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A neutrophil-mimetic magnetic nanoprobe for
molecular magnetic resonance imaging of
stroke-induced neuroinflammationt

Chunming Tang,{ Qiangian Wang,{ Kaiming Li, Xiuqgi Li, Cong Wang, Lingjing Xue,
Caoyun Ju* and Can Zhang

Neuroinflammation plays a key role in the progression of brain injury induced by stroke, and has become a
promising target for therapeutic intervention for stroke. Monitoring this pivotal process of neuroinflamma-
tion is highly desirable to guide specific therapy. However, there is still a lack of a satisfactory nanoprobe to
selectively monitor neuroinflammation. As endothelial cell activation is a hallmark of neuroinflammation, it
would be clinically relevant to develop a non-invasive in vivo imaging technique to detect the endothelial
activation process. Herein, inspired by the specific neutrophil-endothelium interaction, we designed neu-
trophil-camouflaged magnetic nanoprobes (NMNPs) that can be used to target activated endothelial cells
for improved neuroinflammation imaging. NMNPs are composed of an inner core of superparamagnetic
iron oxide (SPIO)-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles and a biomimetic outer shell of
a neutrophil membrane, which maintained the biocompatibility and targeting ability of neutrophils and the
excellent contrast effects of SPIO. Moreover, we demonstrated that NMNPs can successfully bind to
inflamed cerebral vasculature using the intravital imaging of live cerebral microvessels in transient middle
cerebral artery occlusion (tMCAO) mice. After that, NMNPs could further accumulate in the brain vasculature
and exhibit excellent contrast effects for stroke-induced neuroinflammation and biosafety. We believe that
the neutrophil-camouflaged magnetic nanoprobe could serve as a highly safe and selective nanoprobe for
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Introduction

Stroke is the second leading cause of death and a major cause
of disability worldwide, resulting in approximately six million
deaths annually. It can be classified as ischemic or hemorrha-
gic, and 85% of the cases are ischemic."”” Among many detri-
mental cascades, neuroinflammation has come into the focus
of research because of its key role in the progression of brain
injury.>” Although great advances have been made in experi-
mental studies, transformation of the results of inflammatory
modulating interventions into clinical settings is limited. Anti-
inflammatory therapy in human stroke is restricted by the lack
of sensitive and specific diagnosis to image the complex neu-
roinflammatory process.®® Hence, imaging techniques that
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neuroinflammation imaging and has alluring prospects for clinical application.

enable non-invasive, real-time detection of the neuroinflam-
matory process can significantly contribute to patient stratifi-
cation, precision medicine and corresponding therapy from
bench-to-bedside.

Magnetic resonance imaging (MRI) is an established versa-
tile method for non-invasive imaging of ischemic stroke in
clinical settings. In addition, recent developments in advanced
MRI contrast agents that selectively target molecules involved
in neuroinflammation offer the promise of in vivo molecular
MRI of neuroinflammatory processes.”” ! Therefore, the
identification of specific molecular targets in neuroinflamma-
tion is highly attractive. Studies have shown that endothelial
cell activation is the hallmark of neuroinflammation. Cerebral
microvascular endothelial cells are swiftly activated after
ischemic stroke and they subsequently upregulate a series of
cell adhesion molecules (CAMs) including selectins, intercellu-
lar adhesion molecule (ICAM)-1 and vascular cell adhesion
molecule (VCAM)-1. These CAMs are generally thought to be
pro-inflammatory and thus detrimental in stroke-induced neu-
roinflammation. Hence, there is a growing acceptance of these
CAMs as potential molecular MRI biomarkers.**

To this aim, a diverse array of targeted iron oxide particles
conjugated with monoclonal antibodies against CAMs have
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been successfully applied.">'® Although the established iron
oxide platforms show efficient detection of stroke-induced neuro-
inflammation in animal models, several challenges still set a
limitation to their clinical transformation. Firstly, these chemi-
cally modified iron oxide particles are easily recognized and
cleared as exogenous substances by the reticuloendothelial
system (RES). Secondly, despite a greater contrast effect with dual-
targeted iron oxide particles, the optimizing molecular inter-
actions between ligands and receptors by tuning the density and
combination of targeting moieties are arduous to control.
Thirdly, monoclonal antibodies decorated on iron oxide particles
have potential immunogenicity which may lead to serious clinical
consequences.>'”*® Thus, an ideal iron oxide particle based
molecular MRI platform is expected to integrate biocompatibility,
low immunogenicity and high binding affinity.

It is well documented that CAMs are markers of inflam-
mation that promote leukocyte adhesion to activated vascular
endothelium, especially by the neutrophil-endothelium inter-
action.?® Neutrophils are generally the first and most abundant
inflammatory cells to participate in the cerebral microvascular
response upon ischemic stroke.>’ Hence, an ideal molecular
MRI strategy should be able to mimic the behavior of neutro-
phils in terms of their ability to localize to the activated endo-
thelial cells. The mimicking of neutrophils can be achieved by
cloaking nanoparticles with natural neutrophil membranes.**?*
These biomimetic nanoparticles inherit the collective biofunc-
tions of the natural neutrophil membranes, such as biocompat-
ibility, long circulation times, avoiding immunogenicity and
high binding affinity to activated endothelial cells.** To our
knowledge, the application of neutrophil membrane-camou-
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flaged iron oxide particles in the diagnosis of stroke-induced
neuroinflammation has not yet been reported.

