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ABSTRACT

Neurological injury caused by ischemic stroke is a major cause of permanent disability
and death. The currently available neuroprotective drugs fail to achieve desired therapeutic
efficacy mainly due to short circulation half-life and poor blood—brain barrier (BBB)
permeability. For that, an edaravone-loaded pH/glutathione (pH/GSH) dual-responsive
poly(amino acid) nanogel (NG/EDA) was developed to improve the neuroprotection of EDA.
The nanogel was triggered by acidic and EDA-induced high-level GSH microenvironments,
which enabled the selective and sustained release of EDA at the site of ischemic injury.
NG/EDA exhibited a uniform sub-spherical morphology with a mean hydrodynamic
diameter of 112.3 & 8.2 nm. NG/EDA efficiently accumulated at the cerebral ischemic injury
site of permanent middle cerebral artery occlusion (pMCAO) mice, showing an efficient BBB
crossing feature. Notably, NG/EDA with 50 pM EDA significantly increased neuron survival
(29.3%) following oxygen and glucose deprivation by inhibiting ferroptosis. In addition,
administering NG/EDA for 7 d significantly reduced infarct volume to 22.2% + 7.2% and
decreased neurobehavioral scores from 9.0 + 0.6 to 2.0 £ 0.8. Such a pH/GSH dual-responsive
nanoplatform might provide a unique and promising modality for neuroprotection in
ischemic stroke and other central nervous system diseases.
© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Stroke is one of the most common neurological diseases
and the primary cause of disability and death among adults
worldwide [1]. Approximately 85% of all stroke cases are
categorized as ischemic stroke. It is the leading cause of years
of life lost worldwide and often leads to severe, permanent
disability, which imposes a heavy burden on public health
[2]. Following the blockage of a middle cerebral artery during
ischemic stroke, oxygen and glucose depletion in the ischemic
core generally induces a secondary oxidative stress response.
This response is characterized by the generation of excessive
reactive oxygen species (ROS) and inflammatory factors [3],
leading to irreversible neuronal death [4].

Thus far, administering thrombus-dissolving drugs, such
as tissue plasminogen activator, is the first-line clinical
therapy for ischemic stroke [5]. However, due to the narrow
time window for administering this treatment, i.e., within
3 — 4.5 h post-onset, only <7% of patients benefit from
thrombolytic therapy [1]. Following vessel recanalization,
secondary tissue damage caused by ischemia—reperfusion
often enlarges the infarct size and worsens the neurological
deficit. Approximately 40% of survivors remain disabled
after successful recanalization attributed to the secondary
reperfusion injury following ischemic stroke [6].

Therefore, neuroprotective agents, such as edaravone
(EDA), neurotrophin, and nerve growth factors, offer promise
to protect the brain from such overwhelming neurological
damage during ischemic stroke. The Japanese Health
Authorities approved the small-molecule drug EDA in 2001
to treat ischemic stroke [7]. EDA, a free radical scavenger, has
emerged as one of the most commonly used neuroprotective
agents for ischemic stroke in clinical practice due to its
ability to resist lipid peroxidation and increase the levels of
antioxidant enzymes [8,9]. However, the need for frequent
and excessive administration due to the short circulation
half-life and non-selective release of EDA poses a severe risk
of developing toxicity in patients [10]. Thus, it is essential to
endow EDA with the ability to target and sustain release while
improving its biocompatibility. Recent studies suggested that
the nanoparticle-based drug carriers are promising for
targeted and selective treatments of ischemic stroke [11,12].
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To address the above challenges, an EDA-loaded
pH/glutathione (pH/GSH) dual-responsive poly(amino acid)
nanogel (NG/EDA) composed of methoxy poly(ethylene
glycol)—poly(L-glutamic acid-co-L-cystine) (mPEG—P(Glu-co-
Cys?), NG) was designed and constructed based on acidic
pathological characteristic of the ischemic tissue and EDA-
induced high-level GSH microenvironments. As depicted
in Scheme 1, the designed nanoplatform was constructed
to accomplish pH/GSH-triggered EDA release. The in vitro
and in vivo results demonstrated that NG/EDA alleviated
ischemic brain injury more significantly than free EDA, which
is attributed to its better BBB penetration and selective,
sustained release behavior of EDA in the ischemic area.
NG/EDA ameliorated neurological deficits and secondary
damage by inhibiting ferroptosis. This study may provide
unique perspectives on the regulatory network between
ischemic stroke and ferroptosis and a promising strategy for
alleviating cerebral ischemic injury.

