia-reperfusion-induced leukocyte
transmigration in postischemic heart and skeletal muscle (58).
Therefore, the surface chemistry of QDs should be given
adequate attention to for their biomedical applications.

IMMUNOLOGICAL EFFECTS OF QDs

QDs immunological effects have been studied at the cellular level,
organs and the whole body as well in mice. After exposure, QDs
are recognized and “swallowed” by lung tissue cells such as
epithelial cells and immune cells. Generally, QDs would pose
damages to them and induce inflammatory responses, which
would recruit innate leukocyte cells (e.g., macrophages and
neutrophils) and also adaptive immune T cells.

Several literatures showed the potential of QDs to modulate
lung epithelial cells, fibroblast cells or alveolar macrophages
inflammatory response, like the activation of proinflammatory
signaling or the promotion of cytokines release in vitro. For
example, Stan et al. reported that Si/SiO, QDs enhanced the
production of nitric oxide, interleukin-6 (IL-6) and IL-8
expressions in human fibroblast MRC-5 cells (47). Besides, in
cellular levels Lee et al. showed TOPO-PMAT CdSe/ZnS QDs
induced expressions of neutrophil chemokines Chemokine (C-
X-C motif) ligand (CXCL) -1, CXCL-2, IL-6, IL-12, and other
proinflammatory factors in mice tracheal epithelial cells, alveolar
macrophages, and bone marrow-derived macrophages (59).

In vivo, Ho et al. discovered intratracheal instillation of
QD705-COOH induced acute neutrophils infiltration,
interstitial lymphocytes infiltration, and a granulomatous
reaction with cytokines, chemokines, and metalloproteinase 12
expressions (60). Furthermore, they found QD705-COOH-
induced IFN-B expression might be dependent on Toll-like
receptor pathways which was dependent on Toll/interleukin-1
receptor domain-containing adapter protein (61).

Besides, Roberts et al. showed that the treatment of CdSe/ZnS
induced rat pulmonary inflammatory chemokines, increased
innate immune cells (polymorphonuclear cells and alveolar
macrophages) and also adaptive immune lymphocytes,
indicating the leading to strong immune responses of CdSe/
ZnS QDs (52). McConnachie et al. also showed that TOPO-
PMAT CdSe/ZnS QDs induced the releasing of CXCL-1, GM-
CSF, MIP-10, and MIP-1Y, and in mouse bronchoalveolar lavage
fluid (BALF), and also increased neutrophils infiltration but not
alveolar macrophages. They found significantly inverse
association between lung tissue cytokines levels, glutathione
and BALF neutrophils and deposited pulmonary Cd QDs,

indicating decreased glutathione might be the reason of QDs-
induced lung inflammation (62). Also, Scoville et al. reported
similar findings in NOD/ShiLt] or NZO/HILt] mice (63).

Except for research about QDs direct treatment on lung,
Scoville et al. explored the combined effects of house dust mite
(HDM) and TOPO-PMAT CdSe/ZnS QDs on allergic airway
disease (AAD) of C57BL/6] and A/] mice. Compared with
C57BL/6], they found that HDM plus QD group of A/J mice
had more significantly enhanced levels of BALF IL-33 than
that in HDM and saline controls. Moreover, A/] mice had
greatly more innate lymphoid 2 cells (ILC2s) cells than C57BL/
6] mice. ILC2s in A/] mice lung were negatively related to lung
glutathione and resident macrophages with high MHC-II, and
positively related to resident macrophages with low MHC-II,
suggesting QDs could aggravate HDM-induced the
development of AAD by recruiting ILC2s and increasing
selected cytokines production (64).

In the above literatures, QDs’ proinflammatory and immune
responses activation roles have been reported. However, there
are also reports that QDs negatively regulate inflammation or
immunological responses. Firstly, Volarevic et al. showed that
GQDs significantly inhibited concanavalin A-induced mouse
hepatitis. Specifically, GQDs decreased both apoptosis and
autophagy in liver tissue which were associated with the
reduced liver T cells producing IFN-y and a serum IFN-y
decrease (65). Also, recently, Lee et al. reported that GQDs
effectively alleviated dextran sulfate sodium-mediated acute and
chronic colitis model by inhibiting TH1/TH17 polarization,
switching macrophage M1 polarization to M2, and enhancing
intestinal regulatory T cell infiltration (66). However, whether
GQDs also show anti-inflammatory effects on lung inflammatory
diseases like AAD or bacterial or virus infection-induced
inflammation and cytokine storm is still unknown and needs to
be investigated in the future.

Based on the above, different kinds of QDs would induce
respiratory inflammatory response, but the related further details
or the underlying mechanisms need to be examined carefully.
For example, QDs caused DNA damages in A549 and Beas-2B
cell lines (67, 68), and DNA damages reagents-induced cells
inflammation are dependent on Toll-like receptors 9 (TLR9)
receptor or Cyclic GMP-AMP synthase (cGAS)-Stimulator of
Interferon Genes (STING) pathway (69). Therefore it might be
possible that QDs-induced cell damage also activates nucleic acid
receptor TLR9 or cGAS-STING to mediate inflammatory
responses. Alveolar macrophages include proinflammatory M1
type and anti-inflammatory M2 type (Figure 2). Whether QDs-
induced lung inflammation could be attributed to excessive M1
macrophages activation and damaged M2 macrophages
functions also needs to be explored in the future.

Collectively, employing QDs would perturb normal cell
signals and cytoskeleton homeostasis, damage essential
organelles, e.g., mitochondria and endoplasmic reticulum, and
even activate related programmed cell death, which were mainly
attributed to QDs’ heavy metal cores. Since pulmonary delivered
particles are cleared from the lungs only very slowly and thus
persist over a long period of time (70), the use of biopersistent
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FIGURE 2 | Immune modulatory effects of QDs on the respiratory system. The picture shows that after being exposed to QDs, resident pulmonary macrophages,
lung epithelial cells, and fibroblast swallowed QDs, and then QDs would activate inflammatory-related pathway like TLR signaling, which promoted cells to release
proinflammatory cytokines (TNF-a., IL-1p, and IL-6) and chemokines (CXCL-1/2/5/MIP-1a.,y/CCL-2). Sequentially neutrophils would be recruited firstly, and then
monocyte and adaptive immune T cells would follow. Besides, QDs activated AT Il cells and released IL-33 which activated ILC2 cells.
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