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A B S T R A C T   

It is reported here that a portable repetitive transcranial magnetic stimulation device with low intensity (LI- 
rTMS, 6–9 mT) combination with magnetic nanoparticles loaded with scutellarin (SCU MNPs), a flavone 
extracted from the Chinese herbal medicine Erigeron breviscapus (Vant.) Hand.-Mazz, can enhance the brain 
protection of SCU against cerebral ischemia/reperfusion (I/R) injury of rats. To establish the focal cerebral I/R 
injury model, the middle cerebral artery (MCA) of male Sprague-Dawley (SD) rats was occluded for 1 h. A 
prolonged blood circulation was observed in our SCU MNPs in rats with cerebral ischemia. More importantly, the 
accumulation of SCU in brain tissue caused by LI-rTMS during SCU MNPs treatment can significantly reduce the 
amount of cerebral infarct after cerebral I/R compared to free SCU or SCU MNPs alone. H&E and TUNEL staining 
also revealed that the combined use of SCU MNPs and LI-rTMS improved neuronal architecture and morphology, 
and reduced apoptosis in the brain, respectively. Results from SOD, MDA, TNF-α and IL-6 tests further confirm 
that LI-rTMS coupled with SCU MNPs can be synergistic in treating cerebral I/R injuries through anti-oxidant and 
anti-inflammatory pathways. As a result, our injectable SCU MNPs combined with LI-rTMS provide promising 
protection against brain damage caused by cerebral I/R, and the combination of magnetic nanoparticles with LI- 
rTMS may also be useful as a potential drug delivery system for brain diseases.   

1. Introduction 

In the world, stroke is the second leading cause of death and con-
tributes significantly to disability [1,2]. According to the 2016 Global 
Burden of Disease Study, China had the highest estimated lifetime stroke 
risk of up to 39.3% from age 25 years onwards, higher than Western 
Europe’s 22.2% and North America’s 22.4% [3]. Ischemic stroke begins 
when blood flow to parts of the brain is blocked or reduced, resulting in 
cell death if reperfusion is not occurred within a short period of time [4]. 
Unfortunately, the only approved treatment options for patients are 

mechanical thrombectomy and thrombolysis through tPA administra-
tion [5,6]. In light of the lack of available options, novel methods are 
necessary to minimize or reverse the damage caused by ischemic stroke. 

Transcranial magnetic stimulation (TMS) is an indirect and non- 
invasive method that has gained a lot of attention recently. Induction 
of excitability changes in the motor cortex is possible by means of 
generating a magnetic field that passes through the scalp [7]. Generally, 
single-pulse TMS (including paired-pulse TMS) is used to investigate 
brain function [8], while repetitive TMS (rTMS) is used to cause lasting 
changes in brain activity [9]. Thus, rTMS appears to be a potential 
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therapy for neurological and psychiatric diseases, such as neuropathic 
pain [10], stroke [11], and others. In general, rTMS is a safe practice 
[12]. The majority of the adverse effects were mild, with headache or 
dizziness being most common [13]. But the most serious safety hazard of 
TMS is its potential to cause noise-induced hearing loss or seizures [12, 
14]. Thus, we consider the combination of low intensity-repetitive 
transcranial magnetic stimulation (LI-rTMS) devices with chemo-
therapy to treat ischemic stroke. 

In our previous studies [15], it is found that scutellarin (SCU, 4,5, 
6-trihydroxyflavone-7-glucuronide, CAS 27740-01-8), a flavonoid drug 
derived from the Chinese herb Erigeron breviscapus (Vant.) Hand-Mazz, 
can effectively reduce the cerebral infarct area and attenuate the cell 
apoptosis in brain tissue and protect brain against cerebral ischemia. 
However, SCU has a low solubility in water (0.02 mg/mL) [16]. In 
addition, it has a short biological half-life and poor stability (0.7h [17] - 
2.3h [18]). After our encapsulation of the poly(lactic-co-glycolic acid) 
(PLGA) polymer, the stability of SCU was improved and the circulation 
time in the blood was prolonged [19]. As a result, we try to entrap the 
magnetic nanoparticles (Fe3O4 NPs) into SCU PLGA NPs and design the 
magnetic drug delivery system combined with LI-rTMS for the ischemic 
stroke. 

In this study, SCU MNPs were prepared. The effect of intensity and 
irradiation time of alternating magnetic field (AMF) from LI-rTMS de-
vice and the effect of iron addition in the formulation on the SCU level in 
the brain were investigated by a UPLC-ESI-MS/MS method. The final 
formulation for the animal studies was optimized by Box-Behnken 
experimental design (see the supplementary materials). A rat model 
with transient middle cerebral artery occlusion (MCAO) was used to 
investigate the pharmacokinetic and pharmacodynamic effects of SCU 
MNPs combined with LI-rTMS. A series of neurological function test and 
histopathological examinations were carried out to confirm the superior 
protective activity of SCU MNPs combination with the exposure of LI- 
rTMS against ischemia/reperfusion (I/R) injury compared to free SCU 
or SCU MNPs alone. 

2. Materials and methods 

2.1. Materials 

Oleic acid (OA)-coated Fe3O4 nanoparticles (particle size: ~10 nm, 
saturation magnetization: ~75 emu/g Fe) was obtained from Nanjing 
XFNANO Materials Tech Co., Ltd (Jiangsu, China). SCU (purity >98%, 
CAS: 27740-01-8) was purchased by Laizhang Pharmaceutical Tech-
nology Co., Ltd. (Kunming, China). Poly(vinyl alcohol) (PVA, Mw 
13,000–23,000, 87–89% hydrolysed), poly(ethylene glycol) methyl 
ether-block-poly(lactide-co-glycolide) (PEG-PLGA, PEG average Mn 
2000, PLGA average Mn 11,500), and 2,3,5-triphenyltetrazolium chlo-
ride (TTC) were obtained from Sigma Aldrich (St. Louis, USA). An acid 
terminated 50:50 DL-lactide/glycolide copolymer (PLGA, 0.2 dl/g, mol. 
wt. 17,000 g/mol) was supplied from Corbion (Gorinchem, The 
Netherlands). Fe standard solution was purchased from Guobiao Testing 
& Certification Co., Ltd. (Beijing, China). Methanol (HPLC grade) and 
acetonitrile (HPLC grade) were supplied from TEDIA@ High Purity 
Solvents (Shanghai, China). PBS solution (pH 7.4), dialysis bag (MWCO 
= 8,000–14,000 Da) and dialysis bag (MWCO = 30 KDa) were pur-
chased from Solarbio® Life Sciences (Beijing, China). Para-
formaldehyde, Hematoxylin-eosin staining kit (HE), 4′,6-diamidino-2- 
phenylindole (DAPI) and TUNEL apoptosis assay kit was obtained from 
Wuhan Servicebio Technology Co., Ltd. (Hubei, China). SOD, MDA and 
NO kits were purchased from Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China). TNF-α and IL-6 kits were purchased from 
Shanghai Zhuocai Biotechnology Co., Ltd (Shanghai, China). All ex-
periments were conducted with ultrapure water. 

2.2. Preparation of SCU MNPs by nanoprecipitation 

Nanoprecipitation method [19,20] was used to prepare SCU MNPs 
and the final formulation was optimized by Box-Behnken design (see 
supplementary materials). In brief, 6.4 mg SCU and 113.6 μg OA-coated 
Fe3O4 nanoparticles were dispersed in 1.5 mL methanol for 10 min 
under ultrasonication (250W) at room temperature. A 3 mL acetonitrile 
solution containing 12 mg PEG-PLGA polymers and 8 mg PLGA poly-
mers was mixed with the SCU and Fe3O4 NPs methanol solution as the 
organic phase. A syringe was used to continuously inject the organic 
phase into the aqueous phase containing 3.6% (w/v) PVA while stirring 
continuously. After mechanical stirring for 4 h, the nanosuspension was 
purified in the dialysis membrane with 8,000–14,000 Da MWCO over-
night at room temperature. 

2.3. Nanoparticle characterization 

A Nanobrook 90Plus PALS particle size analyser (Brookhaven In-
struments, New York, USA) was used to measure the mean particle size, 
polydispersity index (PDI) and ζ potential of SCU MNPs. The samples 
were diluted (1:50) in ultrapure water and transferred to a polystyrene 
cuvette before size measurements were performed. The surface charge 
was measured by diluting samples with a solution of 10 mM sodium 
chloride (1:50). Measurements were taken in triplicate at 25 ◦C to 
determine particle size and surface charge, and the results were reported 
as their mean values ± standard deviation (SD). 