2. Materials and methods
2.1. Materials

Methoxy poly(ethylene glycol) (mPEG, number-average
molecular weight (Mp) = 2,000 g/mol) was purchased from
Sigma-Aldrich (Shanghai, China). The amino-terminated
mPEG (mPEG-NH,;) was synthesized according to the
previously reported literature procedure [13]. y-Benzyl-L-
glutamate and L-cystine were purchased from GL Biochem
Co., Ltd. (Shanghai, China). Triphosgene was purchased
from Beijing Innochem Science & Technology Co., Ltd.
(Beijing, China). Ultra-dry tetrahydrofuran (THF), ultra-dry
N,N-dimethylformamide (DMF), trifluoroacetic acid (TFA), and
hydrogen bromide solution in acetic acid (33%, 3 ml) were
purchased from J&K Scientific Co., Ltd. (Shanghai, China).
All the other reagents and solvents were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
used as obtained. EDA was obtained from MedChemExpress
Company (Monmouth Junction, NJ, USA).

Hanks’ balanced salt solution (HBSS), Dulbecco’s modified
Eagle’s medium (DMEM), neurobasal medium, glucose-free
DMEM, and B27 supplement (50x) were purchased from
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Scheme 1 - Targeted neuroprotection through inhibiting ferroptosis by NG/EDA in cerebral ischemia injury.
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Gibco Life Technologies (Grand Island, NY, USA). Fetal equine
serum was purchased from Solarbio Life Sciences (Beijing,
China). Poly(L-lysine) (PLL, M, = 150,000—300,000 g/mol),
trypsin powder (porcine, 1:250), L-Glutamine, ferrostatin-1
(Fer-1), and erastin were purchased from Sigma-Aldrich
Company (St. Louis, MO, USA). Cell counting kit-8 (CCKS)
was purchased from Abcam (Cambridge, MA, USA). Iron
assay kit was obtained from Sigma-Aldrich (St. Louis,
MO, USA). 2/,7-dichlorofluorescein diacetate (DCFH-DA)
probe, GSH, glutathione oxidized (GSSG) assay kit, and
malondialdehyde (MDA) assay kit were bought from Beyotime
Biotech (Nanjing, China). MitoSOX-Red, BODIPY™ 581/591
C11 (Lipid Peroxidation Sensor phosphatase inhibitor),
bicinchoninic acid (BCA) protein assay kit, and enhanced
chemiluminescence western Dblotting substrate
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). The relevant information of primary antibodies and
secondary antibodies was shown in Table S1. 2,3,5-triphenyl
tetrazolium chloride (TTC) was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

For an oxygen-glucose deprivation (OGD) model, adult
female C57BL/6 pregnant mice purchased from Charles River
Laboratories (Beijing, China) were used on the 17th embryonic
day. For a permanent middle cerebral artery occlusion
(pPMCAO) model, 6 to 8 weeks adult male C57BL/6 mice
purchased from Charles River Laboratories (Beijing, China)
were housed in a specific pathogen-free environment under
the condition of 12 h light/12 h dark cycle with free access to
food and water, and acclimatized to their surroundings for 3
d. All procedures and treatments were approved by the Ethics
Committee of Medical Experiment Animals in the College of
Basic Medicine of Jilin University (No. 2019049).

were

2.2.  Preparation of edaravone-loaded poly(amino acid)
nanogel

A simple dialysis method loaded EDA into the poly(amino
acid) nanogel NG. Briefly, NG (20 mg) was dissolved in 5 ml
DMF, and the solution was stirred thoroughly for 12 h. Next,
EDA (5 mg) was added, stirring the solution for another
2 h. After that, the solution was slowly added dropwise to
10 ml phosphate-buffered saline (PBS) at pH 7.4 and stirred
for 2 h. Subsequently, the solution was transferred to a
dialysis bag (molecular weight cutoff (MWCO) = 3,500 Da) and
dialyzed with deionized water for 24 h. Finally, the solution
was filtered and lyophilized to obtain the NG/EDA. The drug
loading content (DLC) and drug loading efficiency (DLE) were
calculated according to following equations:

Weight of EDA in NG/EDA
DLC (%) = n 100%
(%) Weight of NG/EDA 4
o Weight of EDA in NG/EDA .
DLE (%) = Weight of feeding EDA 100%
2.3. Edaravone release in vitro

NG/EDA was configured into a 0.1 mg/ml solution and added
to a dialysis bag (MWCO = 3,500 Da). The bag was dunked
in 100 ml PBS or with 5/10 mM reduced GSH at pH 7.4 or

6.5 and placed in a constant temperature shaker at 37 °C.
External buffer (2 ml) was collected and replaced with fresh
buffer at 1, 3, 6, 12, 24, 48, and 72 h. The concentration of EDA
was determined by high-performance liquid chromatography
(HPLC) using a standard curve method which details are
described in Supplementary materials.

