Materials Today Bio 26 (2024) 101094

Contents lists available at ScienceDirect =i
materialstoday

BIO

Materials Today Bio

ELSEVIER journal homepage: www.journals.elsevier.com/materials-today-bio makiodo

Neuroprotective effects of anti-TRAIL-ICG nanoagent and its multimodal
imaging evaluation in cerebral ischemia-reperfusion injury

Qiong Yang ™', Wenxuan Ye ™', Doudou Luo ™, Jiwei Xing?, Qingqing Xiao ¢, Huiling Wu?,
Youliang Yao?, Guangxing Wang ?, Luyao Yang®, Dongbei Guo *, Kun Wang, Yaqin He®,
Xiaofeng Ye®, Jinde Zhang', Zhaokui Jin ¢, Zhongxiong Fan """, Xiaofei Wen™ |

Jingsong Mao™“ | Xiaoyuan Chen’, Qingliang Zhao *"

& State Key Laboratory of Vaccines for Infectious Diseases, Xiang An Biomedicine Laboratory, Center for Molecular Imaging and Translational Medicine, Department of
Vascular & Tumor Interventional Radiology, The First Affiliated Hospital of Xiamen University, School of Medicine, School of Public Health, Xiamen University, Xiamen,
361102, China

Y The First Affiliated Hospital of Xiamen University, School of Medicine, Xiamen University, Xiamen, 361102, China

¢ Department of Vascular Intervention, Guilin Medical College Affiliated Hospital, Guilin Medical College, Guilin, 541000, China

4 Key Laboratory of Optoelectronic Science and Technology for Medicine of Ministry of Education, Fujian Normal University, Fuzhou, 350117, China

€ Department of Oncology Surgery, General Hospital of Ningxia Medical University, Yinchuan, 750004, China

f Institute of Advanced Science Facilities, Shenzhen, Guangdong, 518107, China

& School of Biomedical Engineering, Guangzhou Medical University, Guangzhou, 511436, China

1 School of Pharmaceutical Sciences and Institute of Materia Medica, Xinjiang University, Urumgi, 830017, China

! Yong Loo Lin School of Medicine and Faculty of Engineering, National University of Singapore, Singapore, 117597, Singapore

ARTICLE INFO ABSTRACT
Keywords: Cerebral ischemia-reperfusion injury (CIRI) is a major challenge to neuronal survival in acute ischemic stroke
Multimodal imaging (AIS). However, effective neuroprotective agents remain to be developed for the treatment of CIRI. In this work,
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we have developed an Anti-TRAIL protein-modified and indocyanine green (ICG)-responsive nanoagent (Anti-
TRAIL-ICG) to target ischemic areas and then reduce CIRI and rescue the ischemic penumbra. In vitro and in vivo
experiments have demonstrated that the carrier-free nanoagent can enhance drug transport across the blood-
brain barrier (BBB) in stroke mice, exhibiting high targeting ability and good biocompatibility. Anti-TRAIL-
ICG nanoagent played a better neuroprotective role by reducing apoptosis and ferroptosis, and significantly
improved ischemia-reperfusion injury. Moreover, the multimodal imaging platform enables the dynamic in vivo
examination of multiple morphofunctional information, so that the dynamic molecular events of nanoagent can
be detected continuously and in real time for early treatment in transient middle cerebral artery occlusion
(tMCAO) models. Furthermore, it has been found that Anti-TRAIL-ICG has great potential in the functional
reconstruction of neurovascular networks through optical coherence tomography angiography (OCTA). Taken
together, our work effectively alleviates CIRI after stoke by blocking multiple cell death pathways, which offers
an innovative strategy for harnessing the apoptosis and ferroptosis against CIRI.
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1. Introduction

Ischemic stroke, is the second leading cause of both death and
disability worldwide [1,2]. The region of localized cerebral ischemia
consists of the infarct core and the surrounding ischemic penumbra.
Lethal ischemia and hypoxia occurred in the infarct core lead to
neuronal necrosis, and the area of irreversible damage expands over
time [3]. Brain cells in the ischemic penumbra only survive for a few
hours, and the degree of neurological function damage worsens upon the
increase of ischemic time. Once the blood supply to the ischemic pen-
umbra is rapidly restored within a short time or other effective therapy
methods are adopted, the brain injury is reversible, and it is possible for
the nerve cells to survive and regain function [4,5]

Recently, the effectively therapeutic strategy of AIS mainly focus on
rapid reperfusion with intravenous thrombolysis or endovascular
thrombectomy [6], which are time-critical [7]. Intravenous thrombol-
ysis has a narrow time window (used within 4.5 h of stroke onset) and is
limited by contraindications [8], and mechanical thrombolysis is
extremely limited in duration (generally no more than 8 h). Throm-
bectomy is also limited to large vessel occlusion [9-12].

However, cerebrovascular recanalization will trigger unavoidable
reperfusion injury, leading to a series of harms such as oxidative stress,
inflammatory response, and blood-brain barrier (BBB) damage [7]. It
greatly affects the functional recovery and survival of brain nerve cells.
A definitive solution has not been found for the control of reperfusion
injury [13]. Cerebral ischemia-reperfusion injury should be actively
prevented and treated in the clinic to reduce its harm to the brain. The
treatment for cerebral ischemia-reperfusion injury may provide a new
therapeutic basis and program for ischemic stroke.