Herein, we designed neutrophil-mimetic magnetic nano-
probes (NMNPs) with targetability to activated endothelial cells
for enhanced neuroinflammation imaging (Fig. 1). The inner
core of NMNPs is composed of poly(lactic-co-glycolic acid)
(PLGA) nanoparticles loaded with superparamagnetic iron oxide
(SPIO), which are FDA-approved polymer matrices and contrast
agents.”” The biomimetic outer shell of NMNPs is derived from
the membranes of neutrophils, utilizing the naive biocompat-
ibility and targetability of living neutrophils rather than their
proinflammatory effect.”® Furthermore, a rodent model of tran-
sient middle cerebral artery occlusion (tMCAO) is used to
induce neuroinflammation and assess the diagnosis efficacy of
NMNPs. The injected NMNPs can selectively target activated cer-
ebral endothelial cells for enhanced neuroinflammation mag-
netic resonance imaging (MRI). Finally, NMNPs have superior
application prospects from bench-to-bedside attributed to the
biocompatibility of PLGA and the neutrophil membrane.

Results and discussion
Preparation and characterization of NMNPs

For proof of our idea, we first prepared NMNPs composed of a
SPIO-loaded PLGA nanocore and a neutrophil membrane
coating shell in the following three steps: (1) synthesis of SPIO
and fabrication of magnetic PLGA nanoparticles (MNPs), (2)
preparation of neutrophil membrane-derived vesicles (NVs),
and (3) then coating of MNPs with NVs. SPIO and magnetic

Ischemic cerebrum

M Bl(\
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Fig. 1 Schematic illustration of neutrophil-mimetic magnetic nanoprobes (NMNPs) for enhanced stroke-induced neuroinflammation imaging by
targeting the activated endothelial cells. (a) A diagram of the fabrication of NMNPs. Firstly, SPIO loaded PLGA nanoparticles (MNPs) were prepared
using a simple emulsion solvent evaporation method. Secondly, neutrophil membrane-derived vesicles (NVs) along with the membrane proteins
were collected from the neutrophils, which were isolated from mouse bone marrow. Thirdly, NVs were fused onto the surface of MNPs using a soni-
cation process. (b) After intravenous injection, NMNPs could effectively bind to activated endothelial cells, attributing to the innate targeting ability
inherited from neutrophils. The resulting enriched NMNPs were then used for enhanced in vivo neuroinflammation magnetic resonance imaging.
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Fig. 2 Characterization of the synthesised SPIO. (a) TEM image, (b) the
size distribution histograms, (c) X-ray diffraction pattern and (d) the
room-temperature hysteresis loop of SPIO nanoparticles. Scale bar =
50 nm.

PLGA nanoparticles were prepared according to our previous
report with slight modifications.?” Briefly, the monodisperse
nanocrystals of SPIO were synthesized using a high-tempera-
ture reductive decomposition method.”® The transmission
electron microscopy (TEM) image and the corresponding size-
distribution histogram showed that the synthesised SPIO had
a narrow size distribution, with an average particle size of
10.5 nm (Fig. 2a and b). The crystal information and magnetic
properties of SPIO were confirmed using an X-ray diffracto-
meter (XRD) and a vibrating sample magnetometer (Fig. 2c
and d), respectively. The position and relative intensity of all
diffraction peaks match well with the standard Fe;O, peaks
and the synthesized SPIO exhibited an excellent superpara-
magnetism, with a calculated magnetisation saturation of 83.8
emu g '. Next, PLGA nanoparticles containing SPIO (MNPs)
were prepared using a simple emulsion solvent evaporation
method.?® Remarkably, the prepared MNPs showed an excel-
lent stability; their particle size was almost unchanged for
6 months in aqueous solution upon storage at 4 °C (Fig. S17).
The neutrophils were then isolated from mouse bone
marrow according to our previous report,>® followed by the
subsequent hypotonic swelling and physical homogenization
to obtain purified NVs. Next, a neutrophil membrane-coated
nanoprobe (NMNPs) was prepared by fusing the purified NVs
on the surface of magnetic PLGA nanoparticles using a soni-
cation process.’® Dynamic light scattering (DLS) measure-
ments revealed that the resulting NMNPs had an average par-
ticle size of 159.9 nm, which was ~16 nm greater than the
uncoated MNPs, and possessed an equivalent surface zeta
potential to that of the NVs (Fig. 3a). Furthermore, the trans-
mission electron microscopy (TEM) images showed a spherical
core-shell structure of NMNPs, which displayed a unilamellar
membrane over their magnetic polymeric cores (Fig. 3b;
Fig. S21). Moreover, evenly distributed SPIO were observed
within both uncoated and coated spherical nanoparticles. All
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of these indicated a successful neutrophil membrane coating
on the MNPs.