2.4. Cell viability assay

The survival of primary cultured neurons was assessed using
CCKS8. The neurons were cultured in 96-well plates precoated
with PLL for 10 d. To evaluate cytotoxicity, NG of 0, 10, 50,
100, 200, and 500 pg/ml or NG/EDA with 0, 10, 50, 100, 200,
and 500 pM EDA was added to indicated wells containing
complete medium, and the cells were incubated at 37 °C with
5% (v/v) CO, for 48 h. In addition, neuron cells were treated
with NG/EDA (contact with 5, 10, 25, 50, and 100 pM EDA) and
Fer-1 (1, 2, 5, 10, 20, 40, and 60 nM) with or without OGD for
4 h. After that, the neurons were treated with different doses
of erastin (0, 0.2, 0.5, 5, 10, 20, and 50 pM) with or without
NG/EDA (contact with 50 pM EDA) for 24 h in a complete
medium at 37 °C with 5% (v/v) CO,. Next, CCK8 (10 pl) was
added to each well, and the cells were incubated for 1-4 h.
Finally, the absorbance was read at 450 nm wavelength using
a Tecan Austria reader (A-5082, Tecan Trading AG, Mannedorf,
Switzerland).

2.5. Assessment of intracellular Fe?*

The levels of Fe?* were detected using an iron assay kit
according to the instructions provided by the manufacturer.
Briefly, the collected neurons (2 x 10° cells) and the cortices
of the ischemic territory (10 mg) of mice with pMCAO were
homogenized in ice-cold iron assay buffer. The supernatant
was obtained after centrifugation at 16,000 g for 10 min to
remove insoluble material. For Fe?t, the sample (50 ul) was
supplemented with Iron Probe (100 pl) and incubated for
90 min at 25 °Cin the dark. Finally, the samples were measured
at a wavelength of 593 nm using a Tecan Austria GmbH reader
(A-5082). Data were represented as a ratio of the concentration
relative to the control/sham (Ctrl/Sham) group.

2.6.  Detection of mitochondrial reactive oxygen species

The neurons (5 x 10* cells) were seeded in 24-well plates
containing complete medium and incubated at 37 °C with 5%
(v/v) CO, for 10 d. Subsequently, the cells were incubated with
or without EDA (50 uM) or NG/EDA (contact with 50 pM EDA)
under OGD for 4 h. Next, a DCFH-DA probe or MitoSOX-Red
was added to each well according to the instructions provided
by the manufacturer. Images were captured using a ZEISS
Imager Z2 confocal microscope (Carl Zeiss AG, Oberkochen,
Germany).

2.7. Assessment of lipid peroxidation
Lipid peroxidation was determined with a MDA assay kit, as

described by the manufacturer. The collected neurons (2 x 10°
cells) and the cortices of the ischemic territory (10 mg) of
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Fig. 1 - Chemical characterizations of NG and NG/EDA: (A) 'H NMR spectrum of NG. (B) Typical TEM image of NG/EDA. (C)
Diameter of NG/EDA derived from TEM image. (D) Particle size and ¢-potential changes of NG and NG/EDA. (E) Size and
¢-potential changes of NG/EDA under different conditions for 3 d. (F) EDA release profiles from NG/EDA at pH 6.5 or 7.4 with
or without 5 mM GSH. The statistical data are represented as mean = SD (n = 3).

mice with pMCAO were homogenized in an ice-cold assay
buffer. After homogenization, the samples were centrifuged
at 10,000 g for 15 min to obtain the supernatant. Following the
quantification of protein concentration using a BCA protein
assay kit, the supernatant was examined at a wavelength
of 530 nm. The MDA levels were expressed as a ratio of
concentration to the level of Ctrl/Sham group.