Neuroprotective agents have the ability to reduce CIRI and can also
be used as adjunctive therapies to revascularization, allowing brain cells
to survive and stabilize the ischemic penumbra [14]. Although some
developed neuroprotective agents (nerinetide [15], Neu2000 [16], and
uric acid [17]) have shown an excellent therapeutic promise in clinical
applications, their therapeutic efficacy is still unsatisfactory. This is
mainly due to the delivery of neuroprotective agents across the BBB to
poorly perfused brain tissue is inefficient. Even a compromised and more
permeable BBB after a stroke can pose a serious challenge to drug de-
livery to the brain [18-20]. For many small molecule drugs, in addition
to poor BBB-mediated accumulation in the central nervous system, their
short half-life and rapid elimination from the circulation impair their
absorption. In addition, limited antioxidant and anti-inflammatory ac-
tivity and lack of specific targeting ability have contributed to the failure
of some neuroprotective agents in clinical trials [21]. Therefore, explore
an effective neuroprotective agent against ischemia-reperfusion injury
will play an important role [22-24].

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL), also known as Apo-2 ligand (Apo2L), is a member of the TNF
cytokine superfamily. In conventional studies, it’s a potent anticancer
agent because it specifically targets cancer cells while sparing normal
cells, and inducing cell apoptosis [25,26]. TRAIL can lead to direct
activation of the caspase cascade resulting in apoptotic cell death [27].
TRAIL is also involved in cell apoptosis after focal cerebral ischemia,
which appears to be mediated by activation of caspase-8 and caspase-3,
as well as phosphorylation of the stress kinase JNK. TRAIL antibody has
been shown to inhibit apoptosis in the penumbra region, thereby pre-
venting infarct propagation [28]. Moreover, ferroptosis has been shown
to have significant implications in ischemic injury [29]. Ferroptosis in-
hibition protected mice against ischemia-reperfusion injury, indicating
that ferroptosis contributes to neuronal death after ischemic stroke [30].
It has been proved that there was a crosstalk between ferroptosis and
apoptosis. Reactive oxygen species (ROS) were involved in both fer-
roptosis and TRAIL-induced apoptosis by upregulating DR4 and DR5
receptors [31-33]. The above studies show that TRAIL antibody may not
only reduce neuronal apoptosis but also decrease neuronal ferroptosis,
which could play a neuroprotective role. Therefore, TRAIL antibody
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may be more effective than other neuroprotective agents in reducing
neuronal damage.

Numerous studies have shown that using of nanoparticles (NPs)
formulations may improve drug transport across the BBB in ischemic
disorders [20,34-36]. Compared to the traditional carrier based nano-
scale drug delivery system, the carrier-free nanoagent has outstanding
advantages including a simple preparation process and ultra-high drug
loading capacity, while avoiding the side effects caused by carrier ma-
terials [37-39]. These increase the potential for clinical applications of
the carrier-free nanoagent. In addition, indocyanine green (ICG) is
widely used clinically as an aid in the diagnosis of liver function, cardiac
output, and retinal vascular system [40,41]. ICG combined with drug
molecules can be used for bimodal fluorescence (FL)/photoacoustic (PA)
imaging to visualize drug entry into the brain in real time. This tech-
nique can help ensure an effective concentration of the drug in the
injured brain region during personalized treatment, thus improving
stroke treatment [42-44]. Moreover, combining MRI and OCTA pro-
vides a powerful method to assess neuronal damage during CIRI therapy
[45].

Herein, we have developed a carrier-free nanoagent by combining a
TRAIL antibody with ICG, which shows promise for the treatment of
CIRI (Scheme 1). In vitro cellular experiments and in vivo therapeutic
studies have shown that the Anti-TRAIL-ICG nanoagent exhibited
desirable effects in treating CIRI, by suppressing neuronal apoptosis and
ferroptosis. Additionally, the paracellular permeability of the BBB is
significantly increased in acute ischemic stroke due to impaired tight
junctions. This can further enhance the delivery of nanoparticles to the
infarcted area of brain and provide neuroprotection against CIRI.
Furthermore, in combination with multi-modal imaging technology, our
research has achieved comprehensive and accurate visual efficacy
monitoring of ischemia-reperfusion areas. This provides a theoretical
basis and new ideas for innovative optimization of clinical treatment of
ischemic stroke.

2. Results and discussion

Synthesis and Characterization of Anti-TRAIL-ICG nanoagent.
The activated ester of the succinimide lipids (NHS) can react rapidly and
be linked with the primary amine (-NHjy) on the antibody with high
specificity, thus coupling the ICG to the antibody. The one-step prepa-
ration process of the Anti-TRAIL-ICG nanoagent is shown in Fig. 1A.
After mixing and ultrafiltration procedures, the ICG-loaded TRAIL
antibody was obtained. Transmission electron microscope (TEM) images
indicated that the nanoagent have a spherical morphology with a par-
ticle size around 100 nm (Fig. 1B). Dynamic light scattering (DLS)
measurement further confirmed that the hydrodynamic size of Anti-
TRAIL combined with ICG is around 100 nm (Fig. 1C). As shown in
Fig. 1D, the change in surface charge indirectly demonstrated the
effective loading of TRAIL antibody on ICG. Compared to the nano-
materials with positively charged surface, the synthesized Anti-TRAIL-
ICG nanoparticles with negatively charged surface have less toxicity
[46]. Their charged surface was less than —30 mv or 30 mv, which also
maintains interparticle repulsion and stable particle suspension.