To observe the structure and morphology of SCU MNPs, a JEOL JEM- 
1400 Plus transmission electron microscopy (TEM) was used. Before 
loading the microscope, the nanoparticle dispersions were dried in the 
air at room temperature after dropping on a copper grid coated with 
carbon. 

UV–Vis spectrophotometer (UV–2401PC, Shimadzu, Japan) and 
Fourier transformed infrared spectroscopy (FTIR, IRTracer-100, Shi-
madzu, Japan) were used for composition analysis of SCU MNPs. For 
UV–Vis measurements, SCU, MNPs and SCU MNPs were diluted with 
ultrapure water (1:8) then put into the quartz cuvette and scanned from 
190 nm to 800 nm. For FTIR measurements, 10 mL of obtained MNPs 
and SCU MNPs were concentrated to a film by rotary evaporation under 
a reduced pressure. The films were scanned from 4000 cm− 1–400 cm− 1. 

In-vitro magnetic recruitment of SCU MNPs was tested in the pres-
ence of an external NdFeB magnet (shape: cylindrical, diameter: 2.5 cm, 
thickness: 0.25 cm, 0.2 T, Ningbo Lianghao Magnetic Industry Co., Ltd) 
compared with SCU MNPs suspension in the absence of the external 
magnet. 

2.4. Iron analysis by atomic absorption spectrophotometer 

After purification by a dialysis bag (MWCO = 30 KDa, Solarbio® Life 
Sciences Co. Ltd), the obtained SCU MNPs were digested with concen-
trated nitric acid (65%–68% w/w) at 80 ◦C for 4 h. The dry residue was 
diluted with water. The measurements of iron were carried out using a 
PerkinElmer PinAAcle 900T atomic absorption spectrophotometer 
equipped with an iron hollow cathode lamp. The following equations 
were used to calculate the iron encapsulation efficiency (EE) and iron 
loading (IL). 

EE(%)=
Mloaded  Fe

Mtotal  Fe
× 100% (1)  

IL(%)=
Mloaded  Fe

MPLGA + MPVA + Mloaded  SCU + Mloaded  Fe
× 100% (2)  

where Mtotal Fe represented the total iron content added in the formu-
lation before dialysis; Mloaded Fe or Mloaded SCU represented the iron or 
SCU content loaded in the nanoparticles after dialysis; MPLGA repre-
sented the total amount of PEG-PLGA and PLGA polymer added; MPVA 
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represented the total amount of PVA added. 

2.5. SCU MNPs encapsulation efficiency and drug-loading 

SCU MNPs were diluted with methanol (1:9 v/v) to release the free 
SCU and dialyzed using a dialysis membrane with 8,000–14,000 Da 
MWCO. An UltiMate 3000 high-performance liquid chromatography 
(ThermoFisher Scientific, Germering, Germany) coupled with a ZOR-
BAX Eclipse XDB C18 column (Agilent Technologies, 4.6 × 150 mm, 5 
μm) was used to determine the SCU concentration in the samples. The 
HPLC method was described in the literature [19]. The equations for 
calculating encapsulation efficiency (EE) and drug loading (DL) of SCU 
in SCU MNPs were shown below. 

EE(%)=
Mloaded  SCU

Mtotal  SCU
× 100% (3)  

DL(%)=
Mloaded  SCU

MPLGA + MPVA + Mloaded  SCU + Mloaded  Fe
× 100% (4)  

where Mtotal SCU represented the total SCU content before dialysis added 
in the formulation; Mloaded SCU or Mloaded Fe represented the SCU or iron 
content loaded in the nanoparticles after dialysis; MPLGA represented the 
total amount of PEG-PLGA and PLGA polymer added; MPVA represented 
the total amount of PVA content added. 

2.6. The stability of SCU MNPs 

SCU MNPs were stored in a transparent glass vial at 4 ◦C or room 
temperature for one month. The particle size of SCU MNPs at 1 d, 3 d, 7 
d, 14 d, and 30 d was measured by the Nanobrook 90Plus PALS particle 
size analyser (Brookhaven Instruments, New York, USA), and the SCU 
DL% of SCU MNPs was analysed by the HPLC method [19]. 

2.7. In vitro drug release study of nanoparticles 

In vitro drug release of SCU MNPs was investigated by a dialysis 
method [19]. Specifically, 1.5 mL of SCU or SCU MNPs solution was 
placed in a dialysis bag with 8,000–14,000 Da MWCO, and the dialysis 
bag was then immersed in 30 mL of PBS solution (pH 7.4) containing 2 
mg/mL of EDTA-2Na. The release studies were performed in a water 
bath with shaking (100 rpm) at a constant temperature (37 ◦C). 1 mL of 
the release medium was removed at predetermined time intervals (0.5 h, 
1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, and 24 h), and the same volume of 
medium at 37 ◦C was added each time. The amount of SCU in each 
sample was determined by HPLC measurement at 335 nm [19]. 

2.8. Release kinetics 

For the study of the mechanism of release of SCU MNPs, data ob-
tained from in-vitro release studies were fitted to the following kinetic 
models: zero order, first order, Higuchi, Hixson-Crowell, and Kors-
meyer-Peppas.  

Zero order model: Mt/M∞ = kt                                                          (5)  

First order model: Mt/M∞ = 1-e-kt                                                      (6)  

Higuchi model: Mt/M∞ = kt1/2                                                           (7)  

Hixson-Crowell model: Mt/M∞ = k1t + k2t2+k3t3                                 (8)  

Korsmeyer-Peppas model: Mt/M∞ = ktn                                              (9) 

Where Mt/M∞ indicated a fraction of SCU released in time t, k 
indicated the rate constant, and n indicated the exponent of drug release 
(an indicative of drug release mechanism). In vitro drug release data 
were plotted as cumulative release percentage of drug versus time. 
Fitting charts of release data was done using Origin software (Version 

2021), and correlation coefficients (R2) were obtained. Based on the 
comparison of correlation coefficients, the best model for release data 
was selected, and a Korsmeyer-Peppas model was employed to identify 
the drug release mechanisms [21]. According to n value, the drug 
release from a dosage form may occur through Fickian diffusion if n <
0.43, when 0.43 < n < 0.85 it indicates a non-Fickian type release (a 
combination of both diffusion and erosion mechanisms). Also a greater 
value of n than 0.85 indicates the Case II transport (relaxation-con-
trolled release). If n > 1, it indicates Super case II transport (swelling and 
polymer chain relaxation controlled release). 

2.9. Animals 

SPF-grade male Sprague-Dawley (SD) rats with a weight of 260 ± 20 
g were supplied by Changsha Tianqin Biotechnology Co., Ltd. under 
certificate number SCXK (Xiang) 2019–0014. During a 12-h light/dark 
cycle, rats had free access to food and water at a constant room tem-
perature of 20 ± 4 ◦C and humidity of 60 ± 10%. According to the Guide 
for the Care and Use of the Animal Management Rules of the Health 
Ministry of the People’s Republic of China (documentation number 55, 
2001, China), the animals were treated humanely, and the experimental 
protocol (No. 1801215) was approved by the Experimental Animal 
Ethics Committee of Guizhou Medical University. 

2.10. Transient rat middle cerebral artery occlusion (MCAO) model 

The Longa’s suture technique [19,22,23] was used to simulate the 
transient occlusion of the middle cerebral artery (MCA) in rats. Before 
the operation, the rats were fasted for 12 h to reduce the mortality [24]. 
During the experiment, the anesthetized rats were immobilized on the 
rat fixture while lying in the supine position. A midline incision of the 
neck was made to isolate the common carotid artery (CCA), external 
carotid artery (ECA) and internal carotid artery (ICA). A tip-rounded 
monofilament nylon suture (d = 0.38 ± 0.02 mm, 45-mm length, 
2838-A4, Beijing Cinontech Co. Ltd) was inserted into the ECA through 
the CCA into the ICA until there was complete blockage of the middle 
cerebral artery (MCA). Sham-operated animals were not subjected to 
I/R. To establish reperfusion, the nylon suture was removed 1 h after 
ischemia. 