2.8. Assessment of intracellular reduced glutathione

GSH was detected using a GSH and GSSG assay kit
according to the instructions provided by the manufacturer.
Briefly, the collected neuron cells and the cortices of the
ischemic territory (10 mg) of pMCAO mice were added to
the protein removal reagent (70 pl). After homogenization,
the homogenates were centrifuged at 10,000 g for 10 min
at 4 °C, and the supernatant was collected to determine
the concentration of total GSH. A GSH-scavenging working
solution was added to the supernatant to remove GSH. Finally,
samples were analyzed at a wavelength of 530 nm. The levels
of GSH were calculated from the total GSH and oxidized GSH
measurements and expressed as a ratio of the readings over
the concentration recorded in the Ctrl/Sham group.

2.9.  Western blotting

After homogenization, the collected primary neurons,
cortices of the ischemic territory, and the corresponding
tissues of sham-operated mice were lysed in the ice-cold
radioimmunoprecipitation assay buffer supplemented with
phenylmethylsulfonyl fluoride and phosphatase inhibitors.

The sediment was removed by centrifugation at 12,000 g for
15 min at4 °C to obtain the supernatant. Protein concentration
was determined using a BCA assay kit. After boiling the
protein samples in a loading buffer, aliquots (10-15 pg)
were loaded in sodium dodecyl sulfate—polyacrylamide
gel (8%—15%, w/w) and separated through electrophoresis
under constant voltage (100 V). Subsequently, proteins
were transferred onto poly(vinylidene fluoride) membranes
and incubated with 10% (w/w) skimmed milk powder for
1.5 h. This was followed by incubation with the primary
antibody overnight at 4 °C and horseradish peroxidase-linked
secondary antibody for 2 h at room temperature. Enhanced
chemiluminescence reagent was used for immunodetection
and visualization using an Amersham Imager 600 System
(General Electric Company, Fairfield, CT, USA).

3. Results and discussion
3.1.  Synthesis and characterizations of
MPEG—P(Glu-co-Cys?) with and without edaravone

NG was synthesized through a one-step ring-opening
polymerization (ROP) and deprotection strategy, as shown in
Scheme S1 [14]. The successful synthesis of NG was confirmed
by proton nuclear magnetic resonance (*H NMR) in TFA-d. As
shown in Fig. 1A, the signal at 3.5 (b), 2.8 (f), and 2.3 ppm (e)
in 'H NMR spectra proved the existence of mPEG, glutamic
acid, and cystine, indicating the successful synthesis of NG.
Furthermore, the degrees of polymerization (DPs) of glutamic
acid and cystine units was 9.8 and 5.1, respectively.



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 19 (2024) 100886 5

Nanoformulations  were produced through the
incorporation of EDA into the poly(amino acid) nanoparticle
to improve the biocompatibility and selectivity of EDA.
The disulfide bond in the cystine unit upregulated the
enveloping efficiency of EDA by cross-linking. Moreover, the
negative charge generated by the glutamic acid component
further enhanced the binding ability with the positively
charged EDA based on the positive—negative interaction. In
addition, the exposed PEG on the nanogel surface reduced
the adsorption of proteins, prolonged circulation time of
the nanoformulation, and increased drug accumulation.
According to the results obtained through a transmission
electron microscope (TEM), NG/EDA was a subspherical
particle with a size of 74.3 + 9.4 nm (Fig. 1B and C). The
hydrodynamic diameters (Dys) of NG and NG/EDA were
examined to be 98.2 and 112.3 nm by dynamic laser scattering
(DLS) in the intensity model, respectively (Fig. 1D). After
loading the EDA, the ¢-potential of NG increased from
—19.2 to —2.8 mV, further demonstrating the successful
drug loading. Notably, the negative charges prolonged the
circulation time of NG/EDA. According to the HPLC result,
the DLC and DLE were calculated to be 19.6% and 98.2%,
respectively.

To investigate the stability of NG/EDA, we tested the
particle size and ¢-potential of NG/EDA under different
conditions for 72 h. As shown in Fig. 1E, no significant
size change was observed without GSH, indicating that
NG/EDA was stable under physiological conditions. However,
the particle size of NG/EDA increased remarkably when the
conditions of GSH were present. This was mainly due to
the breakage of disulfide bonds and the influence of the
assembly structure of nanoparticle, increasing the particle
size. The change in the ¢-potential of NG/EDA was mainly
due to the release of EDA. Under pH 6.5 and GSH conditions,
the ¢-potential returned to the level before the loading of
EDA, which remained consistent with the release data. It was
demonstrated that NG/EDA has good stability under normal
physiological conditions.