The absorption and fluorescence spectral characteristics of the
fluorescent marker can change when coupled to a protein such as an
antibody [43]. Therefore, we measured the absorption and fluorescence
spectra of the Anti-TRAIL-ICG. Fig. 1E and F showed that the labelled
antibody was successfully excited and fluoresced with a spectral pattern
similar to that of ICG, confirming that the labelled antibody retains the
fluorescence characteristics of the ICG dye [43]. The absorbance of
Anti-TRAIL-ICG in water, PBS, Fetal bovine serum (FBS), and DMEM
was measured on days 1, 3, and 5. The absorbance and color of the so-
lution did not change significantly, indicating its good physical stability
(Fig. 1G and H). The ICG loading efficiency was further measured to be
2576 % + 0.11 % (Table S1). Oxygen and glucose depriva-
tion/reperfusion (OGD/R) cells have been extensively applied as in vitro
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Scheme 1. Anti-TRAIL-ICG nanoagent exerts Anti-ferroptosis and Anti-apoptosis effects synergistically to reduce ischemia-reperfusion injury after stroke, and
multimodal optical imaging were used for better precision therapy. TF: Transferrin.
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Fig. 1. Synthesis and characterization of Anti-TRAIL-ICG nanoagent. (A) The schematic diagram of the preparation process of Anti-TRAIL-ICG nanoagent. (B)
TEM images of Anti-TRAIL-ICG. (C)Intensity of Anti-TRAIL-ICG by DLS measurement. (D) Zeta potential of ICG-NHS and Anti-TRAIL-ICG. (E) Absorbance spectra of
the TRAIL antibody, ICG, the Anti-TRAIL-ICG, and Anti-TRAIL-ICG conjugate in 1 % SDS. (F)Fluorescence spectra of ICG and Anti-TRAIL-ICG. (G) Absorbance
changes of Anti-TRAIL-ICG nanoagent dissolved in water, PBS, FBS, and DMEM on days 1, 3, and 5. (H) White light plots of Anti-TRAIL-ICG nanoagent in different
solutions on days 5. (I) Identification of Anti-TRAIL-ICG nanoagent combined with TRAIL by Western blot (WB).
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models in stroke-relevant studies [47]. TRAIL expression was upregu-
lated in N2a cells treated with OGD/R. The Western blot results in Fig. 11
showed that Anti-TRAIL-ICG still has a good binding capacity to the
TRAIL antigen.

Invitro active targeting ability of Anti-TRAIL-ICG. TRAIL is a 281-
amino acid type II transmembrane protein that belongs to the TNF su-
perfamily [48]. It’s an innate immune cytokine widely expressed on
immune cells including lymphocytes, natural killer cells, and neutro-
phils [49]. After cerebral ischemia, TRAIL expression was upregulated
and released from glial cells and injured neurons, triggering neuronal
apoptosis [50,51]. To validate the targeting ability of Anti-TRAIL-ICG,
the expression level of TRAIL was observed in OGD/R treated N2a
cells. First, we investigated the expression status of TRAIL protein in N2a
cells after OGD with different reoxygenation and reglucose times
(Fig. S1). Western blot results showed a significant increase in TRAIL
protein at 24 h after OGD/R (Fig. 2A and B), verifying that TRAIL could
be a therapeutic target for CIRI.

The cellular uptake of Anti-TRAIL-ICG was then investigated by
confocal fluorescence microscopy. The Anti-TRAIL-ICG treated group
showed high red fluorescence intensity compared with the rest groups
(Fig. 2C). Flow cytometry analysis showed that N2a cells decreased the
uptake of free ICG after OGD/R, whereas the uptake of Anti-TRAIL-ICG
was not significantly affected (Fig. 2D-S2). These results indicated that
Anti-TRAIL-ICG has excellent active targeting, which is beneficial for
therapy of ischemia reperfusion injury.

In vitro neuroprotective effects of Anti-TRAIL-ICG. To evaluate
the protective effect of Anti-TRAIL-ICG on neuronal cells, we
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investigated whether Anti-TRAIL-ICG could reduce apoptosis and fer-
roptosis of N2a cells after OGD/R. PI/Hoechst staining showed that cell
apoptosis and necrosis were significantly reduced in the Anti-TRAIL-ICG
(20 pg/mL) treated group compared to the OGD/R group (Fig. 3A). Flow
cytometric analysis also showed protective effect of Anti-TRAIL-ICG on
N2a cells after OGD/R (Fig. 3B). We subsequently evaluated the levels of
ROS and LPO, which could cause cell ferroptosis. 2',7'-dichlorofluorescin
diacetate (DCF-DA) is a probe that can penetrate cells and be used to
detect the production of ROS within cells. The results of immunofluo-
rescence and flow cytometry analysis of DCF-DA indicated that Anti-
TRAIL-ICG could significantly reduce ROS levels in OGD/R treated
N2a cells. (Fig. 3C and D). Disruption of lipid membranes is a prominent
feature of ferroptosis. And LPO levels were consistent the trend of ROS
measurements (Fig. 3E). Notably, although very limited, the ICG group
seemed to reduce the levels of ROS and LPO in OGD/R-treated N2a cells.
This may be due to the fact that the sulfonate in free ICG complexes with
Fe3*, thereby inhibiting the iron metabolism pathway in activated N2a
cells and attenuating cellular ferroptosis [52,53]. Finally, cell viability
was determined using the CCK8 assay. As shown in Fig. S3,
Anti-TRAIL-ICG was able to increase the cell viability of N2a cells after
OGD/R, but had no effect on normal cells. Thus, Anti-TRAIL-ICG exert
an excellent neuroprotective effect on ischemic injury by effectively
reducing apoptosis and suppressing the intracellular production of
classical indicators of ferroptosis (ROS and LPO) [54].