To quantify the content of SPIO, inductively coupled
plasma atomic emission spectrometry (ICP-AES) was per-
formed which indicated that 38.9 wt% and 28.6 wt% of SPIO
were incorporated into MNPs and NMNPs, respectively
(Table S1t). Accordingly, the weight percentage of the neutro-
phil membrane was calculated to be about 26.2% in NMNPs.
From the ICP analysis, we found that NMNPs contained as
much as ~30% SPIO, and the high loading efficiency may
enhance the negative contrast in T,-weighted MRI images.* To
confirm the MRI contrast-enhancing effect of NMNPs, various
nanoparticle dispersions were evaluated using a 7.0 T MRI
system. The T,-weighted relaxation rate value (R,) of NMNPs was
calculated to be 486.5 mM™' s~ (Fig. 3c), which was close to
that of MNPs, suggesting that the neutrophil membrane coating
does not affect the MRI functionality, and that NMNPs are suit-
able as a T, MRI contrast agent. To investigate the colloidal
stability, the size change of NMNPs in 100% foetal bovine
serum (FBS) was evaluated over time (Fig. 3d). Compared to
MNPs, NMNPs showed improved colloidal stability, suggesting a
protective effect of the neutrophil membrane coating.
Collectively, we confirmed the successful fusion of neutrophil
vesicles onto MNPs and provided evidence to support the excel-
lent MRI functionality and colloidal stability of NMNPs.

Surface proteins on NMNPs

Accumulating evidence showed that the biocompatibility,
immune-evasive ability and high binding affinity of neutro-
phils to activated endothelial cells were strongly linked to the
various membrane proteins on the cell membranes.”*** To
verify the reservation of membrane proteins on the surface of
NMNPs, protein profiles were analysed by sodium dodecyl
sulfate-polyacrylamide  gel electrophoresis  (SDS-PAGE)
(Fig. 4a). Neutrophils and NVs were also prepared in parallel
for comparison. It was found that the profile of proteins
tracked on NMNPs was similar to that on the neutrophil mem-
brane, reflecting successful translocation of the neutrophil
membrane proteins to the surface of NMNPs. It is worth men-
tioning that NMNPs retained most of the neutrophil mem-
brane proteins in a highly concentrated manner, mainly due
to the enrichment effect when preparing NVs.

Meanwhile, the specific binding affinity of neutrophils to
inflamed endothelial cells could be mainly attributed to the
various adhesion molecules expressed on the surface of neu-
trophils, such as selectins and integrins. Among these pro-
teins, several representative adhesion proteins including
CD18, CD11a, CD11b, PSGL-1 and LFA-1 were examined, since
they all play crucial roles during the neutrophil-endothelium
interaction.>®?*! Western blot analysis revealed the presence of
all these adhesion proteins on the surface of NMNPs (Fig. 4b).

Moreover, CD47 was also found on the surface of NMNPs,
which could improve the immune-evading capabilities of the
resulting nanocarriers.>® To verify the anti-phagocytic capa-
bility of NMNPs, mouse macrophage RAW264.7 cells were
incubated with rhodamine-labelled MNPs and NMNPs and
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Fig. 3 Characterization of NMNPs. (a) Particle sizes and zeta potentials of the neutrophil vesicles, MNPs, and NMNPs, respectively. Error bars indi-
cate SD (n = 3). (b) TEM images of NMNPs. Scale bar = 100 nm. (c) T, relaxation rate values (R,) of MNPs and NMNPs at different iron concentrations.
The inset shows the R, values of NMNPs and their T,-weighted MRI images at different iron concentrations. (d) 100% FBS stability of MNPs and

NMNPs monitored by dynamic light scattering at 37 °C. Error bars indicate

visualised using confocal laser scanning microscopy (CLSM)
(Fig. S37). As expected, NMNPs exhibited a significantly attenu-
ated macrophage uptake, which was in accordance with quan-
titative analysis by ICP-AES (Fig. S47). As a result, it is believed
that the NMNPs could avoid immune phagocytosis and
possess the potential to adhere to activated endothelial cells.

In vitro binding affinity to activated endothelium

To demonstrate the binding capability of NMNPs to activated
endothelial cells in vitro, the intracellular uptake of NMNPs by
human umbilical vein cells (HUVECs) was studied. First, a cell
viability assay was performed, and the effects of NMNPs on
HUVECs were negligible (Fig. S51), further indicating the good
biocompatibility of NMNPs. Subsequently, HUVECs were incu-
bated with various rhodamine-labelled nanoprobes and visual-
ised using CLSM (Fig. 4c). The HUVECs were pre-treated with
tumor necrosis factor-a (TNF-a) to imitate activated endo-
thelial cells with upregulation of ICAM-1 and E-selectin accord-
ing to previous reports.*>>* Meanwhile, red blood cell mem-
brane-coated MNPs (RMNPs) were used as a negative control,
which had similar physicochemical properties to NMNPs,

5250 | Biomater. Sci, 2021, 9, 5247-5258

SD (n = 3).

except that they lacked specific adhesion molecules. It was
observed that incubation of the NMNPs with activated
HUVECs resulted in significantly increased uptake as com-
pared to RMNPs or incubation of the NMNPs with non-acti-
vated HUVECs, suggesting that the interaction between
NMNPs and HUVECs requires the adhesion molecules
expressed on both neutrophils and the endothelium.