The pH/GSH dual-responsive nanogel was constructed
to achieve sustained and selective drug release from the
ischemic brain tissue. The changes in pH affected the positive
and negative electrical interactions of EDA and the glutamic
acid unit. Furthermore, the disulfide bond in the cystine
component could be disrupted by the upregulated level of GSH
induced by the EDA at the site of ischemia. This endowed
NG/EDA with a pH/GSH dual-responsive property for releasing
EDA. The amount of EDA released in PBS with or without GSH
at different pH conditions was detected using the dialysis
method to examine the drug-release behavior of NG/EDA in
vitro. The sustained release of EDA was observed over a 72-
h period. As shown in Fig. 1F, only < 25% of the EDA was
released from NG/EDA in PBS at pH 7.4 within 72 h. It was
attributed to the stable coordination between EDA and the
glutamic acid component of NG at pH 7.4 and the stability
of disulfide bond in the cystine unit of NG in the absence of
GSH. During acute ischemia, the pH of the tissue drops to
6.0 — 6.5, at which point NG/EDA rapidly responded to the
low pH stimulus to release EDA. This change in the release
may be attributed to the protonation of carboxylic group,
which weakened NG and EDA coupling. It has been reported

that GSH is present in large amounts in the brain tissue
(~10 mM), while as brain ischemia progresses, GSH drops to
~5 mM [15]. Several studies have found that EDA significantly
reduced the GSH depletion caused by ischemic injury and
increased the concentration of GSH [16,17]. When NG/EDA met
GSH, the release rate of EDA was significantly increased due
to the disruption of the cross-linked structure of NG, which
explained the 96.2% release of EDA from NG/EDA within 72 h
in a higher GSH concentration of ~10 mM at pH 6.5 (Fig.
S1). Even under lower GSH concentration of ~5 mM, NG/EDA
achieved 67.9% EDA release at 72 h (Fig. 1F). Our data suggested
that the increased GSH synergized with low pH to further
stimulate the release of EDA from NG/EDA in that case. Thus,
these results demonstrated that NG/EDA reduced the EDA
release in normal blood circulation and achieved effective,
controlled and sustained drug release at the site of ischemic

injury.

3.2.  Safety evaluation, neuroprotective effect, and
mechanism of EDA-loaded nanogel

Neuroprotective therapy is currently the primary treatment
strategy to rapidly rescue damaged neurons in the ischemic
penumbra [18]. Therefore, we investigated whether NG/EDA
protected neurons from ischemic injury. Primary neuron cells
were isolated from C57BL/6 mice and subjected to OGD to
mimic cerebral ischemic injury in vitro. After culture for 10 d,
the primary neurons of high purity, 96.4%, as determined by
immunofluorescence staining, were obtained (Fig. 2A). CCK8
assay was used to evaluate the survival of neurons subjected
to OGD. The results showed that OGD induced death in the
neurons in a time-dependent manner (Fig. 2B). Such cell death
could be specifically prevented by the use of NG/EDA in a dose-
dependent manner at equivalent EDA concentration ranging
from 5 to 100 pM (Fig. 2C). Observation by optical microscopy
indicated that the neurons in the NG/EDA group maintained
a complete neural network, and the number of axons in the
same field was higher in this group compared with that in the
EDA group (Fig. 2D and E). Consequently, NG/EDA possessed
markedly higher neuroprotective activity versus the free drug
EDA. HPLC was used to detect the level of EDA in neuronal
cells after incubation of free EDA or NG/EDA for 6 h. The
data showed that the intracellular concentration of EDA was
significantly higher in the NG/EDA group, suggesting that
NG/EDA had better cell uptake ability than free EDA (Fig.
S2). We subsequently evaluated the safety of NG/EDA. After
incubation with increasing concentration of NG or NG/EDA
for 48 h, the neurons maintained high rates of cell viability at
93.1% or 95.7%, respectively. These findings demonstrated the
satisfactory biosafety of NG/EDA (Fig. S3 and S4). Therefore,
developing a nanoformulation for EDA is a safe and effective
strategy.