In vivo photoacoustic (PA) and fluorescence (FL) imaging. First,
we established transient middle cerebral artery occlusion (tMCAO)
stroke model in mice. Achievement of ischemia was confirmed by
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Fig. 2. In vitro active targeting ability of Anti-TRAIL-ICG. (A) Relative expression of TRAIL in the N2a cells after 24 h OGD/R. (B) Quantitative analysis of TRAIL
protein after 24 h OGD/R. n = 3 (C) Subcellular localization of ICG in N2a cells after incubation with free ICG or Anti-TRAIL-ICG for 4 h. (D) Quantitative analysis of
the mean fluorescence intensities of free ICG and Anti-TRAIL-ICG in OGD/R-activated N2a cells and normal N2a cells. Scale bar:30 pm. n = 3 *p < 0.05, **p < 0.01,

*xxp < 0.001.
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Fig. 3. In vitro neuroprotective effects of Anti-TRAIL-ICG. (A) Representative images of PI/Hoechst33342 staining of N2a cells in different groups after OGD/R;
Scale bar: 50 pm. (B) Representative images of cell apoptosis analyzed by Flow cytometry, where N2a cells were incubated with different formulations after OGD/R.
(C) Representative images of intracellular ROS levels in different groups; Scale bar: 30 um. (D) Flow cytometric curve of DCF-DA fluorescence intensity in various
groups. (E) Expression level of LPO in various groups. *p < 0.05, **p < 0.01, ***p < 0.001.

monitoring regional cerebral blood flow through laser speckle contrast
imaging (Figs. S4A and B). Animals without a reduction of at least 80 %
cerebral blood flow were excluded from the study (Fig. S4C). The suc-
cessful establishment of the murine tMCAO model was then confirmed
by TTC staining [55] (Fig. S4D).

To verify the targeting ability of Anti-TRAIL-ICG in vivo, dual-modal
imaging was performed in mice after tMCAO. Free ICG and Anti-TRAIL-
ICG (1 mg/kg, i. v.) were administered simultaneously with reperfusion.
As shown in Fig. 4A, both free ICG and Anti-TRAIL-ICG were distributed
in the brain, which may due to BBB damage after cerebral ischemia and
reperfusion might account for this. Compared with the ICG-treated
group, the fluorescence signal was stronger in the Anti-TRAIL-ICG-
treated group, which reached a maximum FL accumulation at 4 h
post-injection. Quantitative analysis of the FL signal in the Anti-TRAIL-
ICG-treated group was nearly 9-fold higher than that in the free ICG-
treated group at 4 h post-injection, demonstrating the superior brain-
targeting ability of Anti-TRAIL-ICG in vivo (Fig. 4B). Notably, the
signal intensity didn’t significantly decrease at 24 h post-injection,
indicating that Anti-TRAIL-ICG can provide long-term protection
against ischemic stroke. Anti-TRAIL-ICG exhibited a longer blood
retention time. The in vivo fluorescence images were consistent with the
above phenomenon (Fig. 4C and D). These result agree with the previous
finding that NPs of 50-100 nm in diameter are desirable for transport

across the BBB [56]. In addition to this, there was a weak nanoagent
signal in the brain of normal mice, whereas the nanoagent signal was
strong in the brain of ischemia-reperfusion mice (Fig. S5). The ability of
Anti-TRAIL-ICG nanoagent to differentiate normal mice from stroke
mice suggests its diagnostic potential.

The in vivo PA imaging could provide excellent resolution and high
contrast for biological tissues [57]. Similar to FL imaging,
Anti-TRAIL-ICG showed high signal in PA imaging (Fig. 4E and F). This
suggested that Anti-TRAIL-ICG nanoagent as a bimodal contrast agent,
also have a remarkable property of PA imaging. And this facilitated the
observation of Anti-TRAIL-ICG distribution in brain regions. In conclu-
sion , Anti-TRAIL-ICG could enhance the accumulation of Anti-TRAIL in
the brain of mice after acute ischemic stroke due to the excellent tar-
geting ability. And it was a promising therapeutic target for ischemic
stroke.

Real-time monitoring of drug infiltration indeed plays a substantial
role in the treatment of diseases, particularly when it comes to managing
complex conditions such as CIRI following AIS. Through real-time
monitoring, doctors can accurately understand the distribution and
concentration changes of drugs in the lesion area, which is crucial to
ensure that the drugs effectively reach the lesion site and maintain the
concentration required for treatment [58,59].