To quantitatively analyse the interaction, the iron contents
in collected HUVECs were determined by ICP-AES (Fig. 4d).
The iron contents in the NMNP group were about 3.0-fold
higher than that in the non-activated HUVEC group, and 3.5-
fold higher than that in the RMNP group, which exhibited a
similar tendency to that observed in the confocal fluorescence
images. These results indicate that coating of MNPs with a
neutrophil membrane can preferentially increase their affinity
to activated endothelial cells, attributing to the successful
transfer of cell adhesion molecules with binding properties.

In vivo binding affinity to inflamed cerebral endothelium

Although there is evidence for a high affinity between NMNPs
and activated endothelial cells, the in vivo targeting ability of

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 In vitro studies on the binding of NMNPs to activated endothelium. (a) SDS-PAGE analysis of neutrophils, NVs and NMNPs. (b) Western blot
of CD18, CD11a, CD11b, PSGL-1, LFA-1 and CD47 on neutrophils, NVs and NMNPs. (c) CLSM images of HUVECs after incubation with rhodamine-
labelled MNPs and NMNPs (red). HUVECs were stained with DAPI (blue). Activated HUVECs were pre-stimulated with TNF-a, followed by incubation
with NMNPs or RMNPs. The red blood cell membrane-coated MNPs (RMNPs) were used as a negative control. Scale bar = 50 pum. (d) Quantitative
analysis of uptake of various nanoparticles by activated or normal HUVECs. Error bars indicate SD (n = 6). ***P < 0.001.

NMNPs to inflamed cerebral endothelial cells is inconclusive.
To address whether NMNPs can target inflamed cerebral
micro-vessels in ischemic stroke, we established a tMCAO
mouse model to mimic stroke-induced neuroinflammation.
First of all, we evaluated the brain distribution of NMNPs in
the ischemic region using an ex vivo imaging system (Fig. 5a).
Ex vivo fluorescence imaging of isolated brains indicated that
NMNPs exhibited the highest fluorescence intensity in the
ischemic region and the fluorescence intensity decreased a
little over time, which could be due to the long-circulation and
targetability of the neutrophil membrane coated on MNPs.
Meanwhile, nonspecific retention of NMNPs was almost
absent from the contralateral brain region. Quantification ana-

This journal is © The Royal Society of Chemistry 2021

lysis revealed that the fluorescence intensity in the NMNP
group was 4.8-fold higher than that in the MNP group, and
7.9-fold higher than that in the RMNP group (Fig. 5b). These
results indicated that NMNPs could selectively accumulate in
the damaged ischemic region.

Although we have shown that NMNPs accumulated in the
ischemic region, it is not clear whether NMNPs could bind to
inflamed cerebral endothelial cells. In order to visualize the
in vivo nanoprobe-endothelium interactions, a cranial window
for real-time visualization of nanovesicles in a live mouse
brain was established. Rhodamine-MNPs were then injected to
fluorescently labelled blood vessels. Subsequently, DiR-
labelled NMNPs were administered intravenously into the

Biomater. Sci, 2021, 9, 5247-5258 | 5251
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Fig. 5 Specific adhesion of NMNPs to inflamed cerebral endothelium in vivo. (a) Ex vivo fluorescence imaging of brains at 2 and 12 h after treatment
with DiR-MNP, DiR-NMNP or DiR-RMNP in tMCAO mice, and DiR-NMNP in normal mice. (b) Quantification of the fluorescence intensity of region-
of-interest brains. Error bars indicate SD (n = 3). *P < 0.05. (c) Intravital images of live mouse cerebral microvessels in tMCAO mice after intravenous
infusion of DiIR-NMNP or DiR-RMNP, and DiR-NMNP in normal mice. Rhodamine-MNPs were intravenously injected to label blood vessels (red).
Scale bar = 50 pm. (d) Immunofluorescence image of brain sections from a tMCAO mouse treated with rhodamine-NMNP or rhodamine-RMNP
(red), and rhodamine-NMNP in normal mice. Cerebral microvessels were stained with CD31 (green). Scale bar = 50 pm.

mouse. Using real-time imaging, the DiR-labelled NMNPs
(purple) successfully adhered to the inflamed cerebral micro-
vasculature (red), while we could not observe this phenomenon
when DiR-RMNPs were administered (Fig. 5c). In addition, in
the immunofluorescence images of brain sections, a higher
CD31 (green) background was observed in the tMCAO group in
comparison to the sham group due to the increased angio-
genesis after tMCAO according to previous reports.**?>
Notably, rhodamine-labelled NMNPs (red) and CD31-labelled
cerebral microvasculature (green) colocalized perfectly in the
ischemic region (Fig. 5d), which further verified the superior
binding affinity of NMNPs to inflamed endothelium.
Altogether, the results demonstrated that the neutrophil mem-
brane coated magnetic nanoprobes could specifically target
the inflamed cerebral microvasculature in the ischemic region,

5252 | Biomater. Sci, 2021, 9, 5247-5258

thus providing a tool for the diagnosis of stroke-induced
neuroinflammation.