Ferroptosis is a newly recognized type of cell death driven
by iron-dependent lipid peroxidation [19]. It was recently
confirmed that ferroptosis was involved in neurological
impairment after cerebral ischemia [20]. Hence, we further
investigated whether ferroptosis played a crucial regulatory
role in stroke. We recorded the following observations to
support the hypothesis that NG/EDA protected the neurons
from an ischemic stroke via ferroptosis:
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(1) Although ferroptosis could be triggered via different

-

pathways, it was commonly inhibited by ferroptosis
antagonists, such as Fer-1 [21]. Pretreatment with Fer-
1 reversed the death of neurons subjected to OGD,
and NG/EDA with 50 pM EDA significantly rescued the
neuronal injury induced by ferroptosis inducer erastin
(Fig. 3A—3C). These results illustrated that ferroptosis
was caused by OGD, while NG/EDA reversed the
erastin-induced ferroptosis. Therefore, we suggested
that NG/EDA inhibited ferroptosis.

Iron overload was considered a typical feature of
ferroptosis [22]. The level of Fe?t was determined using
an iron assay kit. We found that NG/EDA with 50 pM
EDA significantly decreased the relative Fe?* levels
(i.e., versus those recorded in the Ctrl group) from 1.9
to 0.9 in the model of neurons subjected to OGD. In
contrast, the effect of EDA on Fe?t levels was limited
(Fig. 3D).

©)

ROS was a crucial target for preventing ferroptosis [23].
Intracellular ROS levels were measured using a DCFH-
DA probe. OGD induced a significant increase in the
levels of ROS. In contrast, weak green fluorescence was
observed in the Ctrl and NG/EDA groups (Fig. 3E).
Mitochondrial dysfunction induced by increased
mitochondrial ROS was critical for ferroptosis [24].
Mitochondrial superoxide indicator MitoSOX Red
was used to detect mitochondrial ROS. Fluorescence
analysis revealed that NG/EDA markedly neutralized
the OGD-mediated increase of mitochondrial ROS,
whereas EDA failed to exert such an effect (Fig. 3F).
MDA, the final product of the peroxidation of
polyunsaturated fatty acids, was overproduced during
ferroptosis [25]. As shown in Fig. 3G, the intracellular
MDA level was significantly lower in the neurons treated
with NG/EDA than in those subjected to OGD or treated
with EDA. A lipid peroxidation sensor, BODIPY 581/591
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C11, was used to label the OGD neurons, and the results
showed that NG/EDA decreased the final products of
lipid peroxidation induced by OGD damage (Fig. S5).
These observations indicated that the inhibition of
ferroptosis by NG/EDA was attributed to the efficient
removal of excessive lipid peroxide in injured cells.

(6) Depletion of endogenous antioxidant enzymes,
ie, GSH and glutathione peroxidase 4 (GPX4), was
considered the leading cause of neuronal susceptibility
to ferroptosis [26]. GSH analysis showed that EDA
mitigated the depletion of GSH induced by OGD;
however, the effect was significantly less pronounced
than that recorded in the NG/EDA group (Fig. S6). These
changes indicated that NG/EDA inhibited ferroptosis by
activating the antioxidant enzymes. Furthermore, we
found that differences in the GPX4 enzyme in neuron
models were consistent with those noted for GSH
(Fig. 3Tand ).

GSH analysis also found that the content of GSH in
the neurons treated with EDA or NG/EDA decreased to
varying degrees when OGD stimulation lasted to 12 h,
which was attributed to the severe consumption of GSH
induced by continuous glucose and oxygen depletion. NG/EDA
significantly increased GSH level under OGD within 24 h.
When the stimulation lasted for 72 h, the GSH content of
NG/EDA group was significantly higher than that of the EDA
group, which was 1.89 times that of the Ctrl group (Fig. 3H).
There is evidence that under OGD condition, glycolysis
was enhanced in the primary neurons, leading to ambient
acidification [27]. The results suggest that NG/EDA rapidly
released EDA in response to low pH stimulation in the early
stage of OGD. The initial release of EDA increases the GSH
level of damaged neurons and further promotes residual
EDA release in NG/EDA. This analysis further explained that
NG/EDA was superior to free EDA in cell uptake, as mentioned
above (Fig. S2).

Our observations showed that NG/EDA effectively inhibited
the OGD-mediated ferroptosis and the synergistic effect of
PH/GSH dual-responsiveness might be beneficial to the cell
uptake of NG/EDA and the sustained release of EDA.