Anti-TRAIL-ICG protected against CIRI in mice. Based on in vitro
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Fig. 4. Invivo photoacoustic (PA) and fluorescence imaging. (A) Fluorescence imaging of ICG and Anti-TRAIL-ICG (1 mg/kg, i. v.) accumulated in tMCAO mice at
different time points. (B) Quantitative analysis of fluorescence intensity of brain at different time points (n = 3). (C) Quantitative analysis of fluorescence intensity of
major organs in vitro (n = 3). (D) Fluorescence imaging of major organs in vitro at 4 h after administration of ICG and Anti-TRAIL-ICG. (E) PA imaging of tMCAO mice
pre-and post-Anti-TRAIL-ICG injection. (F) Quantitative analysis of PA signal strength in tMCAO mice. *p < 0.05, **p < 0.01, ***p < 0.001.

results, the efficacy of Anti-TRAIL-ICG was evaluated in tMCAO mice.
Mice were randomly divided into three groups after a 0.5 h occlusion,
mice were intravenously injected with vehicle (tMCAO), 1 mg/kg ICG
(tMCAO + ICG), 1 mg/kg Anti-TRAIL-ICG (tMCAO + Anti-TRAIL-ICG)
with reperfusion. Fig. 5A showed the schematic diagram of the experi-
ments in mice. Compared to the vehicle and ICG group, Anti-TRAIL-ICG
(1 mg/kg, i.v.) significantly reduced the neurological deficit score and 7-
day survival rate, and reversed the weight loss (Fig. 5B-D).

Furthermore, we evaluated the efficacy of nanoagent in protecting
ischemic penumbra. The MRI Ty-weighted images showed that the Anti-
TRAIL-ICG group significantly reduced the cortical infarct area
compared to the vehicle and ICG group, particularly at the level of the
striatum and hippocampus (Fig. 5E and F). This reduction of the brain
infarction was associated with improvement of the neurological scores
in mice [60]. In all, a single administration of Anti-TRAIL-ICG (1 mg/kg,
i. v.) at the same time as reperfusion exerted a neuroprotective effect
against CIRI in mice.

Anti-TRAIL-ICG reduced neuronal cell death and accelerated the
functional reconstruction of neurovascular network. To elucidate
the mechanism of Anti-TRAIL-ICG against cerebral ischemic injury, we
performed the following investigations. First, the staining of Nissl bodies
in normal cells is uniform. However, the nucleus was shrunken, the color
was darker, and the size and number of Nissl bodies became smaller in
the infarct area due to cell necrosis. Administration of Anti-TRAIL-ICG
significantly improved those changes. The results of Nissl staining also
showed that the infarct area was significantly reduced in the Anti-

TRAIL-ICG group than in the vehicle group, indicating that the
ischemic penumbra could be effectively rescued (Fig. 6A). We then
tested whether Anti-TRAIL-ICG could alleviate neuronal ferroptosis. We
observed that GPX4 was upregulated in the ischemic penumbra
(Fig. 6B), and we speculated that neurons in this region increased GPX4
in order to antagonize ferroptosis. Subsequently, we found that the
expression of MDA was up-regulated after stroke, and administration of
Anti-TRAIL-ICG could reduce the level of MDA (Fig. 6C). This proved
that ferroptosis occurred in neuronal cells after ischemic stroke and
Anti-TRAIL-ICG could rescue brain injury by alleviating ferroptosis.
Neurogenesis and neovascularization have been shown to promote
the restoration of the blood-brain barrier [61]. Neural repair and func-
tional restroation requires consideration of neovascularization after
stroke. The natural repair process after cerebral ischemia was accom-
panied by neurogenesis and neovascularization, however, this sponta-
neous stress repair process was weak and insufficient to restore
neurovascular homeostasis after brain injury [62]. Remodeling of the
neurovascular network requires the administration of exogenous or
other drugs to rescue brain damage and improve neurological dysfunc-
tion. We wondered whether Anti-TRAIL-ICG could affect neurovascular
network remodeling. Overall changes in cerebral microvascular
morphology and angiogenesis can be well monitored and evaluated
using OCTA [63-66]. We therefore used OCTA to monitor angiogenesis
in mice at 7 days after tMCAO. We selected the cortical branch of the
right middle cerebral artery in mice for observation, and compared
vascular injury in different groups of mice before stroke with that 7 days
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after stroke. As shown in Fig. 6D, the cerebral cortex microvessels were
destroyed after stroke. Compared with the ICG-treated group, the
Anti-TRAIL-ICG-treated group effectively promoted cerebral microvas-
cular neovascularization, indicating that it promoted the remodeling of
neurovascular homeostasis after stroke. The mechanism of its effect on
revascularization needs to be further explored. In order to quantify the
vascular information captured by OCTA, we first implemented the initial
segmentation of microvessels using MATLAB [67] (Fig. S6). Subse-
quently, the microvascular information of each group was analyzed
using Vessels percentage area, Average Vessels Length, Junctions den-
sity, and Mean E Lacunarity as the main assessment objectives. Vessels
percentage area, average vessels length, and junction’s density are
positively correlated with the proportion of neovascularization.
Compared to the tMCAO and the ICG groups, the
Anti-TRAIL-ICG-treated group had a higher proportion of neo-
vascularization and was closest to the cerebral vasculature of normal
mice (Figs. S7A-C). Mean E Lacunarity (Fig. S7D), on the other hand,
had the opposite trend of the above indicators, indirectly confirming the
reliability of the above results. These results demonstrated that
Anti-TRAIL-ICG can reduce neuronal cell death and accelerate the
functional recovery of the neurovascular network, suggesting that it has
the potential as an effective drug for the treatment of ischemic stroke in
future. Further research is underway to determine how the

Anti-TRAIL-ICG nanoagent regulates both apoptosis and ferroptosis
mechanisms simultaneously, as well as its effect on the remodeling of
the neurovascular network.