2.11. UPLC-ESI-MS/MS analysis for SCU in the plasma or the brain 

A UPLC-ESI-MS/MS method was used to measure SCU in the brain 
[25] on a Waters Xevo TQ MS System (Waters, Milford, MA, USA). Data 
acquisition and analysis was performed by Mass Lynx V4.1 software 
(Milford, MA, USA). The LC separation was done on an Acquity I-Class 
UPLC system using an Acquity UPLC BEH C18 column (2.1 mm × 50 mm, 
1.7 μm) protected by a Waters VanGuard BEH C18 column (2.1 mm × 5 
mm, 1.7 μm) using a mobile phase containing of 0.2% formic acid water 
(A) and 0.2% formic acid in acetonitrile (B) at 40 ◦C. The gradient 
program was as follows: 0–0.5 min, 95%–95% A and 5%–5% B; 0.5–3 
min, 95–5% A and 5–95% B; 3–3.5 min, 5–5% A and 95–95% B, 3.5–5 
min, 5–95% A and 95–5% B. The peaks were obtained by injecting 1 μL 
of samples at a flow rate of 0.3 mL/min. SCU and puerarin (internal 
standard, IS) were detected in the positive ion mode following the 
optimized parameters: capillary voltage at 3 kV, collision energy at 20 V, 
cone voltage at 30 V for SCU and 40 V for puerarin. In the multiple 
reaction monitoring (MRM) mode, SCU and puerarin were quantified 
using the parent ion, m/z 463 for SCU and 417 for puerarin; and their 
daughter ion, m/z 287 for SCU and 267 for puerarin. 

2.12. Effect of AMF intensity from LI-rTMS on the SCU levels in rat brain 

The portable rTMS device with low intensity (LI-rTMS, NK-IA04, 
frequency 50 ± 1 Hz, Shijiazhuang Dukang Medical Instrument Co., 
Ltd) and its coils were shown in Fig. 1A and Fig. 1B. The intensity of 
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alternating magnetic field (AMF) from LI-rTMS had three levels: Level I 
(3–5 mT), Level II (6–9 mT) and Level III (10–18 mT). The effect of 
different intensity produced by LI-rTMS on the SCU level in rat brain was 
investigated. The MCAO model rats were injected with SCU MNPs (SCU: 
3.5 mg/kg, iron: 36.5 μg/kg) through the tail vein, then divided 
randomly into three groups (n = 5 in each group): Level I (3–5 mT), 
Level II (6–9 mT) and Level III (10–18 mT). The coil of LI-rTMS was 
immediately placed on the head of the rat as shown in Fig. 1C and fixed 
for 30 min. After AMF exposure of 30 min, the MCAO rat brain tissue 
was taken out at 40 min, weighed, and homogenized with 1:2 (w/v) 
normal saline. 100 μL of each tissue homogenate, 400 μL of methanol, 
50 μL of 50 ng/mL puerarin solution, and 50 μL of 1% formic acid water 
were put into a 1.5-mL centrifuge tube, sonicated for 10 min and mixed 
evenly. The supernatant was dried under nitrogen at 37 ◦C after 
centrifugation at 12,000 rpm for 10 min at 4 ◦C. 1 μL of the resuspended 
sample in 200 μL of 50% methanol was injected for UPLC-ESI-MS/MS 
analysis. 

2.13. Effect of AMF irradiation time from LI-rTMS on the SCU levels in 
rat brain 

MCAO rats were administered with SCU MNPs (SCU: 3.5 mg/kg, 
iron: 36.5 μg/kg) through the tail vein, and randomized into three 
groups (n = 5 in each group): 10-min irradiation, 20-min irradiation, 
and 30-min irradiation. The coil of LI-rTMS was placed and fixed on the 
head of MCAO rats as mentioned in Fig. 1C with the output of Level II (6 
mT ~ 9 mT) for different irradiation time (10 min, 20 min, 30 min). 
After administration, the rat brain tissue was quickly removed at 40 min, 
and the processing of brain tissue was the same as the procedure 
described in section 2.12. UPLC-ESI-MS/MS was used to measure the 
SCU level in the brain. 

2.14. Effect of the iron addition in the formulation on the SCU levels in 
rat brain 

The different addition of Fe3O4 NPs in the formulation resulted in the 
different attractive force by the magnetic field. Thus, the effect of 
different iron addition in the formulation on the SCU levels in rat brain 
was also investigated. Rats were randomly assigned into three groups 
after MCAO reperfusion (n = 5 in each group): 10 μg, 50 μg, and 90 μg of 
iron addition. Three different formulations of SCU MNPs (SCU: 3.5 mg/ 
kg; iron: 7.3 μg/kg, 36.5 μg/kg, or 65.6 μg/kg) injected intravenously 
into the MCAO rat, respectively. After AMF irradiation for 30 min at 
Level II, the rat brain tissue was quickly removed at 40 min after 
administration, and the processing of brain tissue was the same as the 
procedure described in section 2.12. The SCU level in brain was 
measured by UPLC-ESI-MS/MS analysis. 

2.15. Magnetic hyperthermia setup and protocol 

In-vitro magnetic hyperthermia of 1.5 mL SCU MNPs (SCU: 1.5 mg/ 
mL; iron: 0.03 mg/mL) or 1.5 mL saline was carried out under the AMF 
from LI-rTMS (NK-IA04, magnetic induction intensity: 6 mT ~ 9 mT, 
frequency: 50 ± 1 Hz, Shijiazhuang Dukang Medical Instrument Co., 
Ltd, China). Sample’s temperature was recorded at 0 min, 30 min, 60 
min and 120 min with a digital thermometer (WT-1, Elitech, Jiangsu, 
China) immersed in the central region of sample. The temperature 
change of 1.5 mL SCU MNPs without magnetic field or under a 0.2 T 
magnet were also measured as controls. 

In-vivo thermal imaging and real-time temperature measurements of 
MCAO rats injected with SCU MNPs (SCU: 5 mg/kg; iron: 0.1 mg/kg) 
with/without the irradiation of magnetic field (0.2 T magnet or LI- 
rTMS) for 30 min were captured by an infrared thermal imaging cam-
era (DW60-WS1 PLUS, Dali Technology, Zhejiang, China). The in-vivo 
thermal imaging and temperature measurement of MCAO rats injected 
with saline under the LI-rTMS for 30 min were also carried out as a 
control. 

2.16. Pharmacokinetic study 

Twelve SD rats were randomly divided into two groups of six each: 
SCU (SCU: 5 mg/kg) and SCU MNPs (SCU: 5 mg/kg; iron: 0.1 mg/kg), 
with the samples injected intravenously after MCAO reperfusion. The rat 
blood samples (0.15 ml) were collected at 0.083 h, 0.25 h, 0.5 h, 0.75 h, 
1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h and 12 h after the administration into the 
centrifuge tubes containing EDTA-K2 (Jiangsu Kangjian Medical Appa-
ratus Corporation, China) and centrifuged at 4000 rpm for 5 min at 4 ◦C. 
50 μL supernatant, 25 μL 1% formic acid water solution, 25 μL of 
puerarin in methanol (50 ng/mL), and 200 μL methanol was added to 
the centrifuge tube and mixed for 2 min. After sonication and centrifu-
gation, the supernatant was dried under nitrogen gas flow at 37 ◦C. The 
residue was resuspended in 200 μL 50% methanol and 1 μL of the su-
pernatant was injected for UPLC-ESI-MS/MS analysis. 

2.17. Distribution of SCU in MCAO rat brain 

The MCAO rats treated with SCU or SCU MNPs were sacrificed by 
cervical dislocation at 2.5 h and 4 h. After removing and weighing the 
brain, it was homogenized quickly with 1:2 (w/v) normal saline and the 
processing of brain tissue was the same as the procedure described in 
section 2.12. The SCU level in brain was measured by UPLC-ESI-MS/MS 
analysis. 

2.18. Pharmacodynamic treatment 

MCAO rats were randomly assigned to seven groups: sham + saline, 
MCAO + saline, MCAO + saline + LI-rTMS, MCAO + free SCU group 
(SCU: 5 mg/kg/day), MCAO + SCU MNPs group (SCU: 5 mg/kg/day, 

Fig. 1. The portable LI-rTMS device and the setup during the treatment. (A) The portable repetitive transcranial magnetic stimulator device. (B) The coil of portable 
rTMS and magnet. (C) The placement position of portable rTMS coil during the treatment. 