A recent study demonstrated that the mitogen-activated
protein kinase (MAPK) signaling pathway plays a causative
role in mediating ferroptosis through the regulation of
iron metabolism [28]. The activation of p38/extracellular
regulated kinase (p38/ERK) MAPK pathway upregulated the
expression of transferrin (TF) and transferrin receptor (TFR)
after ischemic stroke, which acted as central regulators
to transport extracellular Fe3t into the cells. Ferroportin
1 (FPN1) was the only known efflux pump for iron ions
[29]. The expression of TF, TFR and FPN1 in the primary
cultured neurons following treatment was detected to clarify
whether the abnormal changes in the intracellular Fe?*
were associated with the MAPK-mediated upregulation of
Fe?*/Fe3+ transport-related proteins. An obvious upregulation
of TF and TFR was observed after OGD-induced injury,
whereas the expression of FPN1 was significantly decreased.
These data suggested that the Fe3* influx mediated by TF
and TFR was increased, whereas the Fe?* efflux mediated by
FPN1 was inhibited after glycogen depletion. Subsequently,
we found that the phosphorylation levels of p38 and ERK1
and 2 (ERK1/2) (i.e., the ratio of phosphorylated protein levels
over the total protein levels) were significantly increased
after OGD-induced injury, indicating the activation of p38/ERK
MAPK pathway. Of note, both EDA and NG/EDA decreased
the abnormal elevation in the expression of phosphorylated-
ERK1/2 (p-ERK1/2) and phosphorylated-p38 (p-p38) to a certain
extent. This was accompanied by a corresponding decrease in
the TF and TFR expression. However, the inhibitory effect of
NG/EDA was more significant than that of EDA (Fig. 4A—4C).
These changes in the expression of key proteins suggested
that NG/EDA significantly inhibited the activation of p38/ERK
pathway to reduce the influx of exogenous Fe?* by regulating
the above iron metabolism-related proteins. This evidence
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explained the inhibitory effect of NG/EDA on OGD-induced
ferroptosis in terms of iron metabolism.

However, the regulatory network wunderlying the
interaction between iron metabolism-related proteins and the
P38/ERK MAPK signaling pathway was not fully understood.
Hence, further investigation was warranted to determine how
the pathway regulates iron metabolism.

3.3.  Neuroprotective effect of EDA-loaded nanogel in
permanent middle cerebral artery occlusion mice

To evaluate the biodistribution and in vivo targeting of
NG/EDA, NG/EDA was labeled with Cy5.5 (Cy5.5-NG/EDA) and
intravenously (i.v) injected into pMCAO mice to observe the
distribution in vivo. Six hours after i.v. injection of Cy5.5-
NG/EDA, the fluorescent signal in the brain was strong
(Fig. 5A). This result was consistent with previous reviews that

nanoparticles at about 100 nm are ideal for penetrating the
BBB [30]. Similarly, ex vivo imaging results showed that the
fluorescence signal in the whole brain of pMCAO mice was
significantly enhanced at 6 h and decreased to 44.8% after 24 h
(Fig. 5B and C). In addition, NG/EDA was mainly accumulated
in the liver and kidney. The fluorescence intensity in the liver
and kidney maintained high prior to 6 h, while it decreased at
24 h after i.v. injection (Fig. 5D). Accordingly, we determined
the dosing interval to be every 24 h in subsequent in vivo
experiments.

We subsequently conducted an in vivo evaluation of the
neuroprotective performance of NG/EDA in the mice with
PMCAQO. The design and timeline of experiments performed
using the mouse model of pMCAO are shown in Fig. 6A.
The neurological severity score (NSS) was lower in the
NG/EDA-3 d group (5.2 + 0.9) compared with those in
the saline-3 d (9.0 + 0.6) and EDA-3 d (7.8 £+ 0.7) groups
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(Fig. 6B). The evaluation of the inhibitory effect of NG/EDA
on ferroptosis was extended to 7 d after pMCAO, which
still showed more efficient neuroprotection than free EDA.
The infarct volume was evaluated through TTC staining.
Consistent with the above results, the NG/EDA-3 d group
exhibited a more significant reduction in infarct volume
compared with the EDA-3 d group. These findings indicated
that NG/EDA exerted better neuroprotection than EDA at a
dose of 2.0 mg/(kg BW) (Fig. 6C and D). Importantly, these
changes became more pronounced following the prolongation
of treatment with NG/EDA to 5 or 7 d, which suggested that
NG/EDA gradually attenuated severe neurological dysfunction
in the mice with pMCAO in a time-dependent manner.
Consistent with these observations, NG/EDA exerted an
obvious protective effect on the hippocampal neurons in
the CA1 region, the major region of neuronal injury, as
demonstrated by hematoxylin and eosin (H&E) staining
(Fig. 6E and S7). S100b existed specifically in central nerve
cells; overexpression of S100b indicated insults to the neurons
[31]. Hence, the expression of S100b was assessed after
the ischemic stroke. Immunohistochemistry (IHC) images
substantiated that NG/EDA reversed the overexpression of
S100b in the hippocampal dentate gyrus neurons subjected
to pMCAO (Fig. 6F and S8). These results suggested that the
selective release of EDA from NG/EDA exerted a targeted
neuroprotective effect in the damaged hemisphere.