In vitro and in vivo biosafety and compatibility assessment. The
biosafety of Anti-TRAIL-ICG was assessed by cytotoxicity, hemolysis
assay and H&E stained histological analysis. The cell viability of N2a
and bEnd.3 cells was maintained at a high level with the increasing
concentration of Anti-TRAIL-ICG, indicating that Anti-TRAIL-ICG is a
less toxic drug (Fig. 7A and B). The hemolysis rate was less than 5 %,
indicating good biosafety (Fig. 7C). Moreover, no significant tissue
damage was observed in the tissues of the ICG group and Anti-TRAIL-
ICG group, indicating that the carrier-free theranostic nanoagent
possessed excellent safety and compatibility, and would not activate any
inflammation or immune response (Fig. 7D).

3. Conclusion

In conclusion, we have successfully developed a carrier-free Anti-
TRAIL-ICG nano-preparation to reduce ischemia reperfusion injury and
rescue ischemic penumbra. The preparation process is convenient and
safe, and the resulting carrier-free nanomedicines are less toxic. Besides,
in vitro results show that the Anti-TRAIL-ICG effectively inhibited
apoptosis and ferroptosis in cells associated with OGD/R after
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Fig. 6. Anti-TRAIL-ICG reduced neuronal cell death and accelerated the functional reconstruction of the neurovascular network. (A) Effect of Anti-TRAIL-
ICG on cortex neuronal damage evaluated by Nissl staining. Scale bar: 50 pym (B) Representative immunohistochemistry (IHC) images of GPX4 in normal and
penumbra regions; Scale bar: 50 pm. (C) MDA expression of brain tissue in different groups. (D) OCT angiographic images of cortical branches of the middle cerebral
artery in different groups of mice. Scale bar: 2 mm *P < 0.05, **P < 0.01, ***P < 0.001.

intracellular uptake. In addition, Anti-TRAIL-ICG showed significant
accumulation in the cerebral ischemic tissue of mice with induced
ischemic stroke after i. v. administration. In vivo results demonstrated
that the Anti-TRAIL-ICG can be considered as an effective neuro-
protective drug in IS, especially its potential in the functional recon-
struction of the neurovascular network. Therefore, this study used ICG
as the imaging molecule and TRAIL antibody as the functional core to
target ischemic neurons in the brain and inhibit ferroptosis and
apoptosis may achieve satisfactory therapeutic effect in the neuro-
protective treatment of stroke. Taken together, our study proposes an
Anti-TRAIL-ICG nanoagent, which can be further developed as prom-
ising multifunctional drugs for precision treatment of cerebral ischemia
reperfusion injury.

4. Materials and methods

Preparation of Anti-TRAIL-ICG nanoagent. First, TRAIL antibody
(Affinity) and ICG-NHS (Shaanxi Xinyan Bomei Biotechnology, China)
were dissolved in dimethyl sulfoxide (DMSO) and incubated in distilled
water in the dark for 24 h. Then, the mixture was ultrafiltered at 10000
rpm for 15 min. The ultrafiltration tubes have a molecular weight cutoff
of 10 KD, and antibodies with molecular weights greater than 10 KD are
retained. After two more ultrafiltration washes, ICG and other impurities
with molecular weights much smaller than 10 KD are removed. Finally,
Anti-TRAIL-ICG nanoagent was obtained by washing twice with distilled
water.

Characterization of Anti-TRAIL-ICG nanoagent. The morphology
of the Anti-TRAIL-ICG nanoagent was observed by Tecnai Spirit TEM.
The effective nanoparticle diameters and surface charge of Anti-TRAIL-
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ICG nanoagent was determined by using DLS (Nanosizer, Malvern In-
strument) at room temperature. Their absorption and fluorescence
spectra were examined using a Tecan Spark multifunctional enzyme
marker. WB assay was performed to characterize the ability of Anti-
TRAIL-ICG to bind TRAIL using Anti-TRAIL-ICG as the primary anti-
body. The physical stability of Anti-TRAIL-ICG was evaluated by
measuring its absorbance changes while dissolved in water, PBS, FBS,
and DMEM (Gibco) on days 1, 3, and 5, respectively, using an enzyme
marker (Tecan spark, Swizerland). 1 mg/mL of ICG-NHS was diluted
into different concentrations by gradient dilution, after which its
absorbance at 780 nm was measured by an enzyme marker. A standard
curve was made based on the absorbance, and the concentration of ICG-
NHS in the samples was calculated from the standard curve. ICG loading
capacity = (mass of ICG-NHS in nanoparticles)/(total amount of Anti-
TRAIL and ICG).

Cell cultures. Mouse N2a cells and bEnd.3 cells were cultured in
DMEM medium containing 1 % penicillin-streptomycin (v/v) and 10 %
(v/v) FBS at 37 °C under in a humidified atmosphere containing 5 %
COa.

Cytotoxicity of free ICG and Anti-TRAIL-ICG nanoagent. N2a cells
and bEnd.3 cells were seeded and cultured for 24 h in a 96-well plate (10
4 cells/well). The cells were then incubated with different doses in either
free ICG form or TRAIL-ICG nanoagent for 4 h. After that, adding the
CCK-8 was then added and incubated for the appropriate time. Finally, a
multifunctional microplate reader was utilized to detect the absorbance
of the solution in each well at 450 nm. There were three replicates in
each group.

Establishment of an in vitro OGD/R model. The original culture
solution was aspirated and washed three times with PBS buffer solu-
tions. Glucose-free DMEM medium was added to the N2a cells, placed in
an anoxic chamber (Aipuins) and exposed to a gas mixture of 95 % N2
and 5 % CO, for 2 h. The cells were then transferred to the original
medium and incubated for 24 h under normal conditions.

Expression levels of TRAIL in OGD/R-treated N2a cells. OGD/R-
treated N2a cells at different time points were lysed to release the target

proteins. The protein concentration of the supernatant was determined
by the BSA method. Equal amounts of protein were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 8 % and 12 % gels
and then transferred onto Hybond ECL nitrocellulose membranes. The
membranes were blocked with 5 % milk in PBST and then incubated
overnight at 4 °C with a rabbit anti-TRAIL polyclonal antibody. After
incubation with HRP-conjugated secondary antibody, detection was
performed by means of ECL chemiluminescence assay. p-Tubulin
(Acmec) was used as an internal control.

In vitro active targeting ability of Anti-TRAIL-ICG. N2a cells were
cultured for 24 h in confocal dishes (2 x 10 4 cells/well) with 1 mL
growth medium. After changing to serum-free medium with or without
OGD for 2 h, the cells were incubated with Anti-TRAIL-ICG or free ICG
for 4 h. Then, washed three times with PBS buffer solutions. The samples
were then fixed with 2 mL of 4 % paraformaldehyde (PFA) for 15 min.
Finally, nuclei were stained with DAPI and imaged by laser scanning
confocal fluorescence microscopy (Olympus FV1200, Japan). For the
determination of cellular uptake, the N2a cells (2 x 10 4 cells/well) were
seeded in 6-well plates and cultured with 20 pg/mL of either Anti-
TRAIL-ICG or free ICG form. After incubation for 4 h, rinsed, the cells
were rinsed, trypsinized and resuspended, and the ICG uptake was
analyzed quantitatively using a cytometer (Beckman Cytoflex LX, USA).

Cellular apoptosis assay. N2a cells were plated on a 6-well plate (1
x 10> cells/well) and cultured for 24 h. Then, OGD was performed with
serum-free medium for 2 h, transferred to normal medium with Anti-
TRAIL-ICG or free ICG (20 pg/mL) for 24 h. And the apoptosis
induced by OGD/R was examined through the Hoechst33342/PI assay
(Solarbio, China). The N2a cells were examined under an inverted
fluorescence microscope (Nikon Ti-U, Japan). Finally, fluorescence was
quantified by flow cytometry.

Measurement of intracellular ROS generation. N2a cells were
cultured separately in confocal dishes (2 x 10 4 cells/well) with 1 mL
growth medium for 24 h. OGD was then performed with serum-free
medium for 2 h, followed by transfer to normal medium with Anti-
TRAIL-ICG or free ICG (20 pg/mL) for 24 h. Intracellular ROS levels
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were then detected with DCF-DA (a fluorescent probe) using a
commercially available kit (Solarbio). Specifically, cells were incubated
with 10 pM DCF-DA at 37 °C for 20 min, and the fluorescence of DCF
(deacetylated product of DCF-DA) was observed by confocal microscopy
and quantified at 525 nm after excitation at 488 nm.

Measurement of intracellular LPO expression. As mentioned
above, N2a cells were collected in centrifuge tubes and the supernatant
were discarded after centrifugation. The expression level of LPO in
different groups was measured according to the procedure of the kit
(Solarbio).

Animals. Male C57BL/6 mice (22-25 g) were purchased from the
Charles River Co., Ltd. All animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals.
All the related protocols were approved by the Animal Ethics Committee
of Xiamen University (Xiamen, China). Mice were housed in sterile cages
(5 mice/cage) and ventilated in a pathogen-free room with a laminar
flow hood, a 12 h light/12 h dark cycle, and fed with standard chow and
water. All animals were kept sterile throughout the experiment.