L. Wang et al.                                                                                                                                                                                                                                   



Journal of Drug Delivery Science and Technology 74 (2022) 103606

5

iron: 0.1 mg/kg/day), MCAO + SCU MNPs group (SCU: 5 mg/kg/day, 
iron: 0.1 mg/kg/day) + Magnet, MCAO + SCU MNPs group (SCU: 5 mg/ 
kg/day, iron: 0.1 mg/kg/day) + LI-rTMS. As with the MCAO group, the 
sham group’s rats received the same procedure, except that there was no 
blockage of the middle cerebral artery. MCAO rats and sham-operated 
rats were given 0.9% normal saline as controls. Prior to injection, free 
SCU was dissolved in PBS solution; the nano-suspensions containing 
SCU MNPs were prepared by ultrafiltration centrifugation using freshly 
prepared nanoparticles. One intravenous infusion of 1.5 ml/kg solution 
or nano-suspension was given each day for three days to rats. The in-
tensity of AMF from LI-rTMS was set at Level II (6 mT ~ 9 mT) with a 
frequency of 50 ± 1 Hz and the irradiation time was 30 min. An NdFeB 
magnet (shape: cylindrical, diameter: 2.5 cm, thickness: 0.25 cm, 0.2 T, 
Ningbo lianghao Magnetic Industry Co., Ltd) was placed on the head of 
MCAO rats as the same as LI-rTMS shown in Fig. 1C for 30min. After 
administration, both the static magnetic field (SMF) of the magnet and 
the alternating magnetic field (AMF) of LI-rTMS were immediately 
applied once a day for 3 days. 

2.19. Neurological evaluation 

MCAO rats were evaluated for neurological function 24 h after 
reperfusion with the Zea-Longa score method [22–24]. The neurological 
behaviours were assessed on a 5-point scale: 0- no neurological deficits 
(normal); 1- lack of ability to extend forepaw completely (mild); 2- 
having difficulty keeping balance while walking (moderate); 3- falling 
(severe); 4- inability to walk spontaneously and loss of consciousness 
(very severe). Following the successful establishment of the rat MCAO 
model, rats with neurological deficit score 1–3 can be used for further 
experiments. After the third dose, the rat neurological behaviour was 
evaluated again by the blinded experimenter according to the above 
score method. 

2.20. Changes of bodyweight 

Before surgery and three days after treatment, all rats were weighed. 
The changes in body weight are expressed as a percentage compared to 
its pre-ischemia weight for each animal following ischemia. 

2.21. TTC assessment of cerebral infarct area 

Infarcts of sham-operated rats and MCAO rats after the treatments 
with normal saline, SCU, SCU MNPs or different combinations with 
magnetic fields were evaluated by 2,3,5-triphenyltetrazolium chloride 
(TTC) staining [19]. After the third dose, the rats were sacrificed and 
their brains were removed. The frozen brain tissue was cut into five 2 
mm thick coronal sections. The area of cerebral infarction was quanti-
fied with TTC (Sigma Aldrich, USA) staining. Infarcted areas appeared 
white, while normal areas appeared red. Image Pro Plus software was 
used to measure cerebral infarction areas in each section, and the 
following formula was used to calculate cerebral infarction areas: 

brain  infarct  area  = white brain area
the whole brain area

× 100% (10)  

2.22. Hematoxylin and Eosin (H&E) staining 

Each group of brain samples was collected following the procedure 
[19] described in section 2.21. Staining the brain tissues with hema-
toxylin and eosin followed standard protocols. Each group of rats was 
examined under an optical microscope for changes in the morphology of 
the hippocampus and cortex due to cerebral ischemia. 

2.23. TUNEL assay 

Each group of brain samples was collected following the procedure 

described in section 2.21. According to the manufacturer’s instructions, 
the brain tissues were stained with the FITC-labelled TUNEL kit (Serv-
icebio Technology Co., Ltd., Wuhan, China) and counterstained with 
DAPI solution. The slices were observed by a Nikon Eclipse C1 fluores-
cence microscope. The stained slides were scanned with a panoramic 
slide scanner (PANNORAMIC DESK/MIDI/250/1000, 3DHISTECH Ltd., 
Hungary). The normal cells were stained with blue by DAPI (UV exci-
tation wavelength: 330–380 nm; emission wavelength: 420 nm) and the 
apoptotic cells were stained with green by FITC (excitation wavelength: 
465–495 nm; emission wavelength: 515–555 nm). An Indica Labs- 
HighPlex FL v3.1.0 module in Halo v3.0.311.314 software (USA) was 
used to quantify the number of positive apoptosis cells and total cells in 
each slice. The positive apoptosis rate (%) was calculated by the 
following formula: 

Positive  apoptosis  rate=
number of positive cells

number of total cells
× 100% (11)  

2.24. Determination of SOD, MDA, NO, TNF-α and IL-6 levels in the 
serum 

Six rats per group were given continuous administration for 3 days, 
then blood was collected from their femoral arteries and centrifuged at 
3500 rpm for 10 min after standing at room temperature for 1–2 h. The 
supernatant was taken, divided and stored in refrigerator at − 20 ◦C. The 
levels of SOD, MDA, and NO levels in the serum were determined by 
spectrophotometry according to the instructions of SOD, MDA and NO 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). 
Serum TNF-α and IL-6 contents were detected by ELISA (Shanghai 
Zhuocai Biotechnology Co., Ltd, Shanghai, China). 

2.25. Statistical analysis 

In this study, WinNonLin 8.2 software was used to obtain the phar-
macokinetic parameters and SPSS 19.0 to analyse all the experimental 
data. Independent-samples t-test was used for the pharmacokinetic re-
sults. Kruskal-Wallis non-parametric test (K–W test) was used in the 
statistical analysis of neurological deficit score. One-way analysis of 
variance (ANOVA) was used to analyse the cerebral infarction area, 
change in bodyweight, neuronal apoptosis and in vivo magnetic hy-
perthermia. Data were expressed as mean ± SD of at least three inde-
pendent experiments. Statistical significance was defined as a P value of 
less than 0.05. 

3. Results 

3.1. Preparation and characterisation of SCU MNPs 

SCU MNPs were prepared by the nanoprecipitation method as 
illustrated in Fig. 2A. The obtained SCU MNPs were brown yellow and 
can be attracted and recruited by the magnet (Fig. 2B). Under the 
observation of transmission electron microscope (TEM), SCU MNPs were 
spherical with diameter in the range of 75–180 nm (Fig. 2C) while the 
hydrodynamic diameter was around 190 nm shown in Fig. 2D. In the 
UV–Vis spectra (Fig. 2E), SCU had a characteristic double peak at 280 
nm and 335 nm while MNPs had no peak in this area. Through the 
encapsulation of MNPs, the unique double peak shape appeared in the 
SCU MNPs, which implied that SCU was successfully loaded in the 
MNPs. In the FTIR spectra (Fig. 2F), SCU MNPs had the similar finger-
print spectra with MNPs, which also verified the successful embedding 
of MNPs in the SCU MNPs. 

3.2. Effect of the AMF conditions and iron addition in the formulation on 
the SCU levels in MCAO rat brain 

The magnetic force for the drug targeting was decided by the 
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conditions of magnetic field and iron addition in the formulation. Thus, 
the effect of AMF intensity, irradiation time and iron addition in the 
formulation on the SCU level in MCAO rat brain were investigated by 
UPLC-ESI-MS/MS analysis as shown in Fig. 3. Fig. 3A showed the typical 
chromatograms of SCU (b,c) and puerarin (e,f) as the internal standard 
in the blank serum and sample serum in the MRM mode. It is evident that 
the SCU level (3–4 μg/g) in MCAO rat brain increased as a function of 
the AMF irradiation time (10–30 min) from LI-rTMS (Fig. 3B). The effect 
of AMF intensity on the SCU level in the brain was complex. The AMF 
may drive one particle toward its target and drive another particle away 
from it [26]. As shown in Fig. 3C, the AMF intensity of Level II (6–9 mT) 
can bring more SCU (7.39 μg/g) in the brain rather than the higher AMF 
intensity of Level III (10–18 mT, SCU: 5.91 μg/g) or lower AMF intensity 

of Level I (3–5 mT, SCU 6.36 μg/g) (P < 0.05). The iron addition in the 
formulation of SCU MNPs was the most important factor on the drug 
targeting driven by the nanoparticles. Fig. 3D showed the highest SCU 
level (6.49 μg/g) in rat brain at the iron addition of 90 μg in the 
formulation. Unfortunately, the iron addition had a minimum effect on 
the SCU in the brain (<3.87 μg/g) if the iron addition was less than 50 
μg. 