In vivo magnetic resonance imaging of stroke induced
neuroinflammation

Vascular endothelial cell activation is a hallmark of stroke-
induced neuroinflammation, and we have proved that the neu-
trophil membrane camouflaged magnetic nanoprobes could
effectively bind to inflamed cerebral microvessels. To test and
verify whether NMNPs can enhance the MRI contrast of stroke-
induced neuroinflammation, we constructed a murine tMCAO
model for in vivo studies. These model mice were intravenously
administered with NMNPs or RMNPs 24 h after reperfusion,
followed by MRI detection 2 h later (Fig. 6a). The sham-oper-
ated mice served as the negative controls. T, weighted

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 In vivo magnetic resonance imaging of stroke-induced neuroinflammation. (a) T, -Weighted coronal and transverse images at 2 h after injec-
tion of NMNPs and RMNPs, which was 26 h later after reperfusion. (b) The total number of dark voxels in the ipsilateral and contralateral region of

the mice from groups NMNPs and RMNPs. Error bars indicate SD (n = 5).

*P < 0.001. (c) The number of dark voxels in the ipsilateral ischemic region

expressed as a ratio of the mirrored contralateral region. Error bars indicate SD (n = 5). (d and e) Expression levels of IL-1p (d) and TNF-« (e) in the left
and right brains of tMCAO mice treated with NMNPs and RMNPs. Error bars indicate SD (n = 5). The sham-operated mice injected with NMNPs

served as the negative controls.

sequences were chosen to identify the various magnetic nano-
probes as they are extremely sensitive to susceptibility effects.
In contrast to the RMNP group, the mice treated with NMNPs
caused a marked MRI contrast effect, which manifested as
intensely low signal areas that appeared to delineate brain
blood vessels on the ipsilateral side of ischemic brain tissue.
Additionally, nonspecific retention was almost absent from the
contralateral brain region, consistent with the ex vivo brain

This journal is © The Royal Society of Chemistry 2021

imaging result. Sham-operated mice that underwent the same
injection regime with NMNPs showed a negligible contrast
effect. The quantification analysis of the MRI contrast effect
was further confirmed by calculating the total number of dark
voxels in the ischemic region (Fig. 6b and c). There were sig-
nificant differences between the various groups when the total
number of dark voxels in the right brain (ischemic region) was
compared. The largest number of dark voxels overall in the

Biomater. Sci,, 2021, 9, 5247-5258 | 5253
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right brain was observed in the NMNP treated mice and the
ipsilateral signal was 4.0 times higher than that in the sham
mice and 3.1 times higher than that in the RMNP treated
mice. Moreover, the ratio of the ipsilateral versus contralateral
signal was also significant in the NMNP treated mice. Finally,
the levels of inflammatory factors, such as TNF-a and IL-1f, in
the ipsilateral and contralateral regions were also determined
to evaluate the degree of neuroinflammation (Fig. 6d and e),
which was consistent with magnetic resonance imaging. In
brief, activated vascular endothelial cells could be visualized
using MRI after NMNP injection, suggesting the viability of
NMNPs for diagnosing stroke-induced neuroinflammation.

In vivo biodistribution and biodegradability evaluation

In vivo biosafety is always a considerable concern for nano-
materials used in biomedicine. For preliminarily investigation
of the biodistribution of NMNPs, Prussian blue staining was
used to detect the biodistribution of iron introduced by
NMNPs (Fig. 7a). The images showed that iron was mainly dis-
tributed in the luminal surfaces without extravasation, which
is consistent with the previous intravital fluorescence and
immunofluorescence images. These results provided further
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evidence that NMNPs selectively adhered to the inflamed vas-
cular endothelial cells. However, it was no accident that most
of the iron existed in the spleen and liver. Despite the fact that
most of the NMNPs were transferred to the spleen and liver,
they could be eliminated over time according to the quantitat-
ive analysis of the iron content in the treated mice brains by
ICP-AES (Fig. 7b). Furthermore, no noticeable signal of liver
and spleen damage was observed in the H&E staining sections
(Fig. 7c). All these results suggested a good biocompatibility of
these neutrophil membrane-coated magnetic nanoprobes,
which have alluring prospects for clinical application.

Experimental
Cell lines

The mouse macrophage cell line RAW264.7 and the human
umbilical vein endothelial cells were all purchased from the
American Type Culture Collection.

Preparation and characterization of NMNPs

Synthesis and characterization of SPIO. Monodisperse SPIO
nanoparticles were synthesized by a one-pot hydrothermal

Fig. 7 In vivo biodistribution and biodegradability evaluation. (a) Prussian blue staining of ischemic brain, liver and spleen sections in tMCAO mice
treated with NMNPs. Scale bar = 50 pm in the brain. Scale bar = 100 pm in the liver and spleen. (b) Quantitative analysis of the iron content in
ischemic brain, liver and spleen at different time points after NMNP injection. Error bars indicate SD (n = 5). (c) Representative H&E staining slices of

the liver and spleen. Scale bar = 100 pm.
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method.”® Briefly, 2 mmol Fe(acac); was dissolved in a mixture
of 10 ml of benzyl ether and 10 mL of oleylamine. The solution
was dehydrated at 110 °C for 1 h and quickly heated to 300 °C
and it was kept at this temperature for 2 h. 50 mL of ethanol
was added to the solution after it was cooled to room tempera-
ture. The precipitate was collected by centrifugation at 4500
rpm and washed with ethanol thrice. The final product of
SPIO nanoparticles was re-dispersed in dichloromethane for
future use.