Establishment of transient Middle Cerebral Artery Occlusion
(tMCAO) stroke models. After the mice were anaesthetized, the skin of
their necks was cut with scissors to expose the common carotid artery
(CCA). The sheath of the artery was carefully separated so as not to
injure the vagus nerve. The external carotid artery (ECA) and internal
carotid artery (ICA) were separated. The CCA and ECA were ligated with
silk thread. An uncoated nylon monofilament (Beijing Cinontech Co.
Ltd. China) was inserted through CCA into the ICA and removed after 30
min of occlusion. Achievement of ischemia was confirmed by moni-
toring regional cerebral blood flow using laser speckle contrast imaging.
Animals without at least 80 % reduction in cerebral blood flow were
excluded from the study. Sham-operated animals underwent the same
experimental conditions except that the filament structure was not
implanted. The successful establishment of the mouse tMCAO model
was confirmed by TTC staining. Coronal sections (2 mm thick) of brain
tissue were prepared and stained with 2 % TTC. Brain sections were
fixed in 10 % formalin. The areas without red staining were considered
as infarct area.

Invivo FL imaging. The Anti-TRAIL-ICG or free ICG (1 mg/kg) was i.
v. injected into mice (n = 3, in each group) through the tail-vein, then FL
images were acquired at different time points by an in vivo FL imaging
system (Caliper IVIS Lumina II, USA). In addition, typical organs were
collected at 4 h after administration of Anti-TRAIL-ICG nanoagent to
examine the biodistribution profile in tMCAO mice.

In vivo PA imaging. Mice were anaesthetized with 2.5 % isoflurane
and secured on a heated imaging platform under the PA imaging
transducer. US gel was applied to the top of the brain to facilitate US
transmission. Experimental PA imaging with co-registered US was per-
formed using a commercially available laser-integrated high-frequency
US system (Vevo® LAZR, FujiFilm VisualSonics Inc.). The ultrasonic
probe type is MX250, center frequency 18-26 MHz. The system consists
of a tunable NIR Nd:YAG laser coupled into two fiber bundles, which are
tightly attached to a 256 element linear array ultrasound transducer on
either side. The laser signal synchronised the acquisition of the US
signal. The excitation wavelength was 780 nm. Animals were removed
and monitored to ensure full recovery at the end of imaging.

Neurological deficit score (NDS). Longa scores were used to assess
the motor function. 0 points: no signs of nerve damage; 1 point: inability
to fully extend the fore or hind paw on the opposite side of the operation;
2 points: turning to the opposite side of the operation when walking; 3
points: falling to the opposite side of the operation when walking; 4
points: unable to walk spontaneously, loss of consciousness.

In vivo MRI. The MRI was performed at 24 h after tMCAO with a 9.4
T MR scanner (Biospec, Bruker) by using multi-slice and multi-echo
sequence with the following parameters: slices: 20; slice thickness:
0.5 mm; field of view: 2 x 2 cmz; matrix size: 256 x 256. Infarct volume
was calculated from all T2-weighted images. The infarct rate was
calculated to avoid the effect of oedema, the infarct rate = infarct
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volume/contralateral hemisphere volume x 100 %.

In vivo OCTA imaging. To better understand the therapeutic effects
of nanoagent on the cerebral microvasculature after stroke, a home-built
swept-source OCT angiography system was used to study changes in
microvascular morphology before tMCAO and after treatment in
different groups. The light source of the system was a high-speed swept
laser with a center wavelength of 1064 nm, and repetition rate of 200
kHz with the full width at half maximum of 100 nm. This system has an
axial resolution of approximately 5 pm and a lateral resolution of
approximately 29 pm. The system’s imaging FOV is adjustable according
to the actual imaging area, and the imaging depth in the air is approx-
imately 2-3 mm. Briefly, this system can provide a wide field of view
(FOV) of approximately 10 mm x 10 mm with 400 A-lines in each B-scan
(fast axis X direction). The C-scan (slow axis Y direction) contained
2400 B-scans with four repeated scans at the same B-scan area. Mice
were anaesthetized with 2.5 % isoflurane. During the OCTA imaging, the
mouse was fixed on a high-precision head immobilizer to acquire the
optimal imaging position and reduce the motion artifacts. A heating pad
was utilized to maintain the body temperature of the mouse during
imaging.

Measurement of MDA expression. On the third day after stroke, the
brains of the mice were removed after cardiac perfusion. Isolated right
brain tissue was homogenized by adding the extraction solution. The
supernatant was then collected after centrifugation at 8500 rpm for 10
min and the absorbance was measured at 532 and 600 nm using a
microplate reader. The MDA level was calculated according to the for-
mula in the specification (Solarbio).

Nissl staining. Isolated brain tissue after cardiac perfusion was
embedded in paraffin and sectioned at 4 pm. Paraffin sections were then
stained with toluidine blue (Servicebio).

Immunohistochemistry. Paraffin sections were incubated with
GPX4 antibody (1:3000, Servicebio) at 4 °C overnight, then incubated
with secondary antibody at room temperature for 30 min in the dark
after washing with PBST and visualized with DAB solution. Finally, the
nucleus was counterstained with hematoxylin and the sections were
digitally scanned.

Hematoxylin and eosin staining. Organs were fixed in 4 % para-
formaldehyde solution after cardiac perfusion, embedded in paraffin
and sectioned at 8 pm. H&E staining was performed according to
specifications (Servicebio) and observed under the microscope.

Statistical analysis. Data are presented as the mean + standard
deviation (SD). Statistical analysis of the data was performed by one-
way analysis of variance (ANOVA). In addition, a p < 0.05 was
considered to be statistically significant.
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