3.3. Stability of SCU MNPs in one month 

In the interest of making SCU MNPs storage as convenient as 
possible, the stability of the optimal SCU MNPs was evaluated by the 
change of hydrodynamic diameter and SCU DL at room temperature or 

Fig. 2. Scheme of SCU MNPs preparation and physicochemical characterisation of SCU MNPs. (A) Scheme of SCU MNPs preparation by nanoprecipitation. (B) 
Photographs showing SCU MNPs suspension in water and recruitment of SCU MNPs towards a 0.2 T magnet. (C) TEM images of SCU MNPs. (D) The hydrodynamic 
diameter measured by a Nanobrook 90Plus PALS particle size analyser (Brookhaven Instruments, New York, USA). (E) UV–Vis spectra of SCU, MNPs and SCU MNPs. 
(F) FTIR spectra of MNPs and SCU MNPs. 
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at 4 ◦C. As illustrated in Fig. 4, the size of SCU MNPs were little changed 
at room temperature (<10%) or at 4 ◦C (<6%) for 30 days while the DL 
of SCU MNPs decreased 21.85% at room temperature and 13.42% at 
4 ◦C in one month. It is safely concluded that SCU MNPs were more 
stable at 4 ◦C. For the storage period, 90% SCU was required in the 
formulation. The SCU remaining in the formulation at room temperature 
and at 4 ◦C were 93% at 14 and 7 days, respectively. Thus, SCU MNPs 
can be stored at 4 ◦C for 14 days and at room temperature for 7 days. 

3.4. Profile of drug release by SCU MNPs in vitro 

Fig. 5 illustrated the release profile of SCU MNPs in PBS containing 2 

mg/mL EDTA-2Na at 37 ◦C. In vitro, SCU MNPs released rapidly during 
the first 4 h, followed by a prolonged release over the next 20 h [27,28]. 
SCU absorbed on the nanoparticle surface mainly accounted for the fast 
initial release. Moreover, encapsulated SCU may diffuse from the inner 
part of nanoparticles explaining slower release. Various kinetic models 
were used to assess the dissolution profile of SCU from formulation, 
including zero order, first order, Higuchi, Hixson-Crowell, and 
Korsmeyer-Peppas. The mathematical models, equations and correlation 
coefficients were presented in Table 1. For all formulations, 
Hixson-Crowell model provided the best in vitro release pattern expla-
nation (R2 = 0.9791) followed by first order (R2 = 0.9704). With the 
progressive dissolution of PLGA polymers, the Hixson-Crowell model 

Fig. 3. The effect of portable LI-rTMS condition and iron addition in the formulation on the SCU level in the MCAO rat brain.(A) Base peak chromatograms of SCU (a, 
b,c) and puerarin (d,e,f) as the internal standard in the MRM mode. (a) and (d) blank serum; (b) and (e) standard reference in the blank serum; (c) and (f) sample 
serum. (B) The effect of the irradiation time of LI-rTMS on the SCU in MCAO rat brain. (C) The effect of the magnetic field intensity of LI-rTMS on the SCU in MCAO 
rat brain. (D) The effect of the addition of iron content in the formulation on the SCU in MCAO rat brain. Data shown as mean ± standard deviation (SD) (n = 5). 
Statistical analysis was performed using one-way analysis of variance (ANOVA). #P < 0.05, ##P < 0.01. 

L. Wang et al.                                                                                                                                                                                                                                   



Journal of Drug Delivery Science and Technology 74 (2022) 103606

8

showed a change in surface area and diameter of the nanoparticles over 
time. First order model described the concentration dependent release of 
SCU from nanoparticles. A Korsmeyer-Peppas equation was also fitted to 
the data to illustrate further the drug release mechanism. According to 
Table 1, the formulation showed a strong correlation (R2 = 0.9064) with 
the mathematical model and the calculated value of release exponent (n) 
was 1.8537. PLGA nanoparticles may release SCU via Super case II 
transport (swelling and polymer chain relaxation controlled release), 
which was consistent with the reported release mechanism of PLGA 
based nanoparticles [29,30]. 

3.5. Magnetic hyperthermia of SCU MNPs combination with magnetic 
field 

Magnetic hyperthermia is based on the heat production by MNPs 
under alternating magnetic field (AMF) exposure. While most hyper-
thermia techniques currently in development are targeted towards 
cancer treatment [31–34], some side effects are also reported such as 
heat pain [35], evenly heat shock [36]. Regarding to the magnetic 
nanoparticles in the central nervous system, AMF can increase the blood 
brain barrier (BBB) permeability by magnetic heat [26]. Thus, in-vitro 
and in-vivo magnetic hyperthermia of SCU MNPs induced by magnetic 
field was investigated. Fig. 6A represented the temperature change (ΔT) 
of SCU MNPs (SCU: 1.5 mg/mL; iron: 0.03 mg/mL) with the exposure of 
0.2 T magnet or LI-rTMS (6–9 mT, 50 ± 1 Hz). The temperature changes 
of SCU MNPs or LI-rTMS alone over 2 h were also carried out as con-
trols. As indicated in Fig. 6A, ΔT of SCU MNPs or LI-rTMS alone over 2 h 
was minimal (<0.5 ◦C). With the exposure of SMF (0.2 T magnet), the 
temperature of SCU MNPs slightly increased (0.53 ± 0.40 ◦C) at 0.5 h 
then gradually decreased (− 0.47 ± 0.45 ◦C) at 2 h. As predicted, the 
temperature change of SCU MNPs with the exposure of AMF from 
LI-rTMS increased, and reached the top at 2 h (1.90 ± 0.30 ◦C), which 
confirmed the hyperthermia induced by SCU MNPs combination with 
AMF. 

In our further in-vivo experiment, magnetic hyperthermia of MCAO 
rats after administration of SCU MNPs or saline following the magnetic 
field exposure of 30 min was observed by an infrared thermal imaging 
camera (DW60-WS1 PLUS, Dali Technology, Zhejiang, China) as shown 
in Fig. 6B. The real-time temperature measurements of MCAO rat head 
after the different treatments were also recorded by the infrared thermal 
imaging camera as shown in Fig. 6C. Consistent with the in-vitro results, 
the heads of MCAO rat treated with SCU MNPs or LI-rTMS alone 
exhibited negligible colour change as well as an insignificant tempera-
ture elevation. A trivial decrease of temperature was found in the group 
of SCU MNPs under SMF exposure of 30 min. After the exposure of AMF 
for 30 min, the head temperature of MCAO rats administrated by SCU- 
MNPs increased significantly (P < 0.05), further verifying the hyper-
thermia of SCU MNPs combination with AMF. 

3.6. SCU MNPs increase SCU level in MCAO rats’ blood and brain 

MCAO rats were given intravenously 5 mg/kg of SCU or SCU MNPs 
for three consecutive days to mimic the dose used in therapy [37,38]. 
Blood was collected at various points after the last dose. SCU was 
extracted from blood and quantified by UPLC-ESI-MS/MS method. The 
plasma profile and pharmacokinetics parameters of SCU MNPs and free 
SCU in the MCAO rat model were depicted in Fig. 7A and Table 2. The 
blood clearance of SCU MNPs was comparable to free SCU in the first 
0.083h (5 min) post injection. Similar to our in-vitro drug release ob-
servations, the reason was likely free SCU absorbed onto the surface of 

Fig. 4. The change of hydrodynamic diameter (A) and SCU DL (B) of SCU MNPs at room temperature and 4 ◦C. Data are expressed as mean ± standard deviation 
(SD) (n = 3). Error bars smaller than the symbols are not visible. 

Fig. 5. In-vitro drug release from SCU and SCU MNPs in PBS (pH 7.4) con-
taining 2 mg/mL EDTA-2Na at 37 ◦C. 1.5 mL of SCU or SCU MNPs put in a 
dialysis bag were soaked in 30 mL PBS solution with 2 mg/mL EDTA-2Na at 
37 ◦C. Samples were collected from the external medium at time intervals of 
0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, and the cumulative SCU release 
was assessed using a HPLC method at a wavelength of 335 nm. The results are 
expressed as mean ± standard deviation (SD) (n = 3). The error bars are not 
visible if they are smaller than the symbols. 