Samples for TEM were prepared by drying the obtained
SPIO nanoparticle solutions on a copper grid and imaged by
transmission electron microscopy (TEM, Hitachi H-7650) at 80
kv.

X-ray powder diffraction patterns of the obtained SPIO
nanoparticles were obtained on a Bruker AXS D8-Advanced
diffractometer with Cu Ko radiation (2 = 1.5418 A).

Magnetic properties were studied using a Lakeshore
7300 high sensitivity vibrating sample magnetometer (VSM)
with fields up to 1.5 tesla at room temperature.

Preparation of MNPs. PLGA nanoparticles containing SPIO
nanocrystals were prepared using a modified conventional oil-
in-water (O/W) single emulsion evaporation method.>® Briefly,
10 mg of PLGA and a certain amount of SPIO nanocrystals
were added to 1 mL of methylene chloride. This mixture was
emulsified with 10 mL of the PVA aqueous solution (1 wt%)
using a probe type sonicator at 100 w for 5 min in an ice bath.
The resulting suspension was stirred for 6 h at room tempera-
ture to evaporate the organic solvent and subsequently centri-
fuged at 13000 rpm for 30 min. The obtained MNPs were
washed three times with distilled water and resuspended in
water. The DiR and rhodamine labelled PLGA nanoparticles
were prepared by a similar method to that described above
except for using 0.1 wt% DiR instead of SPIO nanocrystals or
PLGA-thodamine instead of PLGA-COOH.

Preparation of NVs. In order to prepare neutrophil mem-
brane-cloaked MNPs, mature neutrophils were isolated from
murine bone marrow using a modified method.*® Briefly, the
femur and the tibia from both hind legs were immersed in
RPMI 1640 medium after removal of the muscle and sinew.
The bone marrow was flushed from the bone with HBSS-EDTA
solution, centrifuged at 200g for 3 min and resuspended in
1 mL of HBSS-EDTA. The cells were laid on a Percoll mixture
solution consisting of 55%, 65% and 75% Percoll followed by
centrifugation at 1500g for 30 min. The mature neutrophils
were recovered at the interface of the 65% and 75% fractions
and washed with ice-cold HBSS-EDTA thrice. The obtained
neutrophils were treated with 10 pM fMLF (Sigma, St Louis)
for 10 minutes at 37 °C, washed with ice-cold HBSS-EDTA
thrice, and stored at —80 °C for subsequent membrane
derivation.

The neutrophil membrane was derived by a hypotonic swell-
ing method.?® Briefly, frozen neutrophils were thawed, pelleted
by centrifugation at 1000g for 3 min, and washed with ice-cold
1x PBS thrice. Neutrophils were then suspended in hypotonic
lysing buffer containing 30 mM Tris-HCI (pH 7.5), 225 mM
p-mannitol, 75 mM sucrose, and a proteinase inhibitor cock-
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tail. Neutrophils were then disrupted using a Dounce homo-
genizer with a tight-fitting pestle (20 passes). The homogen-
ized solution was centrifuged at 20 000g for 30 min at 4 °C.
The pellet was discarded and the supernatant was centrifuged
again at 100 000g for 40 min at 4 °C. After the centrifugation,
neutrophil membranes were collected as the pellet and washed
twice with 1x PBS containing proteinase inhibitor cocktail.
The obtained neutrophil membranes were suspended in water
and sonicated in a capped glass vial for 3 min using a bath
sonicator to obtain NVs.

Preparation of NMNPs. Finally, neutrophil membrane cloak-
ing was accomplished by dispersing and fusing NVs with MNP
nanoparticles by sonication using a bath sonicator for another
5 min.

Characterization of NMNPs. The particle size and surface
zeta potential of NVs, MNPs and NMNPs were characterized
using DLS, respectively. The morphologies were determined by
transmission electron microscopy (TEM, JEM-200CX, JEOL,
Japan). The samples were prepared by allowing the nano-
particle droplets at a concentration of 100 ug mL™" to come in
contact with copper grids for 5 min, removing the excess dro-
plets, and staining using 1% uranyl acetate for 30 s before the
TEM studies. The loading efficiency of SPIO nanocrystals was
quantified by ICP-AES (Optima 5300DV, PE, USA).

The MRI capability of MNPs and NMNPs was evaluated
using a 7.0 T whole body MRI system (Biospec 7T/20 USR,
Bruker, Germany). T,-Weighted MRI images of MNPs and
NMNPs at a series of Fe concentrations were acquired for 7,
relaxation rate (r,) assessment.

The in vitro stability of MNPs and NMNPs was evaluated by
measuring their diameters in 100% FBS for 24 h using DLS.