NG/EDA was able to protect the primary neurons against
neurological damage through the inhibition of ferroptosis.
Thus, we investigated whether NG/EDA protected the neurons
and antagonized ferroptosis in permanent ischemia in
vivo. Morphologically, ferroptosis cells exhibit ultrastructural
changes in mitochondria [32]. The absence of apoptotic bodies
or autophagosomes in ferroptosis cells and the absence of
swelling of organelles or rupture of cell membranes were
striking features distinguishing ferroptosis from other forms
of cell death [33]. The morphology of neurons in the sham,
saline, EDA, and NG/EDA groups was examined through
TEM. Compared with those in the saline and EDA groups,
neurons in the sham and NG/EDA groups exhibited an
intact cell membrane and a linear or granular appearance
of mitochondria with an intact double-layered membrane
structure. In the saline and EDA groups, the images showed
that mitochondria shrank, the inner mitochondrial cristae
decreased or disappeared, and the outer mitochondrial
membrane was damaged (Fig. 7A). This evidence illustrated
that NG/EDA significantly inhibited the neuronal ferroptosis
induced by an ischemic hypoxic insult. The protein analysis
corroborated these findings. The results revealed significant
increases in the TF and TFR levels and reductions in the
FPN1 and GPX4 levels in the ipsilateral damaged hemisphere
after pMCAO. Nevertheless, NG/EDA attenuated the abnormal
expression of above proteins (Fig. 7B and C). We also analyzed
the expression of related proteins to provide evidence
that the NG/EDA-mediated change in the p38/ERK MAPK
pathway in response to ischemic insult-induced ferroptosis
in vivo. The results were similar to those obtained in vitro;
increased phosphorylation of ERK1/2 and p38 was observed
in the ischemic insult group. NG/EDA reversed the protein
concentration to basal levels, indicating successful inhibition
of the p38/ERK MAPK pathway. Consistent with the above

results in the model of OGD, NG/EDA significantly inhibited
ferroptosis. This was reflected by the gradual reversal of
elevation in the Fe?* level (Fig. 7D), the increase in one of
the final products of lipid peroxidation MDA (Fig. 7E), or
the membrane intensity of lipid peroxidation sensor BODIPY
581/591 C11 (Fig. S9), and the depletion of GSH (Fig. 7F). This
result had also led to the discovery that NG/EDA partially
released EDA in response to dropped pH in the ischemic area
at the initial stage. With the significant increase in the GSH
level, the synergistic effect of pH/GSH dual-responsiveness
further improved the local release of EDA.

The present results suggested that NG/EDA achieved
selective and sustained drug release in the injured ischemic
hemisphere and exerted long-term neuroprotection against
ischemic stroke by inhibiting ferroptosis.

4, Conclusion

This study developed a pH/GSH dual-responsive poly(amino
acid) nanogel as a delivery vehicle of EDA to achieve
targeted molecular therapy for ischemic stroke. They were
demonstrated to effectively deliver EDA across the BBB and
enable sustained and selective release in the ischemic area
site. Moreover, NG/EDA exerted neuroprotective effects via
inhibiting ferroptosis, thus alleviating neurological deficits
and reversing ischemic insults. It protected the damaged
primary neurons and ischemic mice from ferroptosis by
regulating the MAPK signal pathway via iron metabolism-
related proteins, increasing antioxidant enzyme levels, and
reducing lipid peroxide accumulation. In conclusion, the
NG/EDA-derived nanotherapies might become a valuable
clinical option for treating ischemic stroke and other central
nervous system diseases.
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