Table 1 
Release kinetic parameters for drug release from SCU MNPs fitted to various 
pharmacokinetics models.  

Model Equation R2 

Zero-order Mt/M∞ = 2.5270t+33.8890 0.4694 
First-order Mt/M∞ = 75.5743(1-e− 0.3357t) 0.9704 
Higuchi Mt/M∞ = 17.2200t1/2+10.8920 0.7061 
Hixson-Crowell Mt/M∞ = 0.0430t3-1.7902t2+21.2871t-3.1516 0.9791 
Korsmeyer-Peppas Mt/M∞ = 111422.8229t1.8537-111400.3353 0.9064  
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SCU MNPs. However, the AUC of SCU in the SCU MNPs had a 2-fold 
increase (P < 0.01) from 0.25 h (15 min) to 12 h (47.14 ± 12.82 vs 
23.83 ± 4.37 h × μg/mL) revealed in Table 2, indicating that SCU MNPs 
provided a significantly higher SCU concentration in the systemic cir-
culation (mean plasma concentration: 3.93 ± 1.07 μg/mL vs 1.99 ±
0.36 μg/mL) and for an extended period of time (mean retention time 
MRT: 1.59 ± 0.29 vs 0.37 ± 0.04 h). The results are consistent with 

other reports showing extended drug circulation after NPs encapsulation 
[39]. 

Fig. 7B showed the change of SCU level in MCAO rat brain affected 
by the formulation and magnetic field. SCU was less in the brain at 4 h 
compared with that at 2.5 h while SCU MNPs had more SCU in the brain 
at 4 h, implying that SCU improved the stability of SCU in the body fluid. 
Compared with SCU MNPs without the exposure to magnetic field, SCU 

Fig. 6. Magnetic hyperthermia of SCU MNPs with the exposure of magnetic field. (A) The temperature change of saline or SCU MNPs under the exposure of magnet 
or the LI-rTMS device for 2h. (B) Thermal images of MCAO rats injected with saline or SCU MNPs with the exposure of magnet or LI-rTMS for 30 min. (C) The 
temperature changes of MCAO rat head based on the thermal imaging. Data are presented as average ± SD (n = 3). One-way analysis of variance (ANOVA) was 
employed for the statistical analysis. # denotes comparison with SCU MNPs group (#P < 0.05). * denotes comparison with SCU MNPs + Magnet group (*P < 0.05, 
**P < 0.01). + denotes comparison with LI-rTMS group (+P < 0.05). N.s. means not statistically significant. 
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MNPs can carry more SCU into the brain (92.79 ± 12.20 vs 56.33 ±
4.09 ng/g) at 2.5 h under the guidance of the AMF exposure from LI- 
rTMS (P < 0.01). More importantly, the AMF exposure (LI-rTMS) pro-
duced a significant increase of SCU driven by SCU MNPs than SMF 
(Magnet) (92.79 ± 12.20 vs 66.66 ± 12.44 ng/g) at 2.5 h (P < 0.05), 
although these significances disappeared at 4 h due to the withdrawal of 
the magnetic force. 

3.7. The intravenous administration of SCU MNPs with AMF exposure 
can improve rat behavioural symptoms and recover cerebral ischemia 

Massive ischemia damaged the cerebral cortex on the ipsilateral side 
as a result of MCAO. 2,3,5-Triphenyltetrazolium chloride (TTC) staining 
was used to evaluate the infarct area after MCAO and following SCU, 
SCU MNPs, or SCU MNPs with different levels of magnetic field exposure 
(Fig. 8A), and Image J software was used to measure infarct areas in 
each section shown in Fig. 8B. Compared with the model groups, sham- 
operated rats had the same procedure, but they were not sutured at the 
middle cerebral artery. Thus, no obvious and massive white ischemia 
infarct areas were present in sham-operated rats. In contrast, MCAO rats 
had white infarctions in ipsilateral hemispheric brain slices. Compared 
with the MCAO model group, the area of cerebral infarction in the LI- 
rTMS group was not significantly reduced (32.51 ± 4.43% vs 35.76 ±
3.51%), suggesting the low intensity of alternating magnetic field from 
LI-rTMS (6–9 mT, 50 ± 1 Hz) could not have the therapeutic effect on 
the cerebral infarction. Following treatment with free SCU or SCU MNPs 
alone, the infarct volume was progressively reduced (26.83 ± 3.34% 
and 22.07 ± 3.63%, respectively), which indicated that SCU can 
improve the cerebral ischemia and the SCU MNPs were better. The 

reason behind this improvement of SCU MNPs was perhaps the increase 
of nanoparticles for SCU stability and concentration in the plasma and 
brain seen in the in-vitro release experiment and in vivo pharmacoki-
netic studies. Compared with free SCU MNPs, with the exposure of 0.2 T 
magnet, there was no significance in attenuating the ischemia area 
(21.57 ± 3.29%) while with LI-rTMS, the infarct volume was the least 
(16.48 ± 4.76%). It is implied that LI-rTMS can guide more SCU MNPs 
into the brain than magnet due to the deeper penetration of AMF. 
Behavioural study showed a significant decline in neurological scores in 
MCAO rats by Longa score method especially for the SCU MNPs group 
with the exposure of LI-rTMS (P < 0.01) shown in Fig. 8C. Three days 
after MCAO, rats only with the exposure of LI-rTMS showed a clear 
neurological deficit with a neurological score of 3.00 ± 0.63. But the 
neurological score of SCU and SCU MNPs were lower than the MCAO 
model group (3.33 ± 0.52) with a value of 2.00 ± 0.63 and 1.67 ± 0.52, 
respectively, which indicated that SCU can protect the cerebral ischemia 
infarct, interestingly SCU MNPs were better than SCU. In combination 
with magnetic field, LI-rTMS can further enhance the therapeutic effi-
cacy of SCU MNPs than magnet (1.33 ± 0.52 vs 1.67 ± 0.52). As shown 
in Fig. 8D, the body weight of the ischemic rats continued to decline 
until postoperative day 3. In the MCAO and LI-rTMS groups, the body 
weight of MCAO rats decreased approximately 25%, while in the SCU 
and SCU MNPs treated groups, the body weight of MCAO rats decreased 
17.52 ± 1.89% and 20.40 ± 3.09%, respectively. After administration 
of SCU MNPs combined with the magnetic field, the decrease of rat body 
weight in the magnet group was comparable to free SCU MNPs (19.72 ±
5.06%) while the decrease of rat body weight in the LI-rTMS group was 
the least (10.78 ± 4.34%), consistently confirming the higher efficacy of 
SCU MNPs with the exposure of LI-rTMS in rescuing cerebral ischemia in 
rats. 

3.8. SCU MNPs with the exposure of LI-rTMS can reverse 
histopathological changes in hippocampus and cortex cells of brain tissues 

Hematoxylin and eosin (H&E) staining revealed the cerebral 
ischemia/reperfusion injury patterns in hippocampus and cortex areas 
shown in Fig. 9. In the infarcted cerebral areas of the MCAO rat model, 
the H&E stained brain tissue was lighter to suggest liquefactive necrosis 
[40]. In the hippocampus region, a loosely arranged structure (blue 
arrow) and hemorrhage in the corpus collosum (grey arrow) occurred in 
the saline-treated MCAO model group while no abnormalities were 
observed in the sham-operated groups. Hippocampus of the SCU MNPs 
group also displayed loose arrangement and hemorrhage in the corpus 
collosum. In the SCU and SCU MNPs combined with LI-rTMS groups, an 
arrangement of single neurons shrank similar to the sham-operated 
group, confirming that SCU was able to reverse the damage induced 
by MCAO. In the cortex area, sham-operated groups had normal and 
uniform tissue structure without obvious degeneration, inflammation 
and necrosis of neurons. The nuclear pyknosis (red arrow), neuronal cell 

Fig. 7. Plasma profile (A) and brain level (B) of SCU 
MNPs and free SCU administered intravenously in 
MCAO rats. (A) SCU (5 mg/kg) and SCU MNPs (SCU: 
5 mg/kg; iron: 0.1 mg/kg) were given intravenously 
(via tail vein) every day for 3 days following the 
MCAO operation. Detection of SCU in rat plasma was 
done using the UPLC-ESI-MS/MS method, and the 
samples were collected at 0.083, 0.25, 0.5, 0.75, 1, 
1.5, 2, 3, 4, 6, 8 and 12 h after the last dose. Data are 
shown as mean ± SD (n = 6). (B) After the last dose, 
SCU brain levels in rats were collected at 2.5 h and 4 
h after treatment as described in (A). Data are pre-
sented as average ± SD (n = 3). One-way analysis of 
variance (ANOVA) was employed for the statistical 
analysis. * denotes comparison with free SCU group 
(*P < 0.05). # denotes comparison with SCU MNPs 

group (##P < 0.01). + denotes comparison with SCU MNPs + Magnet group (+P < 0.05).   

Table 2 
Pharmacokinetic parameters obtained after intravenously administration of free 
SCU and SCU MNPs in MCAO rats at a dose of 5 mg/kg SCU once a day for 3 
days. Data are shown as mean ± SD (n = 6). Statistical analysis was performed 
using the independent-samples T test by SPSS software 19.0. * denotes com-
parison between SCU and SCU MNPs (*P < 0.05, **P < 0.01, ***P < 0.001).   

Unit SCU SCU MNP 

t1/2 h 0.59 ± 0.12 1.84 ± 0.19*** 
AUC0-t μg*h/mL 23.83 ± 4.37 47.14 ± 12.82** 
AUC0-∞ μg*h/mL 24.12 ± 4.46 48.09 ± 12.99** 
Clz L/h/kg 213.04 ± 37.95 111.37 ± 33.25** 
Vz L/Kg 182.85 ± 52.38 297.12 ± 99.39* 
MRT h 0.37 ± 0.04 1.59 ± 0.29*** 
MRT0-∞ h 0.42 ± 0.04 1.85 ± 0.35*** 

t1/2, terminal elimination half-life; AUC0-t, area under plasma concentration 
versus time curve from zero to last sampling time; AUC0-∞, area under plasma 
concentration versus time curve from zero to infinity; ClZ, total body clearance; 
Vz, apparent volume of distribution; MRT, mean retention time from zero to last 
sampling time; MRT0-∞, mean retention time from zero to infinity. 

L. Wang et al.                                                                                                                                                                                                                                   



Journal of Drug Delivery Science and Technology 74 (2022) 103606

11

necrosis and nuclear dissolution (yellow arrow) were seen in the MCAO, 
LI-rTMS, SCU, SCU MNPs and SCU MNPs + Magnet groups. The increase 
of the number of neurons and relatively regular morphology in the SCU 
MNPs combined with LI-rTMS group were observed, which confirmed 
that SCU MNPs combined with LI-rTMS have a better effect on the 
treatment of MCAO injury. 

3.9. SCU MNPs combined with LI-rTMS can alleviate cerebral ischemia- 
induced neuronal apoptosis 

Apoptosis in neuronal regions of brain slices was confirmed by 
TUNEL staining (Fig. 10A), and a quantitative analysis of apoptosis in 
the ischemic cortex from each slide of three rats per group was shown in 
Fig. 10B. The sham-operated group did not exhibit signs of apoptosis in 
TUNEL-stained brain sections, suggesting that very little damage 
occurred to the brain during the sham operation. As expected, more 
TUNEL-positive cells were observed in the ischemic hemisphere of saline 
with/without LI-rTMS treated diseased rats (6.11 ± 1.12% and 7.63 ±
1.58%, respectively), confirming the extensive apoptotic response to 
ischemia-reperfusion injury. Interestingly, the number of TUNEL- 
positive cells significantly reduced in MCAO rats treated with SCU 

(3.79 ± 1.63%) or SCU MNPs (3.40 ± 0.92%). In agreement with earlier 
results (Figs. 8 and 9), SCU MNPs in combination with magnetic field 
significantly reduced the percentage of apoptotic cells in the ischemic 
cortex. In contrast to the SMF from magnet (2.67 ± 1.93), the decrease 
of TUNEL-positive cells was greater when combined with AMF from LI- 
rTMS (1.30 ± 0.69), which further confirms that SCU MNPs combined 
with LI-rTMS provided a better protective effect than free SCU or SCU 
MNPs at an equivalent dose against cerebral I/R injury. 

3.10. SCU MNPs combined with LI-rTMS can reduce the oxidative stress 
and inflammatory levels after cerebral I/R injury 

To investigate the possible synergistic mechanism of SCU MNPs 
combined with LI-rTMS, the levels of SOD, MDA, NO, TNF-α and IL-6 
levels in the serum of MCAO rats were determined by commercial kits. 
There was a significant difference in the SOD activity (Fig. 11A), as well 
as a decrease in the MDA (Fig. 11B) and NO levels (Fig. 11C) for SCU (P 
< 0.01), SCU MNPs (P < 0.05), LI-rTMS (P < 0.05) and SCU MNPs + LI- 
rTMS (P < 0.001) when compared with MCAO group, which investi-
gated the anti-oxidant activity of SCU and LI-rTMS. Compared to SCU, 
SCU MNPs and LI-rTMS alone, SCU MNPs coupled to LI-rTMS had a 

Fig. 8. An intravenous injection of SCU MNPs under the magnetic field improved the rats’ behaviour and rescued cerebral ischemia in rats. Examinations of the 
infarct size, neurological deficits, and bodyweight changes in rats at 3 days were carried out following different treatments. (A) Representative images of TTC-stained 
brain slices (all 5 slices in one rat brain, n = 1); (B) Analysis of cerebral infarction area; (C) Neurological deficit scores in rats; (D) postoperative bodyweight change in 
rats. Data are presented as average ± SD (n = 6). One-way analysis of variance (ANOVA) was employed for the statistical analysis. + denotes comparison with sham 
group (+++ P < 0.001). # denotes comparison with MCAO group or LI-rTMS (#P < 0.05, ##P < 0.01, ###P < 0.001). * denotes comparison with SCU group (*P <
0.05, **P < 0.01, ***P < 0.001). & denotes comparison with SCU MNPs group or SCU MNPs + Magnet group (&P < 0.05, &&&P < 0.001). N.s. means not statis-
tically significant. 
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Fig. 9. SCU MNPs under the magnetic field guidance reversed histopathological changes in brain tissues of MCAO rats. Typical images of H&E-stained brain slices 
(scale bar: 1000 μm), hippocampus and cortex (scale bar: 50 μm) of sham-operated rats, and MCAO rat models treated with saline ± LI-rTMS, free SCU, SCU MNPs, 
SCU MNPs + Magnet, and SCU MNPs + LI-rTMS. Blue arrow represented loosely arranged structure; grey arrow represented the hemorrhage in corpus callosum; 
yellow arrows represented neuronal cell necrosis and nuclear dissolution; red arrow represented the nuclear pyknosis with irregular shape; green arrow represented 
the glial cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Neuronal apoptosis of SCU MNPs under the magnetic field guidance. (A) Typical images of brain slices (scale bar: 1000 μm) and cells (scale bar: 20 μm) 
stained with TUNEL. DAPI was used to stain the nucleus (blue) and TUNEL was used to stain apoptotic cells (green). (B) The percentage of apoptotic cells in the brain 
of MCAO rats. SD rats were divided into the sham-operated (saline), MCAO (saline), LI-rTMS (saline), SCU, SCU MNPs, SCU MNPs + Magnet and SCU MNPs + LI- 
rTMS groups (n = 3). The apoptotic cells and total cells from the brain slices were quantified using Indica labs (Halo v3.0.311.314, USA). Data are presented as 
average ± SD. One-way analysis of variance (ANOVA) was used for the statistical analysis. + denotes comparison with sham group (+P < 0.05, ++ P < 0.01, +++P <
0.001). # denotes comparison with MCAO group (#P < 0.05, ##P < 0.01, ###P < 0.001). * denotes comparison with SCU group (*P < 0.05, **P < 0.01, ***P <
0.001).N.s. means not statistically significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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stronger anti-oxidant activity from the change of SOD activity and MDA 
content, which suggests that SCU and LI-rTMS can exert synergistic 
therapeutic effects via anti-oxidant mechanisms. Unfortunately, in re-
gard to NO level in the serum of MCAO rat, no significant difference was 
observed between treatment groups. 

As shown in Fig. 11D and E, the serum TNF-α and IL-6 levels in the LI- 
rTMS group was similar to those in the MCAO group, which implies that 
LI-rTMS had no anti-inflammatory effect. Likewise, SCU and SCU MNPs 
groups had similar levels of TNF-α and IL-6, indicating that the anti- 
inflammation of SCU MNPs originated from SCU. Although the anti- 
inflammatory effect in the SCU MNPs + LI-rTMS group was stronger 
than that of SCU and SCU MNPs alone (P < 0.05), this may be due to the 
accumulation of SCU in the plasma and brain in the SCU MNPs + LI- 
rTMS group observed in Fig. 7. 

4. Discussion 

Throughout the world, stroke is one of the most common causes of 
disability and death [1–3]. The functional motor limitations that are 
present in between 55% and 75% of patients following a stroke episode 
influence their quality of life and ability to perform daily activities [41]. 
The use of physical therapy is essential in the recovery of motor skills 
[42]. rTMS is a painless and noninvasive brain stimulation technique 

that induces electromagnetic fields in the brain to modulate cortical 
excitability at the stimulation site and transsynaptically at distant lo-
cations [42,43]. As a result, rTMS has been used in stroke patients to 
rehabilitate limb motor function by stimulating the primary motor 
cortex (M1) [41,42]. Despite this, no significant benefit of our LI-rTMS 
was observed in the assessment of neurological behaviour for ische-
mia/reperfusion injury. Perhaps, the low intensity (6–9 mT) stimulation 
of neuronal systems may be insufficient to induce the electric field 
resulting in the treatment of neurological disorders [44–46]. However, 
LI-rTMS showed some anti-oxidant activity in Fig. 11A and B, which was 
consistent with the results reported by Medina-Fernández et al. [47]. 
The antioxidant effect of LI-rTMS may be the main reason for the syn-
ergistic mechanism with SCU against cerebral I/R injury. 

SCU constitutes the majority of the active component (>90%) in 
breviscapine extracted from Erigeron breviscapus (Vant.) Hand.Mazz 
[48]. As a vasorelaxant, anticoagulant, anti-inflammatory, and 
anti-oxidant, it has been used by the Chinese for treating cerebral 
ischemic and cardiac ischemic diseases for centuries [37,38,48]. On the 
basis of research on network pharmacology, Meng et al. [49] identified 
NOS3 and F2 as scutellarin’s key targets in the treatment of angina 
pectoris and ischemic stroke. Endothelial enzyme nitric oxide synthase 
(eNOS), encoded by the NOS3 gene, is a key enzyme responsible for 
nitric oxide (NO) generation in the vascular endothelium [50,51]. The 

Fig. 11. SCU MNPs coupled with LI-rTMS reduced the oxidative stress and inflammation levels after ischemic stroke. (A) SOD activity in the serum. (B) MDA content 
in the serum. (C) NO content in the serum. (D) TNF-α level in the serum. (E) IL-6 level in the serum. Data were presented as the mean ± SD (n = 6). Statistical analysis 
was performed using one-way analysis of variance (ANOVA). + denotes comparison with sham group (+++P < 0.001). * denotes comparison with MCAO group (*P <
0.05, **P < 0.01, ***P < 0.001). & denotes comparison with SCU MNPs + LI-rTMS group (&P < 0.05, &&& P < 0.001). N.s. means not statistically significant. 
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endothelial-derived NO signalling molecule has potent vasodilatory and 
anti-inflammatory properties known for protecting the vasculature [52]. 
Prothrombin (also known as coagulation factor II) is encoded by the F2 
gene and is the precursor of thrombin, which plays a significant role in 
thrombus formation [53]. Hu et al. [54] and Liu et al. [55] discovered 
similar mechanisms behind SCU’s brain-protective effects. As reported, 
our SCU and SCU MNPs had the brain protective effect against ische-
mia/reperfusion injury (Figss. 8–11). Promisingly, SCU MNPs increased 
SCU stability and extended its blood circulation and brain accumulation 
(Figs. 5 and 7). More importantly, SCU MNPs coupled with LI-rTMS can 
exert synergistic therapeutic effects against cerebral I/R injury through 
anti-oxidant and anti-inflammatory pathways (Fig. 11). 

Over the last few decades, magnetic hyperthermia and drug delivery 
systems have been developed [26,56]. A static magnetic field based on 
magnets is primarily used in magnetic targeting drug delivery systems. 
Unfortunately, field strength rapidly diminishes with the depth of the 
target in the body. Relative focusing is possible using alternating mag-
netic fields [57]. The alternating magnetic field can penetrate biological 
tissue without much attenuation, thereby maintaining its intensity and 
stimulation consistency [26]. But the magnetic targeting strategy is not 
clear due to alternating magnetic field condition complex. Thus, alter-
nating magnetic field was mainly used in the production of thermal to 
trigger drug release rather than the magnetic targeting. 

This is, to the best of our knowledge, the first study in which SCU 
MNPs are combined with LI-rTMS to treat cerebral I/R injury. SCU MNPs 
under the exposure of magnet had no significant therapeutic efficacy 
against I/R injury except for cerebral infarct volume, even though the 
higher SCU level in MCAO rat brain was also observed at 4 h after 
administration of SCU MNPs (Fig. 7B). Surprisingly, SCU MNPs combi-
nation with the irradiation of LI-rTMS had more efficacies in the treat-
ment of ischemic stroke compared with free SCU or SCU MNPs alone. 
There are perhaps three reasons behind this fact. The first reason is the 
improvement of SCU stability and the extension of SCU blood circulation 
as shown in Fig. 7 and Table 2. The second possible reason is the mag-
netic heating. Ischemic stroke was reported to result in the tight junction 
disruption and hyperpermeability of Blood Brain Barrier (BBB) [58–62]. 
The temperature elevation of MCAO rat head treated with SCU MNPs 
after the exposure of LI-rTMS perhaps enhances the permeability of BBB 
resulting in the increment of SCU in the brain recruited by the alter-
nating magnetic field as shown in Figs. 6 and 7. The third possible 
synergistic reason was the anti-oxidant effect shown in Fig. 11. More 
interestingly, it is reported that low intensity of repetitive magnetic 
stimulation can modulate intracellular calcium levels in non-neuronal 
[63] and neuronal cells [64]. Additionally, another possible mecha-
nism for the protective activity of SCU during ischemia reperfusion is an 
endothelium-independent vasorelaxant effect induced by the inhibition 
of extracellular calcium ions influx [38]. Unfortunately, the importance 
of intracellular calcium levels in the combination of SCU and LI-rTMS is 
still unclear. The exact mechanism behind the combination of LI-rTMS 
and SCU MNPs remains to be elucidated. 

As a summary, our formulation can protect SCU from the complex 
biological environment such as pH and ions, thereby reducing the 
metabolic rate of SCU in the blood and brain. With the degradation of 
nanoparticles, SCU was gradually released to the circulation and the 
plasma concentration and brain level of drug can be sustained. Finally, 
the pharmacodynamic improvement was obtained by SCU MNPs under 
the exposure of AMF from LI-rTMS. 

5. Conclusions 

SCU and Fe3O4 nanoparticles were loaded into the PLGA NPs to 
obtain SCU MNPs using nanoprecipitation method. The prepared SCU 
MNPs were spherical and uniformly dispersed with small size and good 
encapsulation efficiency. In-vitro release experiments revealed the 
improvement of SCU stability by MNPs encapsulation. The AUC increase 
from pharmacokinetics implied the increase of SCU plasma 

concentration. The increase of half-life and mean retention time indi-
cated the decrease of elimination rate and the extension of circulation 
time. The increase of SCU concentration in the brain by the MNPs 
encapsulation especially under the exposure of LI-rTMS was also 
observed in the brain distribution experiment. All the pharmacodynamic 
studies such as the TTC staining, HE staining, TUNEL staining, SOD and 
MDA test et al. investigated that the therapeutic efficacy of SCU MNPs 
combination with the LI-rTMS were better than the free SCU even SCU 
MNPs based on the rat MCAO model. Thus, it is safely concluded that the 
administration of SCU MNPs with the low-intensity magnetic stimula-
tion would have a great potential to treat the ischemic cerebrovascular 
disease. The combination of magnetic nanoparticles and low-intensity 
magnetic stimulation also provides a promising tool for brain drug de-
livery system. 
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