Coomassie blue staining and western blotting analysis were
employed to identify the proteins on neutrophils, NVs and
NMNPs. Briefly, the samples containing equivalent total pro-
teins measured using a BCA protein assay kit (Life
Technologies) were added to 10% SDS-polyacrylamide gel to
separate  different molecular weights of proteins.
Subsequently, the resulting polyacrylamide gel was stained
with Coomassie blue and imaged. The key membrane proteins
were identified by western blotting using primary antibodies
including anti-CD47 (absin, China), anti-CD18 (Abcam,
Cambridge, MA), anti-CD11a (Abcam, Cambridge, MA), anti-
CD11b (absin, China), anti-PSGL-1 (4RA10, BioXcell) and anti-
LFA-1 (absin, China).

In vitro immune escape evaluation

RAW 264.7 cells (1 x 10° cells per dish or well) were seeded in
confocal dishes and 6-well plates and cultured for 24 h. Then
the cells were incubated with rhodamine-labeled MNPs and
NMNPs for 4 h. Thereafter, the cells in confocal dishes were
washed with PBS three times, stained with Hoechst 33342,
fixed with 4% PFA and imaged by CLSM (LSM 880, Zeiss). To
quantify the Fe uptake by RAW 264.7 cells, the cells in 6-well
plates were lysed by adding 0.5 mL 1% Tween 80 to each well.
The cell lysate from each well was then added to 1 mL of nitric
acid. The mixture samples were left at room temperature for
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12 h, followed by annealing at 80 °C for 6 h to remove the acid,
and finally resuspended in DI water for Fe content determi-
nation by ICP-AES (Optima 5300DV, PE, USA).

In vitro cytotoxicity assay and HUVEC binding affinity

For the in vitro cytotoxicity assay, HUVEC cells (1 x 10 cells
per well) were seeded in 96-well plates and cultured for 24 h.
Then the cells were pre-treated with 10 ng mL™" TNF-a (R&D
Systems, Minneapolis, MN) for 4 h. Afterward, HUVECs were
incubated with different concentrations (i.e., 12.5, 25, 50, 100,
200, 400 and 800 pug ml™") of MNPs and NMNPs for 12 h, fol-
lowed by adding 5 mg mL~" CCK-8 solution. After 4 h of incu-
bation, the absorbance was measured at a wavelength of
450 nm using a microplate reader. Cells grown without any
treatment were used as a control.

For the HUVEC binding affinity assay, HUVEC cells (1 x 10°
cells per dish or well) were seeded in confocal dishes and
6-well plates and cultured for 24 h. Then the cells were pre-
treated with or without 10 ng mL™" TNF-a for 4 h at 37 °C.
Afterward, HUVECs were incubated with 100 pg ml™" of rhoda-
mine-labelled NMNPs and RMNPs for 2 h. Thereafter, the cells
in confocal dishes were washed with PBS three times, stained
with Hoechst 33342, fixed with 4% PFA and imaged by CLSM
(LSM 880, Zeiss). To quantify the Fe uptake by HUVEC cells, the
cells in 6-well plates were lysed by adding 0.5 mL 1% Tween 80
to each well. The cell lysate from each well was then added to
1 mL of nitric acid. The mixture samples were left at room temp-
erature for 12 h, followed by annealing at 80 °C for 6 h to
remove the acid, and finally resuspended in DI water for the Fe
content determination by ICP-AES (Optima 5300DV, PE, USA).

Mouse transient middle cerebral artery occlusion (tMCAO)
model

The mouse transient middle cerebral artery occlusion (tMCAO)
model was prepared using a modified intraluminal filament
technique.’” C57BL/6 mice (male, 6-8 weeks old) were pur-
chased from the Comparative Medicine Center of Yangzhou
University. All the animal experiments were performed in com-
pliance with the Guide for Care and Use of Laboratory Animals
approved by China Pharmaceutical University.

Briefly, the right common carotid artery (CCA), external
carotid artery (ECA) and internal carotid artery (ICA) were care-
fully dissected and exposed through midline neck incision.
MCA occlusion was performed by introducing a silicon-coated
6-0 monofilament suture (Doccol Corporation) into the CCA
through ECA and advancing it 9 + 1 mm via ICA to the origin
of MCA. Reperfusion was initiated by withdrawing the filament
after 1 h. Apart from the sham group, all other groups under-
went MCAO/reperfusion surgery. All experiments were per-
formed and quantified in a randomized fashion by investi-
gators blinded to treatment groups.

Ex vivo brain imaging and quantification of NMNPs in the
ischemic region

Male C57BL/6 mice with ischemic stroke were used for ex vivo
brain imaging. DiR-loaded MNPs, NMNPs and RMNPs at a

5256 | Biomater. Sci, 2021, 9, 5247-5258

View Article Online

Biomaterials Science

DiR dose of 20 nmol kg™' were intravenously injected at 24 h
post-reperfusion of the MCAO model. Meanwhile, DiR-loaded
NMNPs injected in the sham group were set as the negative
control. 2 h and 12 h after injection, the mice were sacrificed.
The brain tissues were dissected for ex vivo fluorescence
imaging using an in vivo imaging system (PerkinElmer, USA).
The fluorescence intensities of the regions-of-interest (ROI)
were analysed using Living Image Software.

Real-time fluorescence intravital microscopy

In vivo intravital microscopy of mouse brain vasculature was
performed as reported.*® The cranial window was first placed
on the mouse right brain. At least 7 days after the operation,
MCAO was performed on the mouse with a cranial window.
Ischemia was operated on the right artery to induce the injury
in the right brain. One hour later, the mouse was reperfused
after the filament in the artery was withdrawn. DiR-labelled
NMNPs and RMNPs were administered 4 h after reperfusion.
15 minutes later, RhB-PLGA was i.v. injected to label blood-
stream, and circulation and binding of NMNPs or RMNPs were
observed using a x20/1.0 NA water immersion objective lens
and a high-speed camera (Zeiss LSM 880, Germany). A healthy
mouse (without I/R) was used as the control. During imaging,
all mice were placed on a thermo-controlled blanket at 37 °C
on an intravital microscope tray and under anesthesia with
1.5% isoflurane.

Immunofluorescence staining

RhB-loaded NMNPs and RMNPs were intravenously adminis-
tered to tMCAO mice 24 h after reperfusion. Approximately 2 h
later, the mice were sacrificed. The brains were removed
without perfusion and fixed in 4% formaldehyde for 4 h, fol-
lowed by dehydration in 15% sucrose and then in 30%
sucrose. Brains were frozen with O.C.T at —80 °C and coronal
series sections (30 pm) were cut on a freezing microtome
(Leica CM1520, Germany). Sections were blocked with 10%
goat serum at room temperature for 1 h and then incubated
with anti-CD31 antibody (Servicebio, China) at 4 °C overnight.
After washing, brain sections were incubated with the second-
ary antibody Alexa Flour™ 488 (Thermo Fisher Scientific, San
Jose, CA) for 1 h. Brain sections were examined using a con-
focal microscope (LSM 880, Zeiss, Germany). A healthy mouse
(without I/R) was used as the control.

Inflammatory cytokine measurement

For TNF-a and IL-1p measurement, infarcted and non-
infarcted half brains were collected and homogenized. The
supernatant was collected and analysed for TNF-a and IL-1p
levels using the corresponding ELISA kits. Experiments were
conducted according to the protocol in triplicate.

Prussian blue staining

NMNPs were intravenously administered to tMCAO mice 24 h
after reperfusion. Approximately 2 h later, the mice were sacri-
ficed. The brain, liver and spleen were removed without per-
fusion and fixed in 4% formaldehyde for 4 h, followed by de-

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1bm00566a

Published on 02 June 2021. Downloaded by CHINA PHARMACEUTICAL UNIVERSITY LIBRARY on 12/28/2021 4:38:24 AM.

Biomaterials Science

hydration in 15% sucrose and then in 30% sucrose. Brains
were frozen with O.C.T at —80 °C and coronal series sections
(20 pm) were cut on a freezing microtome (Leica CM1520,
Germany). Prussian blue staining was performed using a
Prussian blue iron stain kit (Servicebio, China). All sections
were examined using an inverted fluorescence microscope
(Ts2R, Nikon, Japan).

In vivo magnetic resonance imaging of stroke induced
neuroinflammation

To study the MRI of activated endothelial cells in ischemic
stroke, 200 pL of NMNPs and RMNPs (10 mg iron per kg, n =5
per group) were intravenously injected 24 h after reperfusion.
A healthy mouse (without I/R) was used as the control. 2 h
after NMNP or RMNP injection, the mice were placed in a
quadrature birdcage coil with an in-built stereotaxic frame for
imaging on a 7.0 T whole body MRI system (Biospec 7T/20
USR, Bruker, Germany). The imaging protocol consisted of T,
measurement using a TurboRARE sequence (TR/TE: 2500/
33 ms, flip angle 180°), and a fast low angle shot (FLASH) 7,
-weighted sequence (TR/TE: 400/6.0 ms, flip angle 30°). For
each magnetic resonance image, we manually masked the
brain to exclude extracerebral structures. Image] freeware was
used to segment and to quantify the number of dark voxels in
the ischemic region.

Statistical analysis

All the data were presented as mean + SD. Student’s ¢-test was
used for comparison between two groups, and the differences
among multiple groups were analyzed by one-way ANOVA. The
statistical significance was set at *P < 0.05, and the extreme sig-
nificance was set at **P < 0.01 (GraphPad Prism 8.0.1).

Conclusions

In summary, inspired by the neutrophil-endothelium inter-
action in inflammatory response, we have developed a neutro-
phil membrane-cloaked magnetic nanoprobe that specifically
targets inflamed cerebral endothelial cells and diagnoses
stroke-induced neuroinflammation with high sensitivity.
Compared to the traditional monoclonal antibody conjugation
approach, the neutrophil membrane coating strategy endows
magnetic nanoprobes with some special properties, such as
biocompatibility, better targeting abilities and immunogeni-
city exemption. Although there are excellent advantages over
this strategy, the source of neutrophils may limit its transform-
ation to clinical applications. More work should be done to
overcome this limitation, such as increasing the iron content
of MNPs or increasing the utilization rate of neutrophil mem-
branes. Overall, magnetic nanoprobes coated with a neutrophil
membrane provide a safe and effective tool for diagnosing
stroke-induced neuroinflammation and also offer potential
application in treating other inflammatory disorders due to
the ubiquitous neutrophil-endothelium interaction in the
course of many diseases